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This book has been written to address the current need for a comprehensive 
reference on regenerative approaches in dentistry with a special focus on cur-
rent clinical applications and future potentials. This topic has been evolved 
significantly in recent decades, and there is a plethora of papers (experimental 
and clinical studies) in various branches of dental science. This book aims to 
collect and compare what has been done to provide evidence-based informa-
tion for clinicians and scientists in this emerging field of dentistry.

The book is intended to educate the readers about various therapeutic 
modalities used in the reconstruction of hard and soft tissues in the maxillo-
facial region. Different potential laboratory and clinical applications of engi-
neered oral and dental tissue equivalents are discussed in the relevant 
chapters.

It is hoped that this book will be useful to students in dentistry (at both 
undergraduate and postgraduate levels), as well as scientists and researchers 
in the field of biomedical sciences in dentistry, and clinicians.

Queensland, Brisbane, Australia Sepanta Hosseinpour 
Queensland, Brisbane, Australia  Laurence J. Walsh 
Dubai, United Arab Emirates  Keyvan Moharamzadeh  
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The Paradigm of Regenerative 
Dentistry and Its Future 
Perspectives

Laurence J. Walsh and Sepanta Hosseinpour

1  Regenerative Approaches 
for Treatment

In the human body, there is a continuous renewal 
of tissues such as bone marrow, epithelia, bone, 
and connective tissue. The potential for regenera-
tion after injury varies greatly, from tissues that 
have excellent capabilities for complete regener-
ation, such as the liver, through to sensory cells 
that give the special senses of hearing and vision, 
which do not regenerate when injured.

When considering the response to inflamma-
tory diseases, trauma, or malignancy, the pre-
ferred outcome is always true regeneration, rather 
than repair with scarring. How much any one tis-
sue can undergo repair, or truly regenerate, is 
influenced by the type and number of cells that 
are present, particularly stem cells, which can 
differentiate to replace missing tissues. In some 
sites in the oral cavity, the number of cells with a 
high regenerative capacity is limited because of 
the small volume of the tissue, e.g., in the dental 
pulp, as the pulp chamber reduces in size with 
age to a volume of tens of microliters.

Enamel is a unique tissue since the forming 
cells, the ameloblasts, are no longer present by 
the time the tooth is erupting into the oral cavity. 

This makes dental enamel a unique tissue in that 
it sits at the boundary of hard and soft tissues and 
must rely entirely on chemical repair by reminer-
alization from ions in the saliva.

In the case of bone, the size and shape of 
defects created by trauma could be beyond the 
repair potential of the body. Such “critical-sized” 
bone defects will not heal spontaneously, how-
ever, in such situations, therapeutic intervention 
can help the cells to “generate again.” In order to 
achieve this, an inductive material and scaffold 
can be used to improve the homing of endoge-
nous bone-forming cells and their subsequent 
differentiation. Alternatively, stem cells could be 
transplanted into the treatment site [1]. Such ther-
apeutic approaches exploit the principles of tis-
sue engineering to restore the function and 
structure of a specific tissue or organ [2].

Regenerative dentistry is the branch of regen-
erative medicine that focuses on regeneration of 
oral and dental tissues. It most often follows the 
conceptual triad of tissue engineering, by includ-
ing cells, scaffolds, and bioactive molecules [3]. 
The cells could come from any number of stem 
cell sources that have been identified, including 
embryonic stem cells, adult stem cells, and 
induced pluripotent stem cells. The choice of cell 
type is aligned with the treatment objectives. 
Scaffolds can be designed to carry appropriate 
cells, and to deliver signaling molecules to 
orchestrate tissue healing [4]. In addition, scaf-
folds can be used as a carrier or support for cul-
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turing cells ex  vivo before the differentiated 
tissue is transplanted surgically into the defect 
site. Bioactive molecules, such as growth factors, 
genes, and drugs, can be released by the scaffold, 
or delivered independently [5].

It is important that the scaffold mimics the 
characteristics of the target tissue in terms of bio-
logical activity, mechanical integrity, and func-
tionality [6, 7]. To achieve this, the optimum 
design for regenerative treatments will vary, 
based on the target tissue. For instance, the 
requirements of a scaffold for pulpal tissue regen-
eration are totally different from the one used for 
alveolar bone augmentation for dental implant 
placement. The features must meet the regenera-
tive demands as defined from the target site, and 
then be optimized to achieve the best outcomes.

2  Therapeutic Targets 
in the Field of Dentistry

2.1  The Whole Tooth

In humans, tooth development for the primary 
(deciduous) dentition starts approximately at 
6–8 weeks in utero. The tooth forming organ, the 
tooth germ or dental follicle, is comprised of an 
outer layer of cells from ectoderm (oral epithelium) 
and an inner layer of neural crest ectomesenchyme. 
In the early stages, odontogenic inducing signals 
pass from the epithelial cells to the mesenchymal 
cells, which condense to become the dental papilla. 
This sequence of tooth formation, which spans the 
stages from a tooth germ to a completely formed 
tooth, involves a complex orchestration of cellular 
activity, with cascades of cytokines and enzymes 
that tightly regulate cell arrangement, proliferation, 
differentiation, and secretion over a period of sev-
eral years [8, 9].

As the tooth forms, a range of stem cells par-
ticipate, including those in the outermost regions 
of the dental follicle where the tooth is forming 
(dental follicle stem cells), through to stem cells 
that remain after tooth formation is complete 
(e.g., dental pulp stem cells, periodontal ligament 
stem cells, stem cells from the apical region of 
the dental papilla, and stem cells in the gingival 

epithelium). All of these stem cell populations 
can be harvested and used in regenerative den-
tistry. They have properties that are broadly simi-
lar to bone marrow-derived mesenchymal cells.

Once a tooth has formed and then erupted, 
its durability and longevity in the oral cavity 
can be influenced by many processes includ-
ing dental caries, periodontal diseases, acceler-
ated tooth wear, and traumatic injuries. In oral 
rehabilitation, common methods for replacing a 
tooth that is missing or has been lost include a 
fixed or removable prosthesis, or a single tooth 
dental implant that supports a full dental crown 
[10]. However, by applying the evolving knowl-
edge of tooth development and stem cell biology, 
the concept of bioengineered teeth has emerged. 
Although tooth-like structures have been created 
successfully in animal models [11–13], the com-
plexity of any one tooth presents a major chal-
lenge, because of variables such as tooth type, 
size, color, and occlusal anatomy. These distinct 
morphological and functional characteristics pro-
vide a major challenge that causes more complex-
ity in design than replacement of other structures 
such as bone. In chapter “Tooth Bioengineering 
and Whole Tooth Regeneration,” the most recent 
findings regarding this topic will be discussed.

2.2  Individual Dental Structures

Dental caries is a global public health problem, 
and it remains one of the most prevalent micro-
bial diseases around the world [14]. Dental caries 
leads to demineralization and proteolytic destruc-
tion of the crowns and exposed root surfaces of 
teeth, with the enamel and dentin being cavitated 
by the action of an aciduric, acidogenic, polymi-
crobial dental plaque biofilm. If untreated, the 
invasion can reach the dental pulp, causing irre-
versible pulpitis and finally necrosis of that 
tissue.

The current approach to treatment of a cavi-
tated tooth is the removal of infected dental tis-
sues, followed by restoration of missing tooth 
structure with synthetic dental materials [15]. 
However, this method can best be considered 
a surgical approach involving excision of the 
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affected area followed by a small extent of repair 
at the level of the dental pulp. The strategy is 
not ideal, however once a tooth surface cavi-
tates, its complete regeneration is not possible. 
Consequently, promoting healing of affected 
dentin and reversal of incipient lesions of dental 
caries that have not yet cavitated are important 
goals of preventive and minimal intervention 
dentistry, so that the tooth is retained as a vital, 
biologically functional unit. A range of novel 
approaches have been used to achieve reversal 
and arrest of early carious lesions where the tooth 
surface is still intact.

2.2.1  Enamel
Enamel is the hardest tissue in the body due to its 
unique structural properties, its high content of 
biological apatite minerals (such as hydroxyapa-
tite), and the structural arrangement of enamel 
rods and prisms which resists the application of 
external forces [16]. The ameloblasts which form 
enamel are highly specialized epithelial cells, and 
only exist during tooth development. They are 
lost once the tooth crown has fully formed, which 
is some months before the tooth erupts into the 
oral cavity [17].

Although enamel should be able to withstand 
the intense forces of mastication during the whole 
lifespan, because of the ubiquitous presence of a 
dental plaque biofilm, it is vulnerable to cycles of 
demineralization. These acid attacks could be 
from organic acids produced by a dysbiotic den-
tal plaque biofilm that has formed in a low pH 
environment, or from inorganic or organic acids 
found in foods and drinks, or in regurgitated gas-
tric acid contents, as occurs in dental erosion. 
The stronger the acid and the better it chelates 
calcium ions, the more rapid crystallites of apa-
tite mineral on the enamel surface will dissolve 
into the saliva.

Initial lesions of dental caries that are still 
contained in the outer half of the enamel are 
referred to as white spot lesions because of their 
unique appearance. When there are sufficient 
bioavailable calcium and phosphate ions, these 
lesions can remineralize. The likelihood of this 
occurring is increased when low levels of fluoride 
ions are present. If cycles of remineralization 

exceed periods of demineralization during bio-
film acid production, the surface will be main-
tained because of this chemical regeneration 
process.

On the other hand, if cycles of mineral loss 
dominate, the surface will lose so much mineral 
that its integrity will be compromised. It will 
eventually collapse, and the resulting cavity that 
forms then provides a protected site for the 
microbial biofilm to continue its destruction of 
the tooth, now being located in a more protected 
site. Many dental preventive strategies have been 
developed to tip the balance to favor remineral-
ization over demineralization, and thus break the 
cycle of progressive mineral loss. Regrettably, 
once a cavity has formed, the options for arrest-
ing the process are far fewer, and focus mostly on 
silver fluoride used in combination with ammo-
nia or with stannous fluoride. These topical treat-
ments can prevent the destruction caused by 
dental caries from progressing further, but they 
cannot repair the missing tooth structure [18]. 
They also cause dramatic discoloration of the 
tooth.

Given these limitations, there is interest in the 
concept of true regeneration of tooth structure. 
For white spot enamel lesions and incipient 
lesions on root surfaces, providing the correct 
stoichiometric ratios of calcium, phosphate and 
fluoride ions (5:3:1) can arrest lesions and cause 
subsurface regeneration of mineral, back to nor-
mal levels. Casein phosphopeptide-amorphous 
calcium phosphate provides such a ratio of ions, 
releasing these under acidic conditions to drive 
remineralization, but stabilizing these same ions 
under alkaline pH conditions.

Once a cavity has formed on the crown or 
root surface of a tooth, an operative or restorative 
approach has been the mainstay of treatment for 
many decades. Using techniques that conserve 
tooth structure and also encourage healing of 
the inner affected dentin is now commonplace. 
A number of biomimetic dental materials (such 
as glass ionomer cements) can have powerful 
influences on the healing of dentin, and some 
dental materials that are used in deep cavities as 
liners (such as alkaline bioceramic cements) are 
highly antimicrobial. Both material types lack 
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the physical properties (such as high compres-
sive strength) required for large restorations in 
high stress- bearing areas (such as occlusal sur-
faces of permanent molar teeth), hence both are 
typically used as a base or foundation, and then 
overlaid with tooth-colored materials (such as 
resin composites, ormocers, and ceramics) that 
are inert, from a purely chemical and biological 
perspective.

There have been attempts to synthesize human 
dental enamel or enamel-like materials by chemi-
cal reactions using solutions that could be applied 
topically onto cavities in teeth. Recently, a num-
ber of chemical strategies for forming biological 
apatites or enamel-like materials in  vitro have 
been studied. Some positive results have been 
described for fluorapatite/phosphoric acid pastes 
[19] and for amelogenin-induced hydroxyapatite 
[20] (see chapter “Tooth Bioengineering and 
Whole Tooth Regeneration”). A major challenge 
with such approaches is that the material formed 
on the tooth is relatively thin and lacks the com-
plex reinforced prismatic microstructure of natu-
ral dental enamel. This makes treating large or 
extensive lesions a major challenge.

2.2.2  The Dentine-Pulp Complex
The close interaction between dental pulp tissue 
and surrounding hard tissue (dentine) creates a 
functional unit known as the “dentine-pulp com-
plex.” This complex arises embryonically from 
ectomesenchymal cells [21]. The odontoblastic 
cellular layer differentiates in the “bell” stage of 
tooth development, and it secretes dentine as a 
distinct extracellular matrix (primary dentine). 
Once the tooth has formed fully, during the 
remainder of the lifespan, odontoblasts continue 
their synthetic function, but at a greatly reduced 
pace, forming secondary dentine.

In response to environmental stimuli such as 
bacterial invasion and trauma, odontoblasts react 
and form reparative dentine, to attempt to wall off 
the dental pulp from the noxious stimulus [22]. 
Despite these efforts, the rate or amount of 
destruction is often far greater than the ability of 
the odontoblasts to lay down a sufficient amount 
of protective dentine. Once the defensive line of 
the dentine has been breached, the pulpal soft tis-

sues are exposed to chemical and microbial 
assaults from oral microorganisms, and this leads 
to an inflammatory response within the pulp tis-
sue, and finally to its necrosis.

Removal of the inflamed/necrotic tissues, 
debridement of the pulp chamber and root canal 
system, and obturation of the space with root fill-
ing materials is the usual method of anterograde 
endodontic treatment. Rather than removing the 
pulpal soft tissue, an option that exists in roots 
with a partially open apex where there is good 
blood flow, is regenerative endodontics. With this 
method, the objective is dentine-pulp regenera-
tion, and preservation of the vitality of the tooth. 
Several groups have been working on this con-
cept, and it has been used in clinical practice in 
recent years [23–25]. Chapters “Dentin Pulp 
Complex Regeneration” and “Clinical Approach 
to Regenerative Endodontics” will explain regen-
erative endodontics in detail.

2.3  Periodontium

Periodontal diseases and occlusal trauma can 
adversely affect the supporting apparatus for 
teeth, known as the periodontium. This encom-
passes the periodontal ligament (PDL), cemen-
tum on the root surfaces of teeth, the alveolar 
bone, and the gingiva. In a healthy PDL, collag-
enous fibers from the cementum extend to the 
alveolar bone, and anchoring the root of the tooth 
into its socket. Plaque accumulation from poor 
oral hygiene elicits inflammation, and in suscep-
tible individuals, the host inflammatory response 
causes destruction of the attachment and the alve-
olar bone, in bursts of varying duration. The loss 
of attachment and bone can be so severe that the 
tooth is lost as a result.

Regeneration of the periodontium is a chal-
lenging task. Not only is this a complex tissue 
with multiple elements, the local environment has 
a high level of microorganisms and the patient 
has already shown an inappropriate host immune 
reaction to those microorganisms. Current 
treatment modalities for periodontitis include 
debridement of teeth, and similar approaches 
are also used for dental implants. Regenerative 
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surgical procedures are used for advanced cases 
[26, 27], with guided tissue regeneration (GTR) 
considered the current “gold standard” for treat-
ment [28]. In this procedure, a barrier membrane 
is placed at the site against the root surface or 
implant surface, to support soft tissue regenera-
tion (on its outer surface) and bone regeneration 
(on its inner surface). The membrane excludes 
invasion of the bony defect by rapidly migrat-
ing epithelial cells or fibroblasts. This topic is 
covered in chapter “Regenerative Approaches in 
Periodontics.”

2.4  Bone Defects

In oral and maxillofacial surgery, the treatment 
of bone defects caused by trauma, infections, or 
malignancies is a significant challenge. Bone has 
a considerable capability for self-renewal [29], 
and as a tissue it must not only provide structural 
support and protection, but also serve several 
endocrine and hemopoietic functions [30]. While 
healthy normal bone can respond to strong bio-
mechanical forces as well as daily micro- 
damage, around 5–10% of bone fractures and 
most critical- sized bone defects are caused by 
trauma, pathology, or congenital malformations, 
do not heal fully despite timely clinical interven-
tions [31].

In clinical practice, the standard therapeutic 
modality for treating large bony defects is bone 
grafting, using autogenous or allogenic bone 
grafts. These grafts provide osteoconduction and 
induction at the same time. Over 900,000 surgi-
cal procedures involving bone grafts are under-
taken each year in the United States, and globally 
bone grafting surgery accounts for annual health-
care costs of some $30 billion [32], with bone 
being only second to blood as the most com-
monly transplanted tissue [32]. When harvesting 
bone autografts, a significant issue is morbidity 
of the donor site, which is a second surgical site 
in the same patient [33]. In chapters “Regenerative 
Approaches in Periodontics” and “Regenerative 
Approaches in Oral and Maxillofacial Surgery,” 
current approaches for bone augmentation in 
dental settings will be described.

2.5  Oral Pathology

The application of stem cells for the treatment of 
oral lesions and conditions is a relatively new con-
cept. Examples include submucosal injection of 
mesenchymal stem cells to promote healing of oral 
ulcers [34]. Immunomodulatory properties of stem 
cells may have a therapeutic benefit for oral vesicu-
lobullous lesions [35, 36]. Moreover, stem cells 
could also be a delivery vehicle for therapeutic 
agents, for example, in the setting of treating malig-
nant lesions [37]. This topic is discussed in the chap-
ter “Regenerative Approaches in Oral Medicine.”

3  Dental Tissue-Derived Stem 
Cells

Bone marrow mesenchymal stem cell (BMSC) 
are the best known and characterized cells used 
in tissue engineering [38]; however, harvesting 
them from bone is invasive, and there are issues 
with age-related differentiative potency [39, 40], 
which impede their usefulness. As a result, there 
has been interest in alternative tissue origins of 
stem cells, such as skeletal muscles [41], dental 
tissues [28, 42–44], and adipose tissues [45–47].

Dental tissues could be a convenient and acces-
sible source of stem cells. Teeth are extracted due 
to various reasons (including as part of orthodon-
tic treatment), and deciduous teeth exfoliate nat-
urally when the erupting permanent teeth cause 
their roots to resorb. Dental stem cells (DSCs) 
have demonstrated multipotential differentiation, 
being able to differentiate and proliferate to form 
osteogenic, odontogenic, neurogenic, and adipo-
genic cell types [48, 49]. DSCs are highly effec-
tive at forming odontogenic structures, but can 
also form osseous tissues [50]. The precise differ-
ences between BMSCs and among the different 
types of DSCs remain to be explained fully. DSCs 
are derived from the neural crest (ectomesenchy-
mal origin) [51], and so are superior for regen-
erating a wide variety of tissues [52], compared 
to BMMSCs that originate from mesoderm [53]. 
DSCs and their regenerative potential will be dis-
cussed in the chapter “Dental Tissues Originated 
Stem Cells for Tissue Regeneration.”

The Paradigm of Regenerative Dentistry and Its Future Perspectives
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4  Conclusions and Future 
Direction

Although many elements of current clini-
cal dental practice rely on restorative materi-
als and prostheses to replace lost tissue loss, 
there is growing interest in using regenerative 
approaches, and emerging horizons for bioen-
gineered dentistry in the future. The concept of 
regenerating injured tissues in the oral cavity 
rather than replacing them with inert materials 
is appealing, however, many challenges remain 
to be addressed.

While stem cell-based therapies have demon-
strated great potential for bone regeneration, it is 
important to better understand and control the 
local microenvironment. The microenvironment 
of the recipient site regulates the levels of endog-
enous cytokines, and the behavior of implanted 
cells, and thereby affects treatment outcomes. 
Understanding the cross talk between stem cells, 
biomaterials, and the host (including immune- 
modulatory effects) is a key requirement.

When using scaffolds and other biomaterials, 
it is necessary to optimize their structure and 
design, to meet both the mechanical and biologi-
cal properties needed at the specific recipient site. 
As well, these materials must have the correct 
rate of degradation, be nontoxic to the host and 
be cost-effective for clinical use.

Given the growth and progress in regenerative 
dentistry, this area will grow in importance for 
both clinicians and researchers. Therefore, it is 
important that undergraduate and postgraduate 
dental students have a working knowledge of this 
exciting field and maintain a watching brief on 
new developments as these transition from con-
cept through translation to reach clinical practice.
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1  Introduction

Stem cell-based therapy as a major field in regen-
erative medicine has attracted scientists in the 
field of tissue engineering [1]. Stem cells pos-
sess a remarkable capability for proliferation and 
for differentiation into various cell types, and 
such capabilities can be useful for regenerative 
therapies. Nowadays, although multipotent mes-
enchymal stem cells derived from bone marrow 
(BMMSC) are among the best-known and best- 
characterized cells for tissue engineering [2], the 
invasive procedure needed to isolate these from 
bone marrow, and variations in their potency 
according to the age of the donor [3, 4] impede 

their usefulness. Therefore, several alternative 
tissue origins for stem cells have been explored 
including skeletal muscle [5], dental tissues [6–
9], and adipose tissue [10–12].

In clinical dentistry, teeth are extracted due to 
various reasons, such as impacted third molars for 
orthodontic reasons. Collecting these extracted 
teeth does not require additional procedures. In 
addition, deciduous human teeth naturally exfoli-
ate. Hence, harvesting MSCs from dental tissues 
of such exfoliated teeth is convenient. Dental 
stem cells (DSCs) have demonstrated the capa-
bility to differentiate into various cell lineages, 
including osteogenic, odontogenic, neurogenic, 
and adipogenic pathways [13, 14].

Although because of their origin DSCs seem 
to be more efficient for developing odontogenic 
structures than other osseous tissues when com-
pared with BMMSCs [15], the precise differ-
ences between DSCs and BMMSCs, and among 
each of the different types of DSCs remain 
unclear. These cells are derived from the neural 
crest (i.e., they have an ectomesenchymal origin) 
[16], which gives them a superior capability for 
regenerating a wide variety of tissues [17], when 
compared to BMMSCs that originate from meso-
derm [18]. Adding to this greater usefulness, 
DSCs can be obtained without any major ethical 
concerns [19, 20].

The first report of MSCs in the dental pulp was 
in 1985 by Yamamura [21, 22]. To date, five main 
types of dental tissue-derived stem cells have been 
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reported. The first type was termed as “postnatal 
dental pulp stem cell” (DPSC) by Gronthos et al. 
[23] in 2000. These can regenerate a “dentine–
pulp complex like” tissue in vitro. Subsequently, 
in 2003, Miura et  al. reported the isolation and 
characterization of stem cells from exfoliated 
deciduous teeth which had proliferated from 
remnants of living DPSCs. These are known as 
stem cells from human exfoliated deciduous teeth 
(SHED) [24]. Morsczeck et al. [25] and Kemoun 
et al. [26] reported undifferentiated mesenchymal 
progenitor cells from the human dental follicle, in 
the connective tissue sac surrounding developing 
teeth. They named these dental follicle stem cells 
(DFSCs). The dental follicle forms the tooth and 
the supporting structures, and the follicle devel-
ops into the periodontal ligament when tooth is 
erupting. Stem cells have also been reported as 
being present in the periodontal ligament [27]. In 
2006, Sonoyama et al. described unique undiffer-
entiated stem cells from the dental apical papilla 
of human immature permanent teeth (SCAP) with 
the ability to generate osteoblasts, odontoblasts, 
and adipocytes in vitro [28, 29].

Figure 1 schematically shows the potential 
sources of these various dental tissue-derived 
stem cells. Although these DSCs have been 
investigated in many studies [13, 14, 30, 31], only 
limited work has been done to characterize their 
biological properties and compared their in vivo 
applications. In this chapter, we have compiled 
information regarding the isolation, characteriza-
tion, and potential applications of DSCs in tissue 
regeneration and tissue engineering.

2  Stem Cells Obtained 
from Human Permanent 
Teeth or Exfoliated 
Deciduous Teeth

As mentioned earlier, the first isolated DSCs 
were dental pulp stem cells (DPSCs). DPSCs 
were isolated initially from permanent third 
molar teeth. They demonstrated colony forma-
tion and a high proliferation rate, as well as the 
ability to form calcified nodules [23]. DPSCs 
derived from impacted third molars at the stage 

Stem cell from exfoliated
deciduous teeth

Dental pulp stem cell Periodontal ligament
stem cell

Dental follicle stem cell

Stem cell from the apical papilla

Fig. 1 Schematic view of various sources of stem cells from dental tissues
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of root development can differentiate into active 
migratory odontoblast-like cells, which are able 
to produce a three-dimensional dentine-like min-
eralized structure [32]. The stem cell properties 
of DPSCs vary according to the donor’s age when 
the specimens are obtained (Nakamura et  al. 
2009); i.e., the cells show a reduction in stem cell 
features as donor age is increased.

The transition of deciduous teeth in the pri-
mary dentition to the permanent dentition is a 
dynamic and distinctive process, in which the 
developing permanent teeth buds gradually 
resorb the roots of the overlying deciduous teeth 
[33]. As mentioned above, a unique population of 
DSCs can be harvested from the remaining liv-
ing pulpal cells of exfoliated teeth, and cultivated 
in the laboratory. These cells, known as SHED, 
provide an easily accessible source of stem cells 

that can be preserved for future applications [24]. 
These cells differ from regular DPSCs because of 
their greater proliferation rate and enhanced pop-
ulation doubling rate, and their capability to form 
sphere-like cell clusters [34]. SHED express the 
minimum essential markers for stem cells defined 
by the International Society for Cellular Therapy 
criteria [15, 35]. They also express some embry-
onic stem cell markers [24], as listed in Table 1.

While SHED have been isolated using simi-
lar methods to those used to isolate DPSCs, 
there are two major differences between SHED 
and DPSCs. Firstly, the source of SHED is the 
dental pulp tissue of deciduous teeth, rather than 
permanent teeth. Secondly, the isolated cells do 
not grow as proliferative cells, but instead grow 
as clustered fibroblast-like cells [36]. It has been 
shown that 69.8% of SHED are in the S and G2 

Table 1 Sources, surface markers, multipotentiality, and in vivo applications of dental stem cellsa

Stem cell 
type Source

Surface markers for characterization In vitro 
multipotentiality

Regenerative 
in vivo applicationPositive Negative

Dental pulp 
stem cell 
(DPSC)

Pulpal tissue of 
crown/root of
1.  Immature teeth that 

their pulp is exposed 
and accessible 
through the root

2.  Extracted permanent 
or deciduous teeth; 
dental pulp 
extraction is 
accomplished 
through the dental 
crown by cutting the 
cementum–enamel 
junction using 
dental instruments

3.  Carious teeth that its 
pulp exposed and 
removed during 
endodontic 
treatments

ALP, CD 9, CD 10, 
CD 13, CD 29, CD 
44, CD 59, CD 73, 
CD 90, CD 105, CD 
146, CD 166, CD 
271, DSPP, DMP1, 
OPN, BSP, BBX, 
nestin, Oct4, 
STRO-1

CD 11b, CD 
14, CD 19, 
CD 24, CD 
31, CD 34, 
CD 45, CD 
117, CD 133, 
HLA-DR

1. Odontogenic
2. Osteogenic
3. Chondrogenic
4. Neurogenic
5. Adipogenic
6. Myogenic
7. Melanogenic
8.  Endothelial 

differentiation
9. Hepatogenic

•  Bone 
regeneration

•  Dentin-pulp 
complex 
regeneration, 
regenerative 
endodontics, 
and dentin 
regeneration

•  Periodontal 
regeneration

•  Cornea 
regeneration

•  Angiogenic 
regeneration 
and blood vessel

•  Neural 
reconstruction

•  Hair follicle 
repair

Stem cell 
from human 
exfoliated 
deciduous 
teeth (SHED)

Pulpal tissue of crown/
root of exfoliated 
deciduous teeth

CD 13, CD 29, CD 
31, CD 44, CD 73, 
CD 90, CD 105, CD 
146, CD 166, nestin, 
Oct4, STRO-1

CD 11b, CD 
14, CD 19, 
CD 45, CD 
34, CD 43, 
CD 45

1. Odontogenic
2. Osteogenic
3. Chondrogenic
4. Neurogenic
5. Adipogenic
6. Myogenic

•  Dentin–pulp 
complex and 
regenerative 
endodontics

•  Cornea 
regeneration

•  Hepatocytes 
regeneration

(continued)
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stages of the cell cycle; however, 56% of DPSCs 
are in those cell cycle phases. This explains the 
different proliferative capacity of these cells [37]. 
In the ensuing sections, the isolation, character-
ization, and various applications of DPSCs and 
SHED will be discussed.

2.1  Isolation and Characterization

There are many approaches to the collection and 
isolation of DPSCs. A key consideration is to 
maintain the quality and safety of the isolated 
cells. Generally, enzymatic digestion of related 
tissues (such as the dental pulp of an adult tooth 
or the remaining dental pulp of an exfoliated 

tooth) or an outgrowth of a tissue explant [38] are 
the major approaches that have been used for 
DPSCs and SHED. Enzymatic digestion usually 
involves placing the source tissues into an appro-
priate mixture of enzymes such as collagenase I 
and dispase for 30–60 min at 37 °C, to break the 
tissue down in order to obtain single-cell suspen-
sions. The tissue remnants are filtered through a 
sieve or strainer. This is followed by colony- 
based cultivation of the stem cells, or by cell sort-
ing using magnetic or fluorescent markers [39].

On the other hand, in the outgrowth method, 
the harvested tissue is diced into 1–2 mm pieces 
and placed into culture plates, to allow outgrowth 
of cells from the tissue pieces [40]. Comparing 
these two methods of isolation, several studies 

Table 1 (continued)

Stem cell 
type Source

Surface markers for characterization In vitro 
multipotentiality

Regenerative 
in vivo applicationPositive Negative

Stem cell 
from apical 
papilla 
(SCAP)

Apical papilla of 
immature root in 
unerupted teeth, 
especially impacted 
third molars

ALP, CD 13, CD 
24b, CD 29, CD 44, 
CD 53, CD 59, CD 
61, CD 73, CD 90, 
CD 105, CD 106, 
CD 146, CD 166, 
nestin, STRO-1

CD 14, CD 
18, CD 34, 
CD 45, CD 
117, CD 150

1. Odontogenic
2. Osteogenic
3. Chondrogenic
4. Neurogenic
5. Adipogenic
6. Angiogenic
7. Hepatogenic

•  Dentin–pulp 
complex 
regeneration

•  Pulpal tissue 
regeneration

•  Neural 
regeneration

•  Angiogenic 
regeneration

Dental 
follicle stem 
cell (DFSC)

Dental follicle tissue 
which surrounded the 
crown of unerupted 
teeth

CD 9, CD 10, CD 
13, CD 29, CD 44, 
CD 53, CD 59, CD 
73, CD 90, CD 105, 
CD 106, CD 146, 
CD 166, CD 271, 
nestin, notch-1, 
STRO-1

CD 31, CD 
34, CD 45, 
CD 133, 
HLA-DR

1. Osteogenic
2. Cementogenic
3. Chondrogenic
4. Neurogenic
5. Adipogenic
6. Hepatogenic

•  Bone 
regeneration

•  Periodontal 
tissue 
regeneration

Periodontal 
ligament stem 
cell (PDLSC)

Soft connective tissue 
which surrounded the 
root surface of the 
tooth between alveolar 
bone proper and 
cementum

ALP, CD 10, CD 13, 
CD 29, CD 44, CD 
49c, CD 59, CD 73, 
CD 90, CD 97, CD 
105, CD 106, CD 
146, CD 166, 
SSEA-3 and 4, 
STRO-1, HLA-A, 
HLA-B, HLA-C, 
Oct4, Nanog, 
Scleraxis, Sox2, 
STRO-1

CD 11b, CD 
14, CD 34, 
CD 40, CD 
45, CD 80, 
CD 86, CD 
106, 
HLA-DR

1. Osteogenic
2. Cementogenic
3. Chondrogenic
4. Neurogenic
5. Adipogenic
6.  Pancreatic 

islet cell
7.  Endothelial 

differentiation

•  Periodontal 
regeneration

•  Angiogenic 
regeneration 
and blood vessel 
regeneration

•  Bone 
regeneration

•  Tendon and 
cartilage 
regeneration

Abbreviations: ALP alkaline phosphatase, BBX bobby sox homolog, BSP, bone sialoprotein, CD cluster differentiation, 
DMP dentin matrix protein, DSPP dentin sialophosphoprotein, HLA-DR human leukocyte antigen D related, Oct 
octamer-binding transcription factor, OPN osteopontin, PDL periodontal ligament, STRO stromal precursor antigen
aReferences were quoted in specific paragraphs in the text
bSpecific marker in comparison to other dental stem cells
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have shown that DPSCs isolated by enzymatic 
digestion have a higher proliferation rate, higher 
expression of stromal precursor antigen (STRO- 
1) and CD 34, and higher rates of osteogenic or 
odontogenic differentiation [41–43].

After the isolation of DPSCs and SHED, 
the next step is to cultivate the cells to expand 
their number to reach the amount required for 
cell- based therapy. In addition, the pathway of 
differentiation can be adjusted by the choice of 
parameters used in the culture system [39, 44, 45]. 
Various culture systems have been used includ-
ing serum-free versus serum-rich culture media, 
sphere-forming culture, and co-culture systems. 
Most commonly, a 10–20% concentration of fetal 
bovine serum (FBS) is included in the culture 
media for both isolation and expansion of DPSCs 
and SHED, to accelerate cell adhesion during 
the first stage of culture. Because of the risk of 
contamination of serum by bovine pathogens 
(and the presence of bacterial endotoxin) and an 
altered possibility of malignant transformation of 
the stem cells in a serum- containing culture sys-
tem, the use of a chemically defined serum-free 
culture system has been recommended [46–49]. 
In this regard, a serum- free medium (Table  2) 
has been reported to be successful for obtaining 
DPSCs [50]. Cells from the adherent population 
appeared to be more engaged in the odontoblastic 
lineage than the adherent cells. The neural stem 
cells that are derived from various sources can 

proliferate in sphere-forming culture systems 
[51, 52], which are also recommended for differ-
entiation of DSCs [53, 54].

Phenotypic markers expressed by DPSCs 
are summarized in Table 1. Expression of these 
markers relates to the unique capability of these 
cells [28, 55]. For example, STRO-1 positive 
cells show greater odontogenic or osteogenic 
differentiation, while CD34 and CD117 positive 
DPSCs show a greater ability for cell renewal and 
for mineralization [56]. Low expression of Class 
II HLA-DR surface antigen indicates that these 
cells may be immunologically privileged, which 
reduces concerns around antigenicity in the set-
ting of tissue matching between the donor and the 
recipient. If the cells truly are not immunogenic 
then this raises the possibility of creating banks 
for DPSCs. This aspect is discussed in the last 
section of this chapter.

The phenotype of SHED differs from that of 
DPSCs. Pluripotency markers such as Pou5f1, 
Sox2, Oct3/Oct4, and Nanog are expressed more 
strongly in SHED than in DPSCs [57]. Nestin 
as a neuroepithelial marker is expressed less in 
SHED cells compared to DPSCs [58], which 
explains the reduced ability of SHED cells in 
comparison to DPSCs for neuronal regeneration 
[58]. However, due to the greater proliferative 
capability of SHED cells, they form sphere-like 
clusters in a neurogenic culture medium [24].

DPSCs have shown odonto/osteogenic, neuro-
genic, and adipogenic differentiation in preclini-
cal studies [23, 59, 60] (as listed in Table 1). More 
recently, in  vitro investigations have revealed 
osteogenic, chondrogenic, and myogenic differ-
entiation of DPSCs [61–63]. Similar to DPSCs, 
SHED cells have also demonstrated the ability to 
undergo odonto/osteogenic, chondrogenic, neu-
rogenic, adipogenic, and myogenic differentia-
tion [13, 14, 30, 31] (Table 1).

2.2  Regenerative Applications

The concept of harvesting and banking dental tis-
sue MSCs has opened up a new window for stem 
cell-based regenerative treatments. As already 
mentioned, DPSCs and SHED can differentiate 

Table 2 Serum-free medium for DPSC culture

Medium 
composition Concentration Source
Dulbecco’s modified 
Eagle medium 
(DMEM)/Ham’s F12
Glucose 33 mM
HEPES (pH 7.2) 5 mM
N2 supplement Life 

Technologies, 
Invitrogen

Human EGF 10 ng/ml
Human bFGF 5 ng/mL Peprotech
Heparin solutiona 0.2% Peprotech
Streptomycin- 
penicillin

5 μg/
mL–5 UI/mL

StemCell 
Technologies

aFinal concentration in the medium is Heparin 5 μg/ml

Dental Tissues Originated Stem Cells for Tissue Regeneration
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effectively to various cell lineages. In this sec-
tion, the regenerative capacity of these cells will 
be discussed further.

2.2.1  Dentine–Pulp Complex 
Regeneration

Dental pulp is a specialized connective tissue, 
which consists of odontoblasts, endothelial cells, 
neurons, fibroblasts, and other cells. The peculiar 
internal anatomy of teeth and the unique blood 
flow may influence the survival of stem cells 
[64]. When the dental pulp is infected by bacte-
rial pathogens, it is hard to remove or inactivate 
these pathogens through antibiotics alone. For a 
number of clinical reasons, extirpation of the 
whole pulp may need to be undertaken [65].

For regeneration, dental pulp stem cells can 
be expanded in the laboratory. When seeded 
onto hydroxyapatite/tricalcium phosphate (HA/
TCP), the cells have demonstrated formation 
of a dentine- pulp-like complex in mice [23]. In 
addition, SHED implanted into mice can gen-
erate odontoblast-like cells and dentine-like 
mineralized nodules. However, SHED cells do 
not seem to be able to form a complete dentine-
pulp-like complex like that seen with transplan-
tation of DPSCs [24]. In contrast, DPSCs can 
form mineralized nodules, which are covered by 
a layer of dentine-like reparative tissue in vivo 
[66]. DPSCs that have been seeded onto calcium 
phosphate [67], hexafluoropropanol silk [68], 
and polylactic acid [69] scaffolds have demon-
strated dentine–pulp complex formation in ani-
mal models.

In addition to dentine–pulp complex regen-
eration, DPSCs have also been used in periodon-
tal regeneration [31]. DPSCs transplanted into 
immunocompromised mice have been shown to 
differentiate into collagen forming cells, with the 
capacity to form a cementum-like tissue [70]. 
The expression of particular phenotypic markers 
such as SCD-1, STRO-1, CD44, and CD146 on 
DPSCs and SHED cells sensibly linked to their 
role in periodontal regeneration [71, 72]. In addi-
tion, both SHED and DPSCs are capable of bone 
regeneration [31]. This aspect will be discussed 
further in the next section.

2.2.2  Bone Regeneration
Bone formation, including the aggregation of 
osteoprogenitor cells, is similar in some ways to 
tooth bud development, but without the epithelial 
invagination aspect. Intramembranous and endo-
chondral bone formation are the two main pro-
cesses of bone regeneration. In endochondral 
regeneration, the aggregated MSCs first undergo 
chondrogenesis followed by ossification of the 
cartilage into bone tissue [73]. In intramembra-
nous bone formation, MSCs first become osteo-
progenitor cells and then further differentiate into 
osteoblasts, that create extracellular matrix con-
taining collagen fibrils and other bone compo-
nents, and this is called osteoid.

Bone tissue possesses the intrinsic capabil-
ity of regenerating itself through adulthood [74]. 
However, when bone defects or fractures are 
larger than the regenerative capacity of the bone, 
other interventions are required to rehabilitate the 
defect site in the bone tissue [74]. One alterna-
tive is using stem cell-based therapy with stem 
cells of dental origin [75]. In vitro studies have 
demonstrated the osteogenic and chondrogenic 
multipotency of both DPSCs and SHED [75–77]. 
An in vivo investigation showed that DPSCs can 
regenerate osteoblasts and endotheliocytes that 
eventually formed bone in immunocompromised 
rats [78].

The application of SHED in combination with 
a hydroxyapatite (HA)/tricalcium phosphate 
scaffold has been shown to regenerate calvarial 
bone defects in animal models [79]. These stud-
ies have also shown that a large amount of bone 
and bone marrow-like structures are formed in the 
regenerated mineralized matrix. Other investiga-
tions have reported that the application of DPSCs 
in conjunction with fibroin/collagen scaffolds 
can significantly enhance bone formation after 
4–8 months in rats [80–82]. The application of 
DPSCs loaded onto a HA-based hydrogel showed 
superior bone healing in rat calvarial defects 
compared to the scaffold only and to untreated 
control groups [83]. In addition, DPSCs cultured 
for 13 days on poly(lactide-co- glycolide) scaf-
folds caused significant bone regeneration in the 
same types of defects [84]. Other studies have 
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reported the successful application of DPSCs and 
SHED in combination with HA/TCP in rats and 
mice in the treatment of calvarial defects [85].

The research team of d’Aquino et al. demon-
strated that administration of DPSCs loaded onto 
a collagen sponge resulted in higher mineraliza-
tion after 1 month and complete bone regenera-
tion with a large amount of cortical bone formed 
after 3 months, in comparison to a scaffold only 
group [78]. Moreover, an increased level of clini-
cal attachment was found in the gingiva overly-
ing the defect site after transplantation of DPSCs 
loaded onto a collagen scaffold [86].

Several studies have investigated the use of 
DPSCs or SHED for bone regeneration in maxil-
lary or mandibular bone defects [87–91]. Alkaisi 
et al. created a mandibular defect (from the first 
premolar to mental foramen) in rabbits, and 
assessed the formation of bone after applying 
SHED without using a scaffold [87]. Radiographic 
evaluations revealed that in SHED transplanted 
animals, partial bone defects were bridged after 
only 2. In addition, the regenerated bone in this 
group showed a bony ridge with higher radiopac-
ity than insights treated with a scaffold only after 
4 weeks. Finally, after 6 weeks, clear corticaliza-
tion and strong radiodensity were observed in 
the defect gap in sites treated with SHED group. 
Histomorphometric analysis showed that the 
regenerated bone was significantly higher in the 
SHED group compared with the scaffold control.

Paino et  al. created tissue-engineered woven 
bone tissue using DPSCs in  vitro, and then 
transplanted the manufactured bone tissue into 
the mandibular defects in rats [88]. Their find-
ings confirmed the remodeling capacity of the 
implanted tissue, and its integration into the sur-
rounding normal bone with the passage of time. 
Lamellar bone tissue with vital osteocytes and 
vascularized Haversian canals were found after 
bone remodeling.

SHED have been administered intravenously 
in order to treat osteoporosis in animal models of 
this condition [79, 92]. Ma et al. have found that 
this type of administration route for SHED can 
ameliorate problems of low bone mineral density, 
and can improve the radiopacity of the trabecular 
bone structures [79]. Moreover, Liu et al. showed 

that systemic administration of SHED was able 
to enhance bone volume, and promote trabecular 
number, thickness, and density [92]. In general, 
SHED transplantation has been found to improve 
cortical bone parameters, including bone area, 
thickness, and cortical bone fraction [93]. Bone 
that has been regenerated using SHED has been 
found to express higher levels of Runx2, alka-
line phosphatase, and osteocalcin than controls 
[94]. At the same time, systemic application of 
SHED markedly downregulates genes associ-
ated with bone resorption such as RANKL and 
C-terminal telopeptide, and upregulates osteo-
protegrin (OPG) [79, 92, 95]. This is a powerful 
demonstration of the immunomodulatory effects 
of SHED.

According to a recent systematic review by 
Leyendecker et al., transplantation of DPSCs into 
cranial, maxillary, and mandibular bone defects 
gives superior regenerative outcomes compared 
to controls [93]. However, in one study Annibali 
et  al. found no difference in bone regeneration 
between DPSCs and control groups [96], while 
in another study by Behnia et  al. there was no 
difference after the application of SHED in com-
bination with a collagen scaffold compared to 
a scaffold only for the treatment of mandibular 
defects in dogs [97].

The type of scaffold material that is used as 
the carrier for DSCs plays an important role in 
bone repair. For example, Zhang et  al. did not 
find ectopic bone regeneration in DPSCs loaded 
on HA/TCP [98]. However, Kuo et  al. demon-
strated that DPSCs in combination with alpha- 
calcium sulfate hemihydrate/amorphous calcium 
phosphate could efficiently promote bone forma-
tion in comparison to DPSCs + calcium sulfate 
dihydrate or DPSCs + calcium sulfate dihydrate/
TCP [90].

2.2.3  Neural Regeneration
Neural regeneration is a challenging objective for 
two major reasons. The first is the lack of neural 
progenitor cells, while the second reason is that 
the local microenvironment may impede regen-
erative processes [99]. DPSCs express markers of 
neural progenitors such as nestin and Pax6, due 
to the neural crest origin of these cells [100, 101]. 
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Human DPSCs are able to form spheroids under 
serum-free neuronal stimulating culture condi-
tions [102]. In addition, even without neural 
induction, DPSCs express neural markers such as 
CDH2, TUBB3, and NFM [103].

Transplantation of DPSCs and SHED into 
defect sites in the central nervous system (CNS) 
has been shown to enhance neural recovery [56, 
101, 104]. DPSCs can coordinate axonal regrowth 
by secreting CXCR-4 and stimulating the SDF-1/
CXCL12 axis that induces neuroplasticity [105]. 
It has been reported that the implantation of 
DPSCs into the hippocampus of immunocompro-
mised mice can accelerate cell recruitment and 
proliferation, and the maturation of endogenous 
existing neural cells [118]. In fact, taken together 
all these findings suggest that DPSCs may have 
an application as a modulator and stimulator in 
neural recovery in the CNS [143].

In spinal cord trauma and cerebral ischemia 
models, DPSCs can significantly enhance neuro-
logical dysfunctions [57, 161]. Furthermore, in 
the case of a peripheral nerve injury, DPSCs can 
mediate neural tissue engineering with artificial 
nerve conduits, to regenerate myelinated neural 
fibers [122]. Luo et al. demonstrated that trans-
plantation of a heparin–poloxamer hydrogel and 
DPSCs with fibroblast growth factor could sig-
nificantly regenerate neurons in spinal cord inju-
ries, and functionally repair nerve injury defects 
in rats after 28 days [101].

Despite several studies which have demon-
strated that both DPSCs and SHED cells can (1) 
differentiate into functional neural cells which 
were voltage-sensitive in vitro, (2) express neural 
markers, and (3) migrate into the CNS in animal 
models [24, 105, 106], many in  vivo investiga-
tions have reported that DPSCs and SHED are 
unable to differentiate into functional neurons 
that the sites of injuries to nerves [102]. The neu-
ral regenerative capacity of DPSCs and SHED 
seems to occur because of their production of 
neurotrophic products [107]. Furthermore, these 
cells impede axon growth inhibitor signals and 
improve the microenvironment for regeneration 
[108]. Further studies are necessary to clarify 
the neural regeneration capability of DPSCs and 
SHED.

2.2.4  Other Regenerative 
Applications

Muscle Regeneration
Arminan et  al. reported the differentiation of 
DPSCs into cardiomyocytes in rats [109], while 
Yang et al. documented that DPSCs can differenti-
ate into dystrophin-producing muscle cells in a 
mouse model of cardiac muscle injury [110]. 
Based on the observation that DPSCs infused into 
cardiac defect sites express dystrophin and myosin 
[111], it has been proposed that DPSCs can poten-
tially be applied for muscle regeneration [110].

Corneal Regeneration
Some experimental evidence indicates that 
DPSCs are more similar to epithelial stem cells 
than BMMSCs [112, 113]. In fact, DPSCs can 
differentiate into keratinocytes and can express 
keratinocyte markers [114]. Gomez et al. reported 
that eye transparency in a rabbit corneal defect 
model was improved by the implantation of a 
sheet of tissue-engineered DPSCs into the defect 
sites [115]. In another study, DPSCs delivered by 
soft contact lenses in a clinical application were 
shown to promote corneal epithelial regeneration 
[116]. DPSCs transferred from the contact lenses 
to the corneal surface expressed the keratinocyte 
markers cytokeratin 3 and 12. Moreover, DPSCs 
can impede conjunctival cells from growing into 
the center of the cornea [117].

Cartilage Regeneration
As mentioned earlier, DPSCs can develop into 
dentine, cartilage, and bone tissues [118]. Yu 
et  al. showed cartilage formation after 14 days 
after the implantation of pellets containing 
DPSCs into the renal capsule of rats [119]. In 
addition, Morito et  al. reported similar results 
after the subcutaneous implantation of DPSCs in 
combination with FGF in immunocompromised 
mice [120].

Hair Follicle and Blood Vessel Regeneration
DPSCs have been transplanted to the surgically 
compromised hair follicles, where they have been 
shown to cause the formation of new head bolts 
and the regeneration of hair fibers [121].
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DPSCs can promote angiogenesis and vascu-
logenesis in sites where there is peripheral nerve 
injury [122]. DPSCs can differentiate into endo-
theliocytes in rat models [78].

Endocrine Regenerative Potential
Previous studies have documented the possibility 
of using DPSCs and SHED in the treatment of 
diabetes mellitus using a regenerative approach, 
due to their multipotent capabilities, since they 
can differentiate into insulin-producing cells 
[13]. DPSCs are capable of differentiating into 
pancreatic cells and also into insulin-producing 
islet-like cells [123, 124]. Kanafi et al. implanted 
islet-like cell aggregates derived from DPSCs or 
SHED cells into diabetic mice, and found that the 
SHED group was superior to the group treated 
with DPSCs in terms of maintaining normal 
blood glucose levels [50].

SHED have also been studied for the treat-
ment of injuries to the kidney, where they influ-
ence the proliferation of tubular epithelial cells 
[125], through a paracrine effect that induce cell 
migration and facilitates the repair of acute kid-
ney damage.

Regenerative Therapy of Various Systemic 
Disease
Previous investigations demonstrated the posi-
tive impact of DPSCs and SHED when used in 
the treatment of various systemic diseases [126]. 
The enormous capacity of these DSCs makes 
them an attractive source for regenerative thera-
pies in medicine. Both DPSCs and SHED can 
differentiate into hepatic cells [127, 128], which 
makes them promising in the treatment of liver 
cirrhosis [129].

As already discussed, due to their myogenic 
multipotency, DPSCs and SHED cells can be of 
value in the treatment of muscle injuries, includ-
ing to the myocardium. Both cell types have been 
used experimentally to treat myocardial infarc-
tion [111] and Duchene muscular dystrophy 
[130, 131]. Moreover, the immunomodulatory 
and anti-inflammatory effects exerted by these 
cells have been applied successfully in the treat-
ment of a range of inflammatory and autoimmune 
diseases including systemic lupus erythematosus 

[132], rheumatoid arthritis [133], autoimmune 
encephalomyelitis [134], Alzheimer’s disease, 
and Parkinson’s disease [135, 136].

There have been few systematic comparisons 
between BMMSCs and DSCs in terms of their 
immunophenotype, gene expression profile, and 
regenerative potentials [34]. Collectively, in vitro 
investigations show that DPSCs share a similar 
pattern of gene expression with BMMSCs [15]. 
In addition, signaling pathways of odontoblastic 
differentiation of DPSCs are similar to the path-
ways whereby bone marrow-derived stem cells 
take on osteoblastic features [15].

Shi et al. evaluated gene expression in DPSCs 
and BMMSCs, and showed that more than 4000 
known human genes were similar between these 
cells [137]. However, they have found that col-
lagen type 18, insulin-like growth factor-2, and 
cyclin-dependent kinase 6 were much more highly 
expressed in DPSCs, while insulin-like growth 
factor binding protein-7 and collagen types I and 
II were expressed more in BMMSCs [137].

Yamada et  al. characterized and compared 
DPSCs and BMMSCs using a cDNA microarray 
system, including 12814 genes and a clustering 
algorithm [138]. They demonstrated that after 
osteoinduction DPSCs expressed alkaline phos-
phatase, DSPP, and DMP-1 at levels that were 
higher than BMMSCs. However, in the cluster-
ing assessment, it became apparent that both cells 
share similar gene regulation pathways for signal-
ing, cell metabolism, and communication [138].

Despite DPSCs and BMMSCs having many 
similarities in regulating roles, in signaling fac-
tors, and in their expression profile, these two 
types of stem cells are very different in their pro-
liferative capacity and their differentiation poten-
tial, and this has led to distinct patterns of use for 
tissue regeneration in preclinical studies [15]. For 
instance, the chondrogenic potential of DPSC, 
and the adipogenic capacity of both SCAP and 
DPSCs are weaker than those of BMMSCs. 
Conversely, the neurogenic capabilities of DSCs 
are far more potent than those of BMMSCs. In 
addition, SHED and PDLSCs have a much higher 
growth potential compared to BMMSCs [139]. 
These differences may be due to the neural crest 
origin of DSCs.
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3  Stem Cells from the Apical 
Papilla

The apical part of dental papilla is a cell-rich 
zone containing stem cells (Fig.  1). The apical 
papilla can be harvested from an immature 
extracted tooth, and used for isolation of SCAP 
[140]. The main difference between SCAP and 
DPSCs is that SCAP is the precursor of the 
radicular pulp. The characteristic differences 
between these cells are listed in Table 1. In gen-
eral, SCAP derives from the developing dental 
tissues, which consists of early progenitor cells 
that are distinctive from the cells of mature tis-
sues (DPSCs) [141].

3.1  Isolation and Characterization

After harvesting the apical papilla of a develop-
ing root, the tissue is diced into smaller pieces 
and subjected to enzymatic digestion with colla-
genase and dispase [140] as already described for 
the isolation of DPSCs and SHED.

Cultivated SCAP possess low immunogenic-
ity, as seen by lymphocyte assays in the labora-
tory [142]. Flow-cytometry analysis shows that 
SCAP express typical cell markers including 
CD73, 90, and 105 (Table 1) [143]. In addition, 
the perivascular location of SCAP reflected by 
their expression of STRO-1 and CD146, which 
gradually fades with extended passaging of the 
cells [144–146]. Although expressed at a rela-
tively low amount CD24 seems to be exclusively 
positive in SCAP compared to other DSCs and 
other MSCs [147, 148]. Expression of CD24 
expression reduces to zero after the 10th pas-
sage [149, 150]. If CD 24 is a specific marker for 
determining the “stemness” of SCAP, these find-
ings imply that loss of stemness in SCAP occurs 
after the 10th passage.

3.2  Regenerative Applications

SCAP can differentiate into various cell lineages 
[149], which make these cells an attractive source 
for tissue engineering.

3.2.1  Pulp Regeneration 
and Angiogenesis

Regenerative endodontic therapy includes the 
process of regenerating the dentine–pulp com-
plex [151]. SCAP are one of the most promis-
ing stem cell sources for such therapy due to 
their known odontogenic potency and their 
expression of dentine- related differentiation 
markers such as dentine sialphosphoprotein 
(DSPP) [152].

Nowadays, with the application of scaffolds 
and the inclusion of growth factors such as vas-
cular endothelial growth factor (VEGF), and 
fibroblast growth factor (FGF), there is increas-
ing optimism regarding the possibility of regen-
eration of dentin-pulp complex [153–155]. Cell 
homing therapies have determined that chemo-
tactic factors for SCAP include SDF-1, TGF-
β, and granulocyte-colony stimulating factor 
(G-CSF). These not only can improve the migra-
tion of SCAP, but they also can promote their dif-
ferentiation [156].

Sonoyama et al. reported that human SCAP 
can develop into a functional root in an animal 
model [29]. De novo dentine–pulp complex 
regeneration by SCAP begins with the migra-
tion of these cells onto the dentine surface, fol-
lowed by odontoblastic differentiation and the 
expression of phenotypic markers of dentino-
genesis [157].

Hikens et al. demonstrated that SCAP are able 
to express a number of markers of angiogenesis 
including VEGF), thrombospondin-1, angiopoi-
etin- 1, endostatin, matrix metalloproteinases, and 
FGF [153]. Revascularization is a critical require-
ment for pulpal tissue engineering [158]. SCAP 
cells appear to be a good candidate for promoting 
revascularization because of their original niche 
in the perivascular location [159].

Moreover, in repairing dentine–pulp complex, 
the administration of scaffolds can be challeng-
ing, as some of the biomaterials that are used (e.g., 
HA and TCP) are osteoinductive, and thus there 
is a risk of generalized calcification occurring in 
the pulp space [157]. Thus, the properties of the 
scaffold need to be adjusted to suit the require-
ments of pulp tissue regeneration. Amirkia et al. 
used a three-dimensional silk fibroin as a natural 
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scaffold, and found that this improved the attach-
ment of SCAP and their differentiation [160]. In 
addition, chitosan-based scaffolds seem to be an 
appropriate carrier for SCAP as they improve 
their odontogenic potential [161].

3.2.2  Neural Regeneration
The neurogenic potential of SCAP has been 
exploited for neural tissue engineering [158]. 
SCAP originated from the neural crest, and they 
express high level of the neural marker nestin 
[152]. In addition, SCAP can drive a neuroprotec-
tive mechanism, by decreasing inflammation and 
inducing differentiation of oligodendrocytes 
[155]. SCAP also express various markers (genes) 
for neurogenesis (Table  1). In vitro and in  vivo 
investigations show SCAP can participate in neu-
rite outgrowth and in axonal induction [158].

Under neurogenic induction, SCAP start to 
mimic spindle-shaped neurocytes, with long cel-
lular process [152, 162, 163]. In a study by De 
Berdt et  al., the entire apical papilla was trans-
planted into an area of artificial spinal cord 
damage in an animal model. The apical papilla 
functioned as a scaffold for SCAP to regener-
ate neural tissue in the original niche of the 
cells [164]. Interestingly, this study revealed 
that hypoxic conditions could stimulate SCAP 
to express neural-specific genes and to secrete 
growth factors [164].

3.2.3  Bone Regeneration
The osteogenic potency of SCAP has been con-
firmed by studies which have shown differentia-
tion of these cells into osteoblasts, as determined 
by alizarin red staining of calcium deposition and 
the expression of osteogenic markers, including 
bone sialoprotein, alkaline phosphatase, gamma- 
carboxyglutamate protein, runt-related transcrip-
tion factor-2 (RUNX2), and bone morphogenetic 
proteins (BMPs) [32]. The osteogenic differenti-
ation capability of SCAP is comparable to that of 
BMMSCs [148].

The cultivation of SCAP in an osteogenic 
medium results in the formation of osteoblast- 
like cells that are able to produce mineralized 
nodules [165]. Nada et  al. observed that SCAP 
isolated from different teeth showed different 

differentiation patterns. For instance, SCAP iso-
lated from third molars tended to produce diffuse 
mineralization, whereas SCAP isolated from pre-
molar teeth showed a localized pattern of calcific 
deposits [165]. To date, no in vivo investigations 
have been conducted to evaluate the bone regen-
eration capacity of SCAP.

3.2.4  Other Regenerative 
Applications

The chondrogenic potential of SCAP has been 
assessed using Alcian Blue staining of the chon-
drocytes that have formed in vitro [166], but to 
date no study has been carried out to evaluate the 
molecular evidence for the chondrogenic poten-
tial of SCAP, such as the expression of chondro-
genic genes in SCAP under chondrogenic 
induction. Thus far, no in vivo study of cartilage 
formation by SCAP has been reported.

Several studies have demonstrated the adipo-
genic capacity of SCAP [165]. SCAP can express 
lipoprotein and lipase, suggesting the adipogenic 
capability of these cells [152]. However, in com-
parison to BMMSCs, their adipogenic potential 
is low [148, 153, 167].

4  Dental Follicle Stem Cells

The dental follicle is a loose connective tissue sac 
surrounding the tooth bud. It plays an important 
role in tooth development and eruption. The den-
tal follicle is involved in tooth eruption by con-
trolling osseous remodeling through the timely 
production of various secreted mediators [168]. 
Stem cells have been harvested from dental fol-
licle of different species in various developmen-
tal stages [169, 170]. DFSCs are multipotent, and 
can differentiate to form periodontium, bone, and 
cementum [169, 171].

4.1  Isolation and Characterization

Human extracted third molar teeth are the major 
tissue source that has been used to isolate human 
DFSCs. The method for DFSCs isolation is simi-
lar to that described for other DSCs.

Dental Tissues Originated Stem Cells for Tissue Regeneration
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In culture, DFSCs have a typical fibroblast- 
like morphology. They express CD9, CD10, 
CD13, notch-1, and nestin, but they do not 
express CD31, CD34, CD45, and HLA-DR [172, 
173] (Table  1). DFSCs also express cementum 
attachment protein and cementum protein-23 
(CP-23), which are two putative cementoblast 
markers [15]. DFSCs also express STRO-1 and 
BMP receptors in vivo [26].

4.2  Regenerative Applications

DFSCs can differentiate into osteoblasts, cement-
oblasts [30], and adipocytes in the appropriate 
inducing culture media [170]. Although experi-
mental investigations have revealed mineralized 
tissue formation by DFSCs, DPSCs have a 
greater capacity for all hard tissue formation. 
Yagyuu et  al. reported hard tissue formation of 
DFSC at preclinical studies [176], while Yokoi 
et  al. demonstrated that DFSCs are capable of 
regenerating soft tissue and PDL in vivo [174].

4.2.1  Bone Regeneration
DFSCs have the capacity to create calcification, 
as seen both in cell culture [25] and in animal 
[175] studies. Several investigations have 
reported the osteogenic differentiation of DFSCs 
in appropriate osteogenic medium [176–179]. In 
vivo bone formation by DFSCs has been demon-
strated in critical size bone defects in rat calvaria 
[180]. Moreover, in  vitro investigations have 
indicated that BMP-6 and BMP-9 promote the 
osteogenic differentiation of DFSCs [176].

Rezai Rad et al. showed that a temperature of 
37–40 °C was optimal for inducing osteogenesis 
of DFSCs in vitro [181]. Honda et al. reported the 
results of two different animal studies to evaluate 
the bone regenerative capacity of DFSCs [180, 
182]. The findings of both studies suggest that 
DFSCs supported bone regeneration, although it 
was not clear whether the transplanted stem cells 
had in fact differentiated into osteoblasts.

4.2.2  Periodontal Regeneration
DFSCs are capable of generating osteoblasts, 
cementoblasts, and PDL [14]. Honda et  al. iso-

lated DFSCs from the third molar teeth of 
6-month-old pigs [180]. DFCSs were seeded in 
the bottom of a tube and DPSCs and the enamel 
organ epithelium (which originated from same 
pigs) were added in order to produce a recombi-
nation which mimicked the tooth primordia. The 
whole mixture was then transplanted into the 
omentum of immunocompromised rats (Fig. 2). 
A thick layer of dentine with viable odontoblasts 
and a layer of cementum-like tissue were found 
at 24 weeks post-surgery. Moreover, collagen 
fibers were present in a pattern that resembled the 
PDL, and they were attached to the cementum- 
like layer.

Another histological evaluation also con-
firmed the possibility of whole periodontium 
regeneration via expanded DFSCs [182]. A fur-
ther investigation reported that DFSCs could dif-
ferentiate into PDL cells, and could regenerate 
PDL-like structures including cementum-like 
tissues [183]. Other researchers have indicated 
that DFSCs used in combination with a treated 
dentine matrix could regenerate root-like tissues 
with a dentine–pulp complex [184].

5  Stem Cells 
from the Periodontal 
Ligament

Although early studies provided some evidence 
to support the differentiation capability of peri-
odontal ligament (PDL) cells, such as the ability 
to differentiate into cementum-forming cells and 
osteoblasts [185, 186], Seo et  al., conclusively 
identified a population of MSCs within the peri-
odontal ligament that can express stem cell 
 markers and that have the capability to differenti-
ate into various cell lines [27].

5.1  Isolation and Characterization

To isolate PDLSCs, extracted teeth with an intact 
PDL are immersed into a digestion solution con-
sisting of collagenase and trypsin [187]. The 
resultant cells from the enzymatic digestion can 
then be cultured in various media such as serum- 
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containing media and neurosphere-forming 
medium, according to the intended therapeutic 
purpose [53].

PDLSCs possess low immunogenicity, and 
they can modulate behavior of peripheral blood 
mononuclear cells by secreting TGF-β and HGF 
[188]. PDLSCs isolated from inflamed periodon-
tium can significantly reduce the activity and pro-
liferation of T lymphocytes [189]. They express 
high levels of interleukin (IL)-10, and IL-17  in 
comparison to PDLSCs derived from healthy tis-
sues [190].

PDLSCs express MSC-related markers and 
tendon specific transcription factor (scleraxis) 
(Table  1). Scleraxis expression is significantly 
higher in PDLSCs than in DPSCs and in BMMSCs 
[15]. PDLSCs do not express hematopoietic mark-
ers such as CD14, CD19, CD34, and CD45 [15], 
or markers associated with hematopoietic cells 
including CD40, CD80, and CD86 [188].

5.2  Regenerative Applications

The current literature report that PDLSCs can 
differentiate into cementum-like structures, and 
along osteogenic, adipogenic, and chondrogenic 
cell lineages (Table 1).

5.2.1  Periodontal Regeneration
PDLSCs were firstly applied in animal models 
and used to reconstruct cementum-PDL-like 
structures [27]. Subsequently, several studies 
investigated the capability of PDLSCs for peri-
odontal regeneration [191–193]. Ninomiya et al. 
implanted a HA scaffold loaded with PDLSCs 
into the dorsal muscle of rats, and demonstrated 
bone-like tissue formation [194]. PDLSCs seeded 
on HA/TCP successfully formed PDL and 
cementum-like tissues surrounding the scaffold 
[195, 196]. Complete PDL regeneration was 
achieved, with formation of Sharpey’s fibers 

porcine mandible

third molar tooth

dental follicle enamel organ dental pulp

bone shaft

cavitypulp cellsepithelial cellsstem cells

subcultured
dental follicle

stem cells recombination

transplantation

Fig. 2 Schematic 
diagram of procedure 
used to regenerate 
engineered dental root 
analogue in Honda et al. 
study [180]

Dental Tissues Originated Stem Cells for Tissue Regeneration



22

between the newly formed cementum and the 
fibers of the PDL [197].

Likewise, when transplanting PDLSCs that 
were treated with recombinant human plasminogen 
activator inhibitor-1, and then seeded on HA/TCP 
scaffold, into the dorsal region of immunodeficient 
mice, cementum-like tissue surrounded by PDL-
like tissue was observed after 10 weeks [198].

Using stem cell all sheets derived from PDLSCs 
for tissue engineering has been attempted. HA/
TCP wrapped with PDLSCs cell sheets has been 
shown to generate PDL/cementum-like structures 
in rats and mice [199, 200]. Moreover, adding 
platelet-rich fibrin (PRF) to a HA/TCP scaffold 
wrapped with PDLSCs sheets was shown to 
regenerate not only cementum and PDL, but also 
blood vessels [201].

Transplantation of human PDLSCs sheets into 
infra-bony mandibular defects in dogs showed 
new cementum regeneration, with the formation 
of collagen and nerve fibers around the roots of 
the teeth after 8 weeks [202]. When PDLSCs and 
gelatin sponge scaffolds were grafted onto fenes-
tration defects in rats, complete healing of bone, 
cementum, and PDL was seen after only 3 weeks 
[203]. These findings suggested that there is con-
siderable potential for regeneration of the peri-
odontium using PDLSCs, and that this approach 
is likely to be successful when used in the clinic 
to manage real bony defects [204].

However, a significant point is that the regen-
erative capability of PDLSCs is affected consid-
erably by the presence of inflammation and by the 
age of the PDL tissue from which the cells are har-
vested [200, 204, 205]. Gao et al. compared vari-
ous PDLSCs from donors of different ages [200]. 
They found that PDLSCs from younger donors 
had greater cementum/PDL formation potential 
than those from older donors. Other studies have 
reported that PDLSCs derived from donors with 
periodontitis have a significantly lower capacity 
to form bone than PDLSCs derived from healthy 
sites or healthy donors [205].

5.2.2  Bone Regeneration
The osteogenic potential of PDLSCs has been 
shown in several in  vitro studies, which have 
reported the formation of mineralized nodules 

[27, 206–208]. Although PDLSCs typically 
form cementum-like structures [15], PDLSCs 
implanted into periodontal defects of animal 
models appear to accelerate the regeneration of 
trabecular bone next to PDL-like structures, thus 
demonstrating their capacity for alveolar bone 
regeneration [27, 209].

Transplantation of human PDLSCs encapsu-
lated in a RGD-modified alginate has been shown 
to enhance bone formation in critical-sized cal-
varial defects in rats [210]. Several studies have 
observed a lower bone regenerative potential 
of PDLSCs compared to BMMSCs. By way of 
comparison, BMMSCs were reported to be more 
effective for alveolar bone repair in canine mod-
els [211]. Another study confirmed the lower 
osteogenic capability of PDLSCs compared to 
BMMSCs [212]. The reason for this may be the 
presence of more end-differentiated cells in the 
PDLSCs population [213]. However, there are a 
few contrary reports in the literature suggesting 
similar or even better osteogenic potentials of 
PDLSCs compared to BMMSCs [214], and other 
DSCs [80, 215]. This point needs further research 
to resolve it.

5.2.3  Tendon and Cartilage 
Regeneration

Gronthos et al. showed that PDLSCs can express 
a tendon-specific marker (scleraxis) in  vitro 
[206]. A combination of human PDLSCs with an 
RGD-coupled alginate could form a tendon-like 
tissue in mice. When used for tendon  regeneration, 
compared with BMMSCs, PDLSCs gave a more 
highly organized tissue with a greater amount of 
collagen fibers [216].

Moshavernia et al. showed that cartilage heal-
ing could be achieved by applying encapsulated 
PDLSCs in an alginate hydrogel [216]. Moreover, 
several animal studies have successfully used 
PDLSCs for cartilage tissue engineering. Ectopic 
cartilage formation was observed at PDLSC 
transplantation sites [102, 217, 218]. It is well- 
known that cartilage has a very restricted ability 
for self-renewal and regeneration [219]. In this 
regard, the chondrogenic potential of PDLSCs is 
noteworthy, and it is likely that they will be of 
interest for cartilage repair [102].
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5.2.4  Other Regenerative 
Applications

Recently, it has been shown that PDLSCs have 
both neurogenic and angiogenic differentiation 
potentials [53]. PDL-derived spheres are able to 
differentiate into mesodermal and neural cells. 
MSCs originated from the PDL can form 
Schwann cells by inducing the Erk1 signaling 
pathway [220]. Furthermore, these cells can 
regenerate retinal ganglion-like cells via func-
tional synapses and respond to calcium [221]. 
Cen et  al. demonstrated that human PDLSCs 
ameliorate ganglion cells and axonal regenera-
tion when used in the retina of animals with a 
traumatized optic nerve [222].

Another novel application of PDLSCs is its 
possible use for cardiogenic differentiation. 
PDLSCs express some cardiac cell markers, 
such as sarcomeric actin and cardiac troponin 
T [223].

6  Banking of DSCs

According to the diversity of DSCs and their 
beneficial aspects, the potential uses of stem 
cell- based treatments using DSCs in both den-
tistry and medicine are significant. The adminis-
tration of a patient’s own DSCs during therapy 
may not often be practical, since they may have 
more conditions requiring treatment in their later 
years, but have higher numbers of stem cells in 
their tissues when they are in their childhood 

years. Banking of DSCs is one way of easily 
maintaining a suitable supply of DSCs to meet 
the needs of patients later in their life. Such an 
approach can pave a new road for progress in 
healthcare by maintaining a promising source of 
autologous cells for personalized regenerative 
treatments.

Given these considerations, the ability to har-
vest and safely preserve DSCs becomes more 
important. Nowadays, DSCs can be cryopre-
served for a long period of time [224–226]. In 
a number of developed countries, licensed tooth 
banks have been founded (Table 3) [30, 34, 227]. 
When such banks have been established there 
are a number of ethical controversies, as well as 
social, and legal issues that need to be considered. 
Consistent and well-documented laboratory pro-
cedures are needed to evaluate and preserve the 
cells. There is also a need for appropriate regula-
tions or legislation regarding stem cell banking.

7  Limitations

Although stem cell-based therapeutic approaches 
have shown much promise with an appealing 
path to their use in tissue regeneration and func-
tional repair, multiple factors need to be opti-
mized. This will require thorough clinical 
investigations as well as cell culture studies to 
enhance methods to grow up and maintain a large 
quantity of cells. One must bear in mind that the 
availability of the dental tissues over a lifetime 

Table 3 Licensed dental tissue-derived stem cells bank all around the worlda

Name Website Country
BioEDEN http://www.bioeden.com/ United 

StatesStore-A-Tooth http://www.store-atooth.com/
StemSave http://www.stemsave.com/
Three brackets (Hiroshima 
University)

http://www.teethbank.jp/ Japan

Teeth Bank Co. http://www.teethbank.jp/
Advanced Center for Tissue 
Engineering

http://www.acte-group.com/

MoBaTann: Tooth biobank http://www.uib.no/en/rg/biomaterial/64723/
mobatann-tooth-biobank

Norway

The Norwegian Tooth Bank http://www.fhi.no/morogbarn
Stemade Biotech Pvt. http://www.stemade.com/ India

aAll information gathered from Chalisserry et al. and Liu et al. systematic reviews
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will alter, and the time of tooth extraction may 
not match the time when the patient needs ther-
apy with dental stem cells. Banking of dental 
stem cells may partially address this issue, but 
more work is needed to optimize preservation 
methods, and make such banks less expensive 
and easier to use for clinical applications. Cell 
banks must address quality and safety issues such 
as the stability of the cell phenotype over time, 
and the possible risks of contamination with 
endotoxins or with pathogens [30, 228].

8  Conclusions and Future 
Direction

DSCs as one of the more versatile MSCs have 
been used widely utilized in preclinical stud-
ies for tissue engineering purposes. DSCs exert 
a range of immunomodulatory activities, and 
these have not yet been characterized fully. 
DSCs have a low immunogenicity and may also 
have immunosuppressive actions. This makes 
dental tissues a promising source for stem cells 
for the repair of bone, dental pulp, periodon-
tium, nerves, and other tissues. The various 
recognized DSCs not only have the potential 
to differentiate into different cell lines and 
undergo self-renewal, but their collection could 
be done as part of normal dental treatment, har-
vesting them from extracted teeth. Isolation of 
DSCs usually does not require additional surgi-
cal procedures, as exfoliated and extracted teeth 
are often discarded as medical waste. The col-
lection of DSCs does not pose any major ethi-
cal concerns, unlike the use of embryonic stem 
cells. Nonetheless, in future, it is important to 
optimize DSC cryopreservation protocols, and 
address issues including donor-related diver-
sity, and the influence of cell culture conditions 
[34, 229, 230]. Because of their potential use 
in a range of cell-based therapies, the ability to 
expand stem cells of dental origin while also 
maintaining their original stemness properties is 
critical. Thus, development of safe and efficient 
cell expansion strategies should be a focus for 
research in the future.
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Dentine–Pulp Complex 
Regeneration

Ove A. Peters, Avina Paranjpe, and Alexis Gaudin

1  Introduction

Therapeutic strategies in dentistry are tradition-
ally subtractive rather than additive, for example, 
in case of dental caries, diseased tissue is removed 
and replaced with a restoration. In endodontics, 
an irreversibly diseased dental pulp is removed, 
and the canal space debrided and obturated with 
a root canal filling. The latter practice is well 
established and enjoys reasonably high clinical 
success rates; however, the procedure leaves the 
tooth with reduced structural strength [1].

The discovery of dental pulp stem cells two 
decades ago [2] opened the door for a regenera-
tive approach to the diseased pulp. While the 
healing potential of the pulp had been recognized 
for a long time, attempts to predictably regener-

ate a functional dentin–pulp complex had been 
futile. In a best-case scenario, the pulp stayed 
vital, and a dentine bridge formed. This repara-
tive dentine typically did not regenerate a fully 
functional dentine–pulp complex; this joint struc-
ture is characterized by a common embryologic 
pathway from the dental papilla and by a tight 
histologic interconnectivity [3].

True regeneration of the dentine–pulp com-
plex would mean “restitutio ad  integrum,” 
which must include its histological appearance, 
physiology, and mechanical properties. Current 
clinical approaches have been characterized as 
“guided pulpal repair,” which likely offer clini-
cal benefits without fulfilling the set criteria for 

Box: The Dentine–Pulp Complex
The view that dentine and pulp are embryo-
logically, histologically, and functionally 
similar tissues have been held for many 
decades. An intact dentine–pulp complex 
serves important purposes:

• Synthesize and secrete dentine
• Maintaining tissue homeostasis
• Mediating reparative processes
• Screening for invading pathogens
• Supporting enamel in force dissipation

O. A. Peters (*) 
School of Dentistry, The University of Queensland, 
Herston, QLD, Australia 

Department of Endodontics, Arthur A. Dugoni School 
of Dentistry, University of the Pacific,  
San Francisco, CA, USA
e-mail: o.peters@uq.edu.au 

A. Paranjpe 
Department of Endodontics, University of 
Washington, School of Dentistry, Seattle, WA, USA
e-mail: avina@uw.edu 

A. Gaudin 
Faculty of Dental Surgery, Department of 
Endodontics and Restorative Dentistry, University of 
Nantes, Nantes, France
e-mail: alexis.gaudin@univ-nantes.fr

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-59809-9_3&domain=pdf
https://doi.org/10.1007/978-3-030-59809-9_3#DOI
mailto:o.peters@uq.edu.au
mailto:avina@uw.edu
mailto:alexis.gaudin@univ-nantes.fr


36

regeneration. Regeneration of the dentine–pulp 
complex, in contrast, has been defined as heal-
ing progression starting with inflammation, 
using immune signaling, and cellular interac-
tion toward tissue restoration [4]. Considered by 
some as the “holy grail” of endodontic research, 
true regeneration of the dentine–pulp complex 
has yet to be achieved predictably (Fig. 1). This 
chapter will discuss the structure and physiol-
ogy of the dentine–pulp complex and highlight 
pathways for regeneration along with associated 
limitations.

2  Dentine–Pulp Complex 
Biology

Human teeth share a similar structure with other 
vertebrates. However, there is considerable varia-
tion in their form and position. The tooth is com-
posed of both mineralized tissues (enamel, 
dentine, and cementum) and non-mineralized tis-
sue (dental pulp). Dentine and dental pulp can be 
considered as similar tissues, because of their 
close embryological, histological, and functional 
similarities. However, while this anatomical 

b Puramatrix
SHED

rh collagen
SHED

Puramatrix
SHED

a rh collagen
SHED

Puramatrix
(no SHED)

Human pulp
(control)

Human pulp
(control)

Fig. 1 Dental pulp 
tissue engineering with 
SHED injected into 
human root canals and 
transplanted into 
immunodeficient mice. 
(a) Low-magnification 
and (b) high- 
magnification images of 
tissues formed when 
SHED mixed with 
scaffolds (Puramatrix™, 
rhCollagen type I 
groups) were injected 
into full-length root 
canals of human 
premolars. A 
vascularized connective 
tissue occupied the full 
extension of the root 
canal. Cell densification 
and many blood vessels 
were observed along 
dentine walls. Scaffolds 
(Puramatrix™) injected 
into the root canals 
without cells were used 
as controls for SHED. 
Freshly extracted human 
premolars were used as 
tissue controls. Black 
arrows point to blood 
vessels close to the 
odontoblastic layer. 
Modified from Rosa 
et al., J Dent Res, 
92(11):970–975, 2013, 
with permission
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entity is therefore named the “dentine–pulp com-
plex,” it has no direct analogue from a biological 
point of view, and this terminology may indeed 
be an oversimplification.

2.1  Tooth Development

Tooth development or odontogenesis occurs dur-
ing embryonic, fetal, neonatal, and childhood 
stages of development. Teeth form from embry-
onic cells, then grow, and erupt into the mouth. 
Odontogenesis is a complex process. The human 
dentition begins to form between the 6th and 8th 
week of prenatal development with primary 
teeth, whereas the permanent teeth begin to form 
in the 20th week. Biomineralization starts during 
the 14th week of gestation [5].

The tooth germ is organized into the enamel 
organ, the dental papilla, and the dental follicle. 
The cells of the tooth germ are derived from the 
ectoderm of the first pharyngeal arch, and the 
ectomesenchyme of the neural crest. The pro-
cess of odontogenesis is regulated by epithe-
lial–mesenchymal interactions. Although tooth 
formation occurs as one continuous process, 
odontogenesis is classically described by the 
succession of several stages, i.e., initiation, tooth 
germ morphogenesis, terminal cytodifferen-
tiation, and matrix apposition, resulting succes-
sively in the following anatomical stages: dental 
lamina, bud stage, cap stage, early bell stage and 
late bell stage (with terminal differentiation of 
odontoblasts and ameloblasts), root formation, 
functional differentiation of cementoblasts, and 
dental eruption.

At the initial stage of tooth development, a 
basement membrane already separates the epi-
thelium from the underlying ectomesenchyme. 
The epithelium thickens, at the origin of the den-
tal lamina that will later become the dental bud. A 
more substantial and localized epithelial thicken-
ing corresponding to the outlines of future teeth. 
The tooth bud increases in size and then turn into 
dental caps. These are characterized by a concave 
shape of the epithelial tissue which partially 
envelops the proliferating underlying mesen-
chyme, and the future dental pulp [6].

During the cap stage, a new specific structure 
arises due to the epithelial outgrowth: the enamel 
organ. This enamel organ is composed of the 
outer enamel epithelium, inner enamel epithe-
lium, stellate reticulum, and stratum interme-
dium. The cells of the inner dental epithelium 
will gradually lengthen and form the future ame-
loblasts. Moreover, a particular and transitory 
structure appears at the center of the enamel 
organ: the enamel knot. The enamel knot is an 
organizing center of the tissue, controlling the 
shape of the crown, and expressing molecules 
belonging to the different families of growth fac-
tors, such as FGF (fibroblast growth factor), BMP 
(bone morphogenetic protein), Hg (hedgehog), 
and Wnt (wingless). These growth factors are 
known for their essential role in embryogenesis 
and in the formation of organs [7].

The ectomesenchyme condenses in the con-
cavity of the enamel organ and forms the dental 
papilla. This dental papilla forms the odonto-
blasts and the dental pulp. The cap stage evolves 
into the bell stage, during which the dental 
crowns acquire its final shape (i.e., morphodiffer-
entiation), and the formation of cusp patterns is 
observed.

The outer enamel epithelium and the inner 
enamel epithelium join at the cervical loop or 
“zone of reflection.” The growth of cervical loop 
cells into the deeper tissues forms Hertwig’s epi-
thelial root sheath. This determines the root 
shape, including root odontoblast differentiation. 
The cervical loop progresses in apical direction 
due to an increase in cell divisions. The growth of 
the germ is consequently amplified, and the pulp 
is individualized in relation to the peripheral 
layer of the odontoblasts [8].

In the late bell stage, tooth morphogenesis is 
followed by a phase of cell differentiation (i.e., 
histodifferentiation). These cells will differen-
tiate in pre-ameloblasts and pre-odontoblasts 
in order to become polarized and secreting 
cells, to ultimately form enamel and dentine 
respectively.

The condensed ectomesenchyme located at 
the periphery of the enamel organ and dental 
papilla is the dental follicle, and gives rise to 
cementoblasts, osteoblasts, and fibroblasts. 
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Thus, the dental follicle is involved and respon-
sible for the formation of the root and tooth erup-
tion [9, 10].

Determining the processes that initiate tooth 
development led to a significant amount of 
research which has provided the basis for the cur-
rent understanding of the processes involved in 
dentine and dental pulp repair (Fig. 2a).

2.2  Dentinogenesis

Details of the basic principles of odontoblast dif-
ferentiation is particularly relevant when consid-
ering the tissue engineering of dentine–pulp 
complex.

2.2.1  Odontoblast Life Cycle
Odontoblasts are postmitotic and highly differen-
tiated cells that originate from the cranial neural 
crest-derived cells of the dental papilla. These 
cells produce and regulate an organic matrix 
that will be secondarily mineralized, namely the 
dentine.

From Pre-odontoblasts to Polarizing Pre- 
secretory Odontoblasts
The differentiation of odontoblasts from neural 
crest cells is a drawn-out process involving a 
series of changes in the morphology, transcrip-
tional profile, and expression of proteins secreted 
by cells in the odontoblast lineage regulated by 
the epithelium–dental mesenchyme interactions 

Lamina Bud stage Cap stage
Bell stage

a

b

Eruption

Epithelium

Mesenchyme

Dental mesenchyme

Enamel Knot

Enamel

Bone

Dentine

Pre-ameloblasts
Inner dental epithelium

Ectomesenchymal cells

Pre-odontoblasts

Ameloblasts Ameloblasts

Dentine matrix

Odontoblasts

Quiescent cells

Basal membrane

Fig. 2 Schematic drawings of the development of the 
dentine–pulp complex. (a) Stages of tooth development. 
The succession of the different anatomical stages: dental 
lamina, bud stage, cap stage, early bell, and late bell 
stages (terminal differentiation of odontoblasts and ame-
loblasts), root formation, functional differentiation of 
cementoblasts and dental eruption. The enamel knot 
appears before the terminal differentiation of cells and 
controls the shape of the crown due to FGF, BMPs, Hg, 
and Wnt. (b) Terminal events leading to odontoblast dif-
ferentiation. Odontoblasts originate from the cranial neu-
ral crest-derived cells of the dental papilla. They 

differentiate from ectomesenchymal cells that are located 
near the basement membrane. Short, columnar-shaped 
pre-odontoblasts elongate and extend cellular processes 
toward the basement membrane where dental epithelium 
and ectomesenchyme interface. Secretory odontoblasts 
are fully differentiated polarized columnar cells contain-
ing numerous organelles in their supranuclear area. 
During the last mitosis, the daughter cells in contact with 
the basement membrane differentiate into odontoblasts 
while the other cells in the peripheral zone will join the 
cells of the Höhl layer
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mediated by the basement membrane. Initiated at 
the tip of the cusp in the most peripheral layer of 
the cells of the dental papilla, differentiation con-
tinues according to a genetically predetermined 
temporo-spatial pattern. Inductive signals from 
internal epithelial cells involve members of the 
TGF-ß family (BMP-2, BMP-4, and TGF-ß1) 
[11], and other growth factors (IGF: insulin-like 
growth factor), which are partially sequestered in 
the basement membrane onto which the periph-
eral cells of the dental papilla align [12].

Functional competence of odontoblasts is 
achieved after a predetermined number of cell 
divisions and when cells express specific growth 
factor receptors. The fixed number of divisions 
allows these cells to reach the periphery of the 
dental pulp. During the last cell division cycle, 
only the most peripheral layer of cells underlying 
the basement membrane (pre-odontoblasts) 
responds to signals from the internal dental epi-
thelium, to become completely differentiated into 
odontoblasts. The other cell resulting from the 
cell division cycle, “the daughter cell” that which 
is not in contact with the basement membrane, 
moves away from the previous one, to join the 
layer of Höhl [13]. This cell layer has been con-
sidered as a potential reservoir of cells, contain-
ing incompletely differentiated cells that could 
be involved in the healing process of reparative 
dentinogenesis [14].

Odontoblastic Differentiation and Terminal 
Polarization
Once the odontoblasts are differentiated, they 
undergo a terminal polarization. As the differen-
tiation takes place in an apical direction, the cells 
change shape, going from round to cuboidal to an 
increasingly elongated appearance. At the sub-
cellular level, the cells acquire a pronounced syn-
thetic and secretory apparatus. The Golgi 
apparatus migrates from the basal part to a supra-
nuclear region simultaneously with the develop-
ment of cytoskeletal proteins, microtubules, 
odontoblastic cilium, actin microfilaments, and 
intermediate filaments containing vimentin and 
nestin. A distal junction complex appears with 
desmosome-like, communicating junctions (gap 
junctions). These junction complexes constitute a 

solid permeability membrane limited to mole-
cules of low molecular weight. Finally, amino 
acids, fatty acids, sugars, and ions cross the space 
between endothelial cells and the basement mem-
brane to be taken up into odontoblasts.

Although understanding of the molecular 
events preceding the terminal differentiation of 
odontoblasts has markedly improved, the final 
determinants of differentiation of odontoblasts 
remain to be characterized [12, 15–18]. The odon-
toblasts in their terminal cell division are initially 
positioned roughly parallel to the basal lamina, but 
after a short time their major axis becomes per-
pendicular, and they form a palisade- like structure. 
The terminal polarization leads to a partition into a 
cell body and a long process. The cell body houses 
all the organelles involved in the synthesis of the 
extracellular matrix: rough endoplasmic reticu-
lum, Golgi apparatus, and immature and mature 
secretory vesicles, associated with equipment 
lysosomal (smooth endoplasmic reticulum, lyso-
somal vesicles, multivesicular structures).

The cell process, on the other hand, protruding 
a variable distance into the predentine, and adheres 
to the dentine walls of the tubules (odontoblast 
process). To accommodate these organelles and to 
prepare for the secretion of the components of the 
dentine matrix apically and unidirectionally, the 
nucleus moves to the opposite pole of the cell, in a 
position opposite to the internal dental epithelial 
cells. Nuclear repolarization is one of the impor-
tant characteristics of the differentiation of termi-
nal odontoblasts, and is a critical step both in the 
formation of primary tubular dentine and in the 
regeneration of dentine tissue (Fig. 2b) [18].

2.2.2  Role, Structure, 
and Composition of Dentine

Dentine is a calcified tissue that usually is cov-
ered on its coronal aspects by enamel, and on its 
radicular (root) aspect by cementum. It and 
houses the entire dental pulp. Dentine is less min-
eralized and less brittle than enamel. Dentine is 
also necessary for the support of enamel. Dentine 
rates at approximately “3” on the Mohs scale of 
mineral hardness.

As a mineralized connective tissue, dentine 
constitutes the major part of the tooth, and is 

Dentine–Pulp Complex Regeneration



40

composed by volume of 40–45% mineral (mainly 
hydroxyapatite and some noncrystalline amor-
phous calcium phosphate), and 30% organic 
material, of which 90% is collagen type I and the 
remaining 10% is ground substance. The latter 
includes dentine-specific proteins (SIBLINGs: 
small integrin-binding ligand N-linked glycopro-
tein). Dentine also contains 20–25% water [19].

Dentine is porous, and contains microscopic 
channels, called dentinal tubules, which radiate 
outward through the dentine from the pulp toward 
the exterior cementum or enamel border, with 
permanent connections to the odontoblastic layer 
located at the periphery of the pulp due to the 
penetration of cytoplasmic extensions of odonto-
blasts into the dentinal tubules.

Dentine is divided into two areas at the coro-
nal level: the mantle dentine on the periphery, 
and the circumpulpal dentine near the dental 
pulp. The mantle dentine can be identified by the 
presence of various characteristics. The collagen 
fibers here are found perpendicular to the 
enamel–dentine junction.

At the root level, two layers are specifically 
observed: the mantle dentine is replaced by the 
hyaline layer of Hopewell-Smith on the periphery 
of dentine, with the granular layer of Tomes 
beneath this. These superficial layers are to be dis-
tinguished from circumpulpal dentine both by 
their composition and by their structure. The man-
tle dentine and the hyaline layer of Hopewell- 
Smith are atubular layers, unlike the granular layer 
of Tomes which contains fine canaliculi [20].

The innermost layer of dentine is laid down 
prior to mineralization, and is the predentine. 
This predentine is the initial dentine matrix. The 
presence of odontoblastic processes here allows 
the secretion of matrix components. Predentine 
can be 10–40 μm in width, depending on its rate 
of deposition [21, 22].

2.2.3  Types of Dentine
There are three types of dentine: primary, sec-
ondary, and tertiary. Primary dentine is the most 
prominent dentine in the tooth, and lies between 
the enamel and the pulp chamber. As soon as 
the odontoblasts are polarized and the junction 
complexes between the cell bodies delimit the 

basolateral and apical compartments, the trans-
formation of predentine into dentine contributes 
to the formation of primary dentine. It is a tissue 
containing canaliculi with an S-curved path, and 
is produced by functional odontoblasts at a speed 
of 4 μm/day. This process ends with the function 
of the tooth in the arch.

Secondary dentine is formed when the tooth 
becomes functional. The S-shaped trajectory of 
the canaliculi becomes accentuated. In addition, 
as the number of odontoblasts increases com-
pared to a smaller surface, the number of cana-
liculi gradually increases as one gains the 
innermost layers. In theory, this dentine is formed 
throughout life, without time limits, but its pro-
duction in the elderly is, however, gradually 
reduced. Primary and secondary dentine are adja-
cent, and form in continuity. They are physiologi-
cal types of dentine, and are made up of 
intercanalicular and pericanalicular dentine.

Tertiary dentine is formed as a reaction to 
external stimulation such as bacterial attack, 
trauma, and tooth wear. The pulp seeks to pre-
serve its own vitality by synthesizing a scar tissue 
called tertiary dentine. This newly formed tissue 
will form a calcified barrier separated from phys-
iological dentine by a more or less marked calcio- 
traumatic line. Depending on the intensity of the 
stimulus and the nature of the lesions induced in 
the pulp, there are two types of tertiary dentine 
that may be formed: reactionary, where dentine is 
formed from a pre-existing odontoblast, or repar-
ative dentine, wherein newly differentiated 
odontoblast- like cells are formed due to the death 
of the original odontoblasts.

The architecture and structure of tertiary den-
tine depend on the intensity and duration of the 
stimulus. Tertiary dentine is deposited rapidly, 
with a sparse and irregular tubular pattern and 
some cellular inclusions; and is referred to as 
“osteodentine.” However, if the stimulus is less 
active, it is laid down less rapidly with a more 
regular tubular pattern with minimal cellular 
inclusions [23–25].

2.2.4  Dentinal Tubules
One of the characteristics of human dentine is 
the presence of dentinal tubules that occupy 
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between 1% (in the superficial part of the den-
tine) and 30% (in the internal part of the dentine 
near the pulp) of the tissue volume. These tubules 
run through the dentine right from the ameloden-
tinal junction (ADJ) or cementodentinal junction 
(CDJ), whether located at the level of the pulp 
chamber or the root canal. These tubules contain 
the dentinal fluid as well as the odontoblastic 
processes. The intra-pulpal pressure is approxi-
mately 10.3 mm Hg, so there is a pressure gradi-
ent between the pulp and the oral cavity [26].

The configuration of the tubules indicates the 
course of the odontoblasts during dentinogenesis. 
The tubules follow a sinusoidal S-shape from the 
outer surface of the dentine to the area near the 
pulp. Their number and diameter (1  μm in the 
dentine mass to 2.5  μm near the pulp) vary 
depending on their location. In a human premolar 
or molar tooth, the number of tubules is approxi-
mately 59,000 to 76,000 per mm2 in the pulp area, 
and decreases by half toward the enamel area. A 
decrease in the density of the tubules is also found 
in root dentine compared to dentine in the cervical 
area [27]. These canaliculi represent a real chan-
nel of communication and diffusion between the 
“outside and inside” of the tooth. The tubular 
nature of dentine gives this hard tissue a degree of 
permeability, which can accelerate the carious 
process as well as accentuate the response of the 
pulp to dental restorative procedures.

To date, the composition of dentinal fluid is 
not known completely, but it is considered to be 
that of a tissue fluid containing serum proteins 
and immunoglobulins. The dentine fluid con-
tained in the dentinal tubules of vital teeth is 
believed to be composed of a transudate from the 
pulp. Therefore, based on the analysis of the den-
tinal fluid, future research should focus on identi-
fying biomarkers that would be relevant for pupal 
diagnosis [28–30].

2.3  Dental Pulp Histology

2.3.1  Structural Organization 
of the Dental Pulp

Dental pulp is a connective tissue that shares 
characteristics with other connective tissues in 

the body, but also has specific properties related 
to its anatomy and its environment. The dental 
pulp is located inside a rigid envelope of mineral-
ized dentine to form the dentine–pulp complex, 
and this imposes constraints on its development, 
its physiology, and its response to different stim-
uli and injuries [25, 31]. The role of this special-
ized connective tissue is to enable the function of 
odontoblasts throughout the life of the tooth.

At the periphery of the pulp, odontoblasts 
have a characteristic palisading cellular arrange-
ment, which circumscribes the outermost part of 
the pulp. The cell body of the odontoblast is 
found in the pulp, while long cytoplasmic pro-
cesses (odontoblast processes), extend into the 
dentinal tubules. Odontoblasts are rather tall and 
columnar in the coronal pulp, shorten in the mid-
dle part of the tooth, and cuboidal and rather flat 
in the root portion of the tooth [32].

The axons of nerve fibers coming out of the 
Raschkow plexus pass between the odontoblasts, 
and constitute free nerve endings. Moreover, a 
network of terminal capillaries run through the 
odontoblastic layer, and many dendritic cells can 
be found close to the odontoblastic layer [33].

Below the odontoblastic layer is a relatively 
cell-free area. This area is known as the “Weil 
area.” The main constituents of this area include 
the rich network of essentially nonmyelinated 
nerve fibers, blood capillaries, and fibroblast 
processes. This area is less visible histologi-
cally when odontoblasts effectively secrete 
dentine.

Beneath the cell-poor layer is a layer with 
relatively high cell density, located deeper in the 
pulp. This area is noticeable because it has a high 
fibroblast density. This area may represent a 
source of stem/progenitor cells that are able to 
differentiate into odontoblast-like upon damage 
to primary odontoblasts [31, 34].

The central portion of the connective tis-
sue of the dental pulp contains fibroblasts, large 
blood vessels, and nerves. Undifferentiated 
 mesenchymal cells and immune cells such as 
macrophages are frequently located in the peri-
vascular region. The bundles of collagen fibers 
here are much more numerous in the root pulp 
than in the coronal pulp.
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2.3.2  Pulp Cells

Odontoblasts
Structure

Odontoblasts are the most highly differentiated 
cells of the pulp. As secretory cells, odontoblasts 
have a rough endoplasmic reticulum, a Golgi com-
plex, numerous mitochondria, and numerous vesi-
cles. Quiescent odontoblasts are shorter and less 
polarized than active mineralizing cells. When 
cells are in the transition phase between active 
synthesis and quiescence, their organelles tend to 
show a perinuclear distribution [35]. Autophagic 
vacuoles can be observed in the cytoplasm induc-
ing a reduction of the organelles. At the final stage 
of the cell’s life cycle, these organelles are only 
located in the subnuclear region. The supranuclear 
region is devoid of organelles, except for large 
vacuoles filled with lipids [36].

Odontoblastic Process
The odontoblastic process is a direct extension 

of the cell body and occupies most of the space in 
the dentinal tubules. Its diameter is 3–4 μm at the 
pulpo–dentine junction, and narrows as it extends 
into the dentine tubules. The odontoblastic pro-
cess has many lateral branches that can encounter 
the other branches of other odontoblasts. Unlike 
the main cell body, this process is practically 
devoid of major organelles required for synthetic 
activity. In contrast, the process shows a well- 
developed cytoskeleton, with many microfila-
ments with microtubules oriented parallel to its 
long axis. The extensions extend variably in the 
dentinal tubules, but do not seem to go beyond 
the internal third [37–39].

Synthesis and Secretion of Odontoblasts
The main function of odontoblasts is to syn-

thesize and secrete the various components of the 
organic matrix of dentine, mainly collagen type I 
and proteoglycans. Odontoblasts are also capable 
of producing bioactive molecules (chemokines, 
growth factors such as TGF-ß, matrix metallo-
proteinases (MMP)), and they express molecules 
that are involved in defense and repair reactions 
[Toll like receptor (TLR)] [40].

Odontoblasts also synthesize various non- 
collagenous proteins associated with mineral-
ization, including bone sialoprotein, dentine 

sialoprotein, phosphoryn (dentine phosphopro-
tein), dentine matrix protein 1 (DMP-1), osteo-
calcin, osteonectin, and osteopontin [41]. These 
molecules are secreted at the apical end of the 
odontoblast cell bodies as well as along the cyto-
plasmic extensions within the tubules in the area 
of predentine [42].

In addition to their synthetic activity, odonto-
blasts also participate in the degradation of 
organic components via the production of matrix 
metalloproteinases (MMP-8 (collagenase 2), 
MMP-2 and -9 (gelatinases), MMP-14 and 
MMP-20 (enamelysin), and stromelysin), which 
catalyze the degradation of matrix macromole-
cules such as collagens and proteoglycans [22, 
30, 43, 44].

Fibroblasts
Although distributed almost everywhere in the 
dental pulp, fibroblasts are found in a high den-
sity in areas rich in cells of the coronal pulp. They 
come from multipotent mesenchymal stem cells 
(MSCs). Quiescent cells, which are commonly 
found in older pulp, are smaller than active cells, 
and tend to be spindle-shaped with fewer pro-
cesses. The amount of rough endoplasmic reticu-
lum in these cells is also lower. When quiescent 
cells are properly stimulated, their synthetic 
activity can be reactivated [45].

Fibroblasts play an important role in the pro-
duction and remodeling of extracellular matrix 
(ECM). Fibroblasts are responsible for the syn-
thesis and secretion of type I and type III colla-
gens and non-collagenous extracellular matrix, 
such as proteoglycans and fibronectin. Pulp fibro-
blasts also produce certain non-collagenous pro-
teins responsible for the mineralization of hard 
tissue, such as osteonectin, bone sialoprotein, and 
osteopontin [46]. In addition, pulp fibroblasts are 
involved in the breakdown of components of the 
extracellular matrix. These cells are also a source 
of MMP degrading matrix macromolecules such 
as collagens and proteoglycans [47, 48]. 
Fibroblasts are also able to secrete growth fac-
tors, such as members of the TGF-ß superfamily 
essential for remodeling pulp tissue [49].

Fibroblasts also have the capacity to produce 
pro-inflammatory cytokines, and to express 
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adhesion molecules in response to molecu-
lar models associated with pathogens (PAMP) 
[50]. Fibroblasts express TLR2, TLR3, TLR4, 
and TLR5 [45, 51] and other cytosolic PRRs 
such as NOD-like receptors [52]. Finally, recent 
research has shown that fibroblasts are actively 
involved in the process of phagocytosis by pro-
ducing complement C3b protein and opsonizing 
bacteria [53].

Immune Cells
Human dental pulp is a highly dynamic tissue 
equipped with a network of immunocompetent 
cells. These cells are believed to play a major role 
in the maintenance of tissue homeostasis. The 
average percentage of CD45 + immune cells (leu-
kocytes) is approximately 1% of the total cell per-
centage. Among this population of CD45 + cells, 
granulocytes/neutrophils represent the largest 
cell population of CD45 + cells (50% ± 9%), fol-
lowed by T lymphocytes (33%  ±  11%), mono-
cytes (9% ± 6%), and dendritic cells (5% ± 1%). 
Minor populations include natural killer cells 
(3% ± 1%) and B lymphocytes (2% ± 1%) [54].

Dental Pulp Stem Cells
Populations of mesenchymal stem cells with a 
phenotype close to bone marrow stromal cells 
have been described in dental pulp. These are 
known as DPSCs (Dental Pulp Stem Cells). 
These cells may be located in the perivascular 
zone and in the cell-rich zone adjacent to the 
odontoblastic layer. They have significant self- 
renewal and mineralization capabilities, like 
bone marrow cells. In addition, they behave like 
multipotent cells and are able, after adequate 
in vitro or in vivo induction, to engage in various 
differentiation programs, such as chrondrocytic, 
adipocytic, and neurogenic differentiation [55]. 
Given their potential, these cells have attracted 
considerable interest for therapy of pulpal 
involvement (see the following part).

2.3.3  Extracellular Matrix
The extracellular matrix (ECM) of the dental 
pulp consists of a loose and irregular network of 
collagen fibrils, glycosaminoglycans, and proteo-
glycans, acting either by stabilizing the network 

of fibrils or by participating as a stimulating or 
inhibiting mineralization agent.

Collagen
Collagen is the major organic component of den-
tal pulp. The amount of collagen is greater at the 
root level than at the coronary level [56, 57]. 
Type I is predominant, and helps to establish the 
architecture of the pulp tissue. The relative pro-
portion of type III collagen is also high (43% of 
the total collagen in the human dental pulp), 
which gives elastic properties to dental pulp. 
Type III collagen forms finer fibrils than those of 
type I collagen. Type III collagen is distributed in 
acellular areas, and in areas rich in cells [31, 57].

Glycosaminoglycans and Proteoglycans
Many proteoglycans are found in dental pulp, 
including chondroitin sulfate, dermatan sulfate, 
and hyaluronic acid [58].

Non-collagenous Proteins
Fibronectin is the main non-collagenous protein 
in dental pulp. It forms a cross-linked network 
of fibrils which increases near blood vessels. 
Fibronectin is also found in the odontoblastic 
layer, where it forms fibers in a “corkscrew” 
arrangement that passes from the pulp to the 
predentine parallel to the longitudinal axis of 
the odontoblasts. Fibronectin is believed to con-
trol the interactions between fully differentiated 
odontoblasts and the fibers of the extracellular 
matrix, and thereby to contribute to the mainte-
nance of the specific morphology of these cells. 
Fibronectin is also involved in the terminal differ-
entiation and polarization of odontoblasts [59].

2.3.4  Vascularization
As for other connective tissues, dental pulp vas-
cularization provides nutrients, oxygen, and also 
the means of detection and elimination of toxic 
waste and materials. However, unlike other tis-
sues, the dental pulp is highly vascularized (about 
15% of its volume is occupied by the vessels) and 
it is located within and constrained by a rigid 
mineralized environment. This closed and inex-
tensible environment should be very harmful to 
the pulp in the event of inflammation, however, 
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there are different mechanisms at the vascular 
level which make the dental pulp unique and spe-
cific [60, 61].

In the dental pulp microcirculatory system, 
the widest vessels are the arterioles and venules. 
This microcirculation regulates the blood flow 
and also the lymphatic flow. Understanding pulp 
vascularization is one of the keys to unlocking 
pulp vitality and regenerative therapies [62].

The arterioles measure approximately 50 μm 
in diameter. They are composed of several layers 
of smooth muscle fibers that regulate vascular 
tone. The arterioles enter at the level of the apical 
foramen and go up towards the central region of 
the coronary pulp, ending in rich networks of 
capillaries at the periphery of the pulp. A parallel 
vascular network drains the blood flow through 
pulp venules, which exit the apical foramen. The 
blood flow is high, at around 40–50 mL/min/100 g 
of pulp tissue [63].

Pulpal blood flow is subject to complex con-
trol. It depends on local factors produced by cells, 
as well as molecules produced at a distance such 
as hormones or cytokines, and it is also under the 
influence of local nerve impulses. The sympa-
thetic perivascular nerve fibers release noradren-
aline and neuropeptide Y, which cause a reduction 
in pulpal blood flow. The perivascular nerve end-
ings are either adrenergic (containing norepi-
nephrine), or somatosensitive (containing 
substance P or peptides linked to the calcitonin 
gene). These nerve fibers participate in the regu-
lation of pulp blood flow by controlling the tone 
of smooth muscles and the diameter of the ves-
sels [64, 65].

2.3.5  Innervation
Dental pulp is one of the most richly innervated 
tissues in the body. There are approximately 2000 
to 2500 axons at the apex of an adult premolar 
tooth. However, little information is received by 
the brain apart from that caused by inflammatory 
phenomena. The innervation comes from the tri-
geminal nerve. Nerve fibers from the teeth, the 
lower alveolar nerve, the posterior superior alve-
olar nerve, the medial superior anterior and ante-
rior superior nerve, penetrate through the apical 
foramen, go up the root canal and divide when 

approaching the pulp periphery to the acellular 
Weil zone, forming the sub-odontoblastic nerve 
plexus or Raschkow plexus [66, 67].

In addition to nerve fibers, there are several 
receptors in the dental pulp, including noci-
ceptors, thermoreceptors, mechanoreceptors, 
bacterial receptors, and receptors for cytokines 
and chemokines. The pulp contains transient 
potential receptors (TRPV1 and TRPV2) that 
capture noxious thermal and chemical informa-
tion. Odontoblasts have certain TRPs. There 
also have receptors that are sensitive to chemi-
cal variations in the environment, such as ionic 
receptors of the acid-sensing ionic channel 
(ASIC) type. Mechanoreceptors of dental pulp 
(such as potassium channels TREK1, TREK2, 
TRAAK, ENaC, and ASIC 3) are present on 
pulp myelinated fibers, and have the capacity 
to detect tissue deformations via stretching of 
membranes [68, 69].

Among their many functions, odontoblasts are 
also involved in tooth sensitivity, such as seen in 
cervical dentinal hypersensitivity [70]. They do 
not have a gap junction-type synapse or connec-
tion with the nerve fibers, which suggests the 
absence of primary sensory function. However, 
studies have shown paracrine activity, which may 
explain a neuromodulatory role for odontoblasts. 
Ion channels, particularly mechanosensitive 
potassium channels, explain the excitability of 
odontoblasts. In addition, odontoblasts can attract 
nerve fibers and can express neurotrophic factors 
and receptors during development and after pulp 
inflammation develops [67].

2.4  Immune Responses 
in the Dentine–Pulp Complex

2.4.1  Odontoblasts 
as Immunocompetent Cells

Odontoblasts are the first cells of the dentine– 
pulp complex that are challenged with trans- 
dentinal bacterial attacks. In addition to their 
secretory activity, odontoblasts can also be con-
sidered as immunocompetent cells, for the fol-
lowing reasons: (1) Several pattern recognition 
receptors (PRR), which are cellular receptors 
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capable of recognizing molecular patterns char-
acteristic of pathogens, including TLR (Toll-like 
receptors) and NODs (nucleotide oligomeriza-
tion domain receptors), are expressed by odonto-
blasts in humans and rodents [71–73]. (2) 
Odontoblasts are able to produce several chemo-
kines or express chemokines receptors [40, 73–
75]. Observations suggest that odontoblasts are 
more potent attractants than pulp fibroblasts [45]. 
(3) Odontoblasts can produce antimicrobial pep-
tides, such as ß-defensins, that can directly kill 
bacteria [45, 76, 77]. As a result, the odontoblast 
is a multifunctional cell that is able to identify 
dangers to the pulp tissue, and can activate the 
immune response of the pulp [78]. A better 
understanding of the underlying mechanisms 
controlling odontoblasts could lead to the devel-
opment of new therapeutic molecules or strate-
gies in the treatment of pulpitis.

2.4.2  Response of Pulp Immune Cells 
to Tooth-Invading Pathogens

Bacteria are the major cause of inflammation and 
pulp infections. Carious lesions, trauma, wear or 
cracks cause bacteria and their degradation prod-
ucts to cross the enamel and make their way 
through the dentinal tubules in the direction of 
the dental pulp. The dental pulp is equipped to 
trigger an innate immune response, and then a 
specific adaptive antigen response. Innate immu-
nity plays an important role, especially in super-
ficial enamel [79, 80]. In this type of lesion, the 
pulp tissue is not in direct contact with the bacte-
ria, and phagocytosis activity is therefore not 
possible. The transition from the innate to adap-
tive response probably appears in the case of irre-
versibly inflamed pulps, in the front of the carious 
lesion that is located less than 2  mm from the 
pulp [81].

As described above, the first line of defense is 
the palisade of odontoblasts. Changes in blood 
flow happen quickly during pulpal inflammation, 
with vasodilation and increased blood flow. 
These variations lead to an exudation of plasma 
proteins and the recruitment of leukocytes. 
Neutrophils are the first recruits, followed by 
monocytes, which differentiate into macro-
phages. Neutrophils and macrophages gradually 

infiltrate the pulp tissue as the carious lesion pro-
gresses. The complement system is activated by 
bacteria, and this causes the production of inflam-
matory mediators such as C3a and C5a, and the 
formation of a membrane attack complex (C5b- 
9) on the surface of the pathogens [82]. 
Complement also participates in the recruitment 
of leukocytes via the anaphylatoxins C3a and 
C5a [83].

Many inflammatory mediators are secreted 
(IL-1α, IL-1β, TNFα, IL-4, IL-6, IL-8, 1L-10) 
[84–86]. In addition to these secreted molecules, 
there is a release of molecules linked to the 
demineralization of dentine by bacterial acids, 
which may have a role in chemotaxis and the 
recruitment of cells from the systemic circulation 
[13, 87].

As the carious lesions progress, the number of 
immunocompetent cells in the dental pulp will 
increase. The deeper or greater the carious lesions 
extend, the more the infiltrate of immune cells 
increases, and the situation goes from a localized 
mode to an extension within the pulp tissue. 
Neutrophils and macrophages gradually infiltrate 
the pulp tissue as the carious lesion progresses. 
Macrophages are able to phagocytose bacteria 
and activate T cells, thereby triggering an adap-
tive response.

The dendritic cells (DC) initially present in 
the steady state are attracted by chemokines from 
odontoblasts at the site of infection, and these 
eventually leave the dental pulp and migrate to 
the lymph nodes, where they present the antigens 
to T lymphocytes. The T cells that have been acti-
vated by DC will differentiate into different 
effectors, and will secrete cytokines to recruit 
more immune cells along with B cells. Hence, 
there is a significant increase in the numbers of B 
cells in irreversible pulpitis in humans [88].

2.4.3  The Fine Balance 
and the Interplay between 
Inflammation and Regeneration 
in the Dentine–Pulp Complex

The pulp environment, the diversity of aggressive 
events, the diverse microflora at the level of the 
carious lesion, and the possibilities of supply of 
nutrients lead to a relative efficiency of the 
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immune response within the pulp tissue. The 
inflammatory response initiated can progress to 
cell death and tissue destruction, or to scarring 
and/or tissue regeneration.

This balance, which can evolve in one direc-
tion or the other, is linked to the presence and 
concentration of inflammatory mediators. A cari-
ous lesion with slow shallow progression poten-
tially leads to repair or regeneration phenomena 
which will no longer be possible if the aggression 
continues. Scarring and fibrosis in pulpitis pre-
vent the return to homeostasis, since healing, 
regeneration, and reconstruction of diseased tis-
sues are significantly hampered.

Extensive work over the past few decades 
has revealed that resolution of acute inflamma-
tion is crucial to avoid persistent chronic inflam-
mation, and to support repair or regeneration. 
Macrophages are considered as the primary 
effector cells in regulating tissue repair. They 
participate in the evolution of the inflamma-
tory response by shifting from an inflammatory 
phenotype (M1) to a regenerative phenotype 
(M2), as healing progresses. Recent work has 
revealed that macrophages in regenerating pulp 
tissue undergo a distinct transition from M1- to 
M2-dominant, suggesting that the M1-to-M2 
transition of macrophages plays an important 
role in creating a microenvironment that is nec-
essary for pulp tissue regeneration. In addition, 
conditioned medium from M2 macrophages 
enhances the odontogenic/osteogenic differentia-
tion of human dental pulp stem cells [89]. These 
findings suggest strongly that deleterious inflam-
matory events could be reverted by creating a 
local environment that induces M2 phenotype 
polarization.

In order to avoid irreversible damage to the 
pulp tissue, the immune response must be con-
trolled to eliminate pathogens without destroying 
the host tissue (the pulp). Although progress 
remains to be made on understanding the regula-
tion of the immune response within the dental 
pulp, some molecules and therapeutic proposals 
have been identified in order to modulate the 
inflammatory response of the dental pulp.

Numerous studies have demonstrated the abil-
ity of mesenchymal stem cells, antioxidant mol-

ecules, low intensity lasers, and molecules of 
epigenetic regulation to modulate the inflamma-
tory response [90]. Recently emphasis has been 
placed on immune modulatory roles of special-
ized pro-resolving mediators (SPM). These are 
secreted by neutrophils and macrophages, and 
regulate functions of the innate immune system 
(attenuate monocyte recruitment. They induce a 
pro-resolving M2 phenotype [91, 92], inhibit 
functions of dendritic cells [93, 94] and also 
modulate the adaptive immune system by 
decreasing memory B-cell responses (Fig. 3).

3  Stem Cell-Based Dentine– 
Pulp Complex Regeneration

3.1  Key Players for Dentine–Pulp 
Complex Regeneration

The regeneration of the dentine–pulp complex is 
a biological process whose goal is to replace ad 
integrum the damaged structures: the pulp and 
dentine. This procedure encompasses different 
clinical approaches. The first is to use the biologi-
cal potential of the residual pulp tissue. In this 
situation, it is crucial to preserve the vitality of 
the pulp through so-called pulp vital pulp thera-
pies (VPT). The direct application of a biomate-
rial to the vital pulp tissue aims to reduce the 
inflammation of the pulp, to stimulate the healing 
process, and to form a mineral tissue in order to 
create a physical barrier. However, current VPT 
only allows repair in contact with the biomate-
rial, and not true regeneration of the pulp tissue 
within the biomaterial. In this context, new pro-
posals are emerging in order to regenerate the 
pulp volume destroyed by carious lesions or den-
tal trauma.

The other approach aims to fully regenerate 
new vital tissue in an empty and disinfected 
canal space. This approach is complex due to the 
particular histological structure of the dental 
pulp and its functional relationship with the sur-
rounding environment. Although earlier studies 
have demonstrated the role of the blood clot in 
the healing and repair of the pulp [95], the emer-
gence of regenerative techniques in endodontics 
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dates from the early 1960s [95] and then later on 
in the early 2000s with research from Banchs 
and Trope [96]. Clinical success is possible 
because the restoration of a blood supply in the 
canal space may be followed by reinnervation 
from the sensory axons from the apical region. 
The terms given to these phenomena are those of 
revascularization or revitalization. In order to 
mimic this process, different procedures rely on 
the creation of bleeding from the apical region 
into the canal space, filling the canal space and 
forming a blood clot. Numerous published case 
reports have shown resolution of apical peri-
odontitis and radiographic signs of continuous 
root development and apical narrowing, and in 
some situations, positive responses to vitality 
tests [97, 98].

The explanation for these phenomena was 
advanced in 2011 when studies demonstrated 
that the influx of apical blood into the disin-
fected root canals was followed by a clinically 
significant transfer of mesenchymal stem cells 
into the canal system [99]. This was an impor-
tant step in the field of regenerative endodon-

tics, since it establishes that these procedures 
were based on the principles of tissue engineer-
ing, and the triad which includes the stem cells, 
scaffolds, and growth factors [100]. However, 
the newly formed tissues do not correspond to a 
functional dental pulp, but rather to a connec-
tive tissue associating the periodontal, bone, 
and cementum elements. Greater awareness of 
the role of stem cells, scaffolds, growth factors, 
and their properties has led researchers and cli-
nicians to reanalyze the  principles of tissue 
engineering, in order to develop more predict-
able and successful outcomes of regenerative 
procedures. This lead to the addition of another 
important factor to the existing triad, which 
includes adequate disinfection of the canal 
space (Fig. 4).

3.1.1  Pulp Stem/Progenitor Cells
Stem cells are found in all multicellular organisms. 
They are commonly defined as clonogenic cells 
with a capacity for multi-lineage differentiation 
and self-renewal. In accordance with the minimum 
criteria defined by the International Society for 

Reactionary dentinogenesis

Mild stimulus Strong stimulus

Rapid & intense inflammation

Stem/progenitor homing

Odontoblast-like differentation

Up-regulation of secretory activity

Promotion in case of high level
of inflammation
Inhibtion in case of high
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Stem/progenitor
cells

Odontoblasts
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immune cells
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Caries

Odontoblast secretory activity
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Fig. 3 The fine balance of the interplay between inflam-
mation and regeneration interplay in the dentine–pulp 
complex. The complex is able to defend itself and to heal 
when challenged with bacterial aggression. According to 
the degree of stimulus, different types of tertiary dentine 
can be secreted. Reactionary dentine occurs following a 

mild stimulus and is secreted by odontoblasts originally 
present in the dental pulp. Reparative dentine is secreted 
by odontoblast-like cells following stem/progenitor cell 
differentiation, and occurs when the odontoblasts that 
were originally present have been destroyed
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Cellular Therapy (ISCR), stem cells have the prop-
erties of adhesion to plastic, the positive or negative 
expression of specific markers of surface antigen, 
and the formation of colonies in vitro.

Stem cells can come from the recipient patient 
themselves (autologous) or from a donor (allogenic 
origin). Stem cells can be divided into four main 
sources: adult mesenchymal stem cells, embryonic 
stem cells (ESC), neonatal stem cells from the 
umbilical cord, and induced pluripotent stem cells 
(iPSC) obtained from already existing cells. 
Although ESCs are of great interest, their practical 
application in tissue engineering and cell therapy is 
limited due to the high risk of tumorigenicity, as 
well as the ethical and legal issues associated with 
their embryonic origin. However, there is an 
increasing interest in research into the development 
of tissue regeneration therapies using identified 
postnatal stem cells from various tissues and organs 
of the human body.

Like any other organs or tissues in the human 
body, dental tissue is considered a potential niche 
for MSC.  Numerous studies have shown that 
dental pulp constitutes an appreciable and easily 
accessible source of postnatal stem cells that can 
be harvested from extracted permanent teeth or 
deciduous teeth. There are different populations 
of pulp stem cells: dental pulp stem cells (DPSC), 
exfoliated decidual teeth stem cells (SHED), 
stem cells from the dental follicle (DFSC), and 
stem cells of the apical papilla (SCAP). They 
have all shown great potential for regeneration of 
dentine–pulp complex (Fig. 5).

Recently, techniques for sorting cell subpopu-
lations have been discussed in order to obtain 
optimal phenotypes. Cell sorting does not seem 
to be a profitable option since there is no convinc-
ing evidence suggesting a considerable improve-
ment in the regeneration of tissues resembling 
dentine or dental pulp [101].

Since the availability and quality of dental 
pulp tissue decline sharply with age, non- 
odontogenic stem cells have been studied as 
alternative sources. Stem cells from bone marrow 
and adipose tissue have shown particular promise 
because of their beneficial biological properties 
and their gene expression profile [102].

3.1.2  Scaffolds
Along with stem cells and bioactive molecules, 
scaffolds are one of the components of tissue 
engineering strategies. Functionally, the scaf-
folds ensure the seeding, adhesion, proliferation, 
and spatial distribution of cells. The aim is to pro-
mote the complete replacement of the extracel-
lular scaffold and serve as a bioactive platform 
regulating cellular activities, intra-, and inter- 
cellular communication, so as to provide a physi-
ological microenvironment.

Many materials have been proposed and 
assessed in scientific literature. A blood clot has 
been used as a physical scaffold in many cases 
[103]. However, many other scaffolds have been 
introduced into endodontics, including natural 
polymers (fibrin, collagen, chitosan, glycosami-
noglycan, and dentine scaffold) or synthetic 

Disinfection

STEM CELLS

GROWTH FACTORS

SCAFFOLD

Fig. 4 A schematic 
showing that 
disinfection interacts 
with the interplay 
between stem cells, 
scaffolds, and growth 
factors (the classic triad 
of tissue engineering) 
for regenerative 
endodontics
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polymers (polyglycolic acid [PGA], poly-l-lactic 
acid [PLLA], polylactide-co-glycolic acid 
[PLGA]). There are also inorganic and composite 
materials that are synthesized in the form of 
porous scaffolds, nanofibrous materials, mic-
roparticles, or hydrogels.

The specifications for the ideal scaffold for 
tissue engineering in endodontics include several 
elements. The ideal scaffold must be biodegrad-
able, and have similar viscoelastic properties and 
a similar rate of synthesis as the extracellular 
matrix. If the rate of degradation is too fast, dis-
solution of the material will occur before the for-
mation of new tissue. Conversely, if the rate of 
degradation is too slow, the synthesis of extracel-
lular matrix will be disturbed. The proper interac-
tions between the cells and the scaffold are 
essential. The design of the scaffold (porosity, 
surface topography, charge, stiffness, viscosity) 
may modify cellular behavior and the expression 
profile of the cells (adhesion, migration, prolif-
eration, synthesis of extracellular scaffold) [104]. 

The peculiarity of endodontic tissue engineering 
is that this scaffold must be injectable into a nar-
row space: the root canal and/or the pulp cham-
ber. After injection, the scaffold must be able to 
quickly reach its initial stiffness values. Finally, 
the ideal scaffold must be sterilizable and free 
from the risk of contamination, and must allow 
the biomineralization that occurs in the natural 
state in the pulp.

Although natural polymers and synthetic 
materials have shown promising therapeutic 
effects when used for the regeneration of dentine 
and pulp, none of them encompass all the proper-
ties necessary for the regeneration of the cellular 
physiological microenvironment. Natural poly-
mers are often affected by problems of purity and 
antigenicity. Synthetic polymers bypass the 
potential risks of immunoreactivity, but lack bio-
activity and have poor degradability. The recent 
appearance of nanofibrous polymers mimicking 
the ECM has shown interesting results in terms 
of cell–ECM interactions [105].
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Fig. 5 Stem cells from dental origin for dentine–pulp 
complex regeneration. (a) Different mesenchymal stem 
cells from dental origin. Human dental mesenchymal 
stem cells can be harvested from healthy tooth-related 
pulp tissue (DPSC and SHED), dental follicle (DFPC), 
and apical papilla (SCAP). (b) DPSC and SCAP can be 
easily isolated from an extracted tooth. The apical papilla 
is a soft tissue loosely attached to the apices of immature 

permanent teeth and can be easily detached with a pair of 
tweezers. DPSC are stem cells present in the dental pulp. 
(c) A comparison between DPSC and SCAP. The in vitro 
aspects are seen with phase-contrast microscopy, cell 
surface- specific markers as analyzed by flow cytometry, 
alizarin red staining, alkaline phosphatase expression, and 
adipogenic differentiation. (d) Primary cultures of stem 
cells can be further cultured or cryopreserved
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Currently used biomaterials for dentine–pulp 
complex regeneration are summarized in Table 1.

3.1.3  Growth Factors/Bioactive 
Molecules

Growth factors/bioactive molecules are chemical 
signals or signaling molecules that control vari-
ous cellular responses. Bioactive molecules are 

essential in order to obtain functional regenera-
tion of the pulp. By inducing specific signaling 
pathways, growth factors modulate each key cel-
lular event of pulpal homeostasis: cell prolifera-
tion, differentiation, and mineral synthesis.

Several growth factors have proven their 
importance in dental tissue engineering, such as 
the BMP superfamily (BMP-2, BMP-4, BMP-7) 

Table 1 Classification, advantages and drawbacks of scaffolds used for tissue engineering in endodontics

Classification

Natural 
polymers, 
polysaccharides

Components of 
the extracellular 
matrix

Synthetic 
polymers Bioceramics and derived substances

Biomaterials Alginates
Chitosan
Cellulose

Hyaluronic acid
Collagen
Gelatin
Proteins/
peptides
Fibrin
Self- assembling 
peptides

Polylactic acid 
(PLA)
Polyglycolic 
acid (PGA)

Calcium phosphate Bio- 
glassHydroxyapatite Biphasic 

calcium 
phosphate

Tricalcium 
phosphates

Advantages •  Low cost
•  Ease to 

handle

•  Dynamic 
environment 
similar to 
physiological 
extracellular 
matrix

•  Guide cellular 
behavior 
thanks to the 
signal 
molecules 
present.

•  Possibility of 
degradation 
and selective 
remodeling

•  Biological 
materials on a 
nano-scale

•  Allow 
controlled 
release of 
growth factors

•  Low 
production 
cost

•  Low 
antigenicity

•  Reproducible
•  Possibility of 

adjusting the 
mechanical 
properties, the 
degradation 
rate

•  Biodegrad-
able

•  Easy seeding 
of stem cells

•  Low immunogenicity
•  Good resorption rate
•  Similar to mineralized tissues
•  Osteoconductive

Drawbacks •  Inter batch 
variability

•  Poor 
mechanical 
properties

•  Inter batch 
variability

•  Difficulty in 
sterilizing

•  Significant 
degradability

•  Volumetric 
retractions

•  Do not have 
the 
biomolecules 
of the 
physiological 
extracellular 
matrix

•  Potential 
accumulation 
of acid 
degradation 
products

•  Limited applications for tissue engineering in 
endodontics

•  Requires a viscous vector for injection
•  Tendency to cause mineralization of the pulp 

chamber
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and TGF-β1. These molecules appear promis-
ing for modulating cellular functions involved in 
the differentiation and mineralization of odonto-
blasts. Basic fibroblast growth factor (bFGF) and 
granulocyte colony-stimulating factor (G-CSF) 
are involved in the migration of cells to their 
original tissue (i.e., cell-homing), as well as 
in angiogenesis, and during certain neuronal 
and anti-apoptotic events. Vascular endothe-
lial growth factor (VEGF) and platelet-derived 
growth factor (PDGF) are involved in the induc-
tion of blood vessel formation [106].

The effects of biomolecules depend on their in 
situ concentration and on cellular interactions. 
Interestingly, several biomolecules are seques-
tered in the dentine matrix, which, in the appro-
priate conditions, is able to modulate tissue 
responses. Microbial assaults (dental caries) or 
iatrogenic factors (chemical attacks and restora-
tion procedures/materials) can lead to demineral-
ization of dentine, which then releases these 
sequestered biomolecules within the dentine 
matrix [107, 108]. The released biomolecules 
may play a key role in several events, and in par-
ticular, they may influence the healing functions 
of the dentine–pulp complex [109]. However, the 
direct clinical application of these biomolecules 
is not feasible for a number of reasons. A bolus 
dose can cause toxic effects. Free biomolecules 
can have a limited half-life. Finally, it is difficult 
to maintain an appropriate concentration of bio-
molecules for the entire therapeutic period. To 
overcome these drawbacks, current research is 
focused on controlled biomolecule delivery sys-
tems, thus mimicking a biological response for 
engineering functional tissues.

3.1.4  Disinfection
The etiologies of pulp necrosis and preoperative 
infection are important in cases when regenera-
tive endodontics is considered as a treatment 
option [110]. One of the main concerns during 
this procedure is an effective and efficient disin-
fection protocol that removes the bacteria com-
pletely and renders the disinfected root canal 
space conducive to repopulation by stem cells. 
This is especially important since recent research 
studies have demonstrated that the presence of 

remnant bacteria within the canal space during 
these procedures can have a negative effect on the 
outcomes of regenerative procedures [111]. One 
of the mechanisms suggested for this, is the acti-
vation of the immune system by the residual bac-
teria in the canal, which in turn, leads to the death 
of the SCAP [112].

Various intracanal medicaments, disinfec-
tants, and disinfectant techniques have been used 
for this purpose. A triple antibiotic paste (consist-
ing of metronidazole, minocycline, and cipro-
floxacin) has been shown to be effective in 
disinfecting the root canal space in teeth with 
immature apices, without affecting the SCAP 
[113]. Other studies have advocated the use of 
calcium hydroxide instead of the triple antibiotic 
paste, due to their effects on the SCAP [114]. 
Irrespective of the type of medicament or irrigat-
ing solution used, it is imperative that adequate 
disinfection of the canal space be achieved, for a 
more predictable outcome.

3.2  Complete Dentine–Pulp 
Complex Regeneration

Transplanting human pulp stem cells into root 
canals has been shown to potentially regenerate 
pulp-like tissue, with odontoblasts, blood ves-
sels, and innervation similar to a healthy human 
dental pulp [2, 115, 116]. Most protocols using 
stem cells also employ a scaffold in order to 
provide an adequate environment for the cells, 
allowing their proliferation, migration, and dif-
ferentiation into a functional pulp. There are also 
alternative approaches using a self-assembled 
three- dimensional pulp tissue made directly from 
the pulp cells without the addition of an exoge-
neous scaffold [117] (Fig. 6).

A recent clinical trial in humans carried out in 
Japan by Nakashima and collaborators showed a 
complete regeneration of the pulp after a pulp 
stem cell transplant (DPSC) [118]. In this study, 
five patients with irreversible pulpitis were 
treated, and were followed up to 24 weeks after 
the DPSC transplant. DPSCs were isolated from 
another healthy tooth extracted with an original 
protocol based on the mobilization of DPSC 
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using G-CSF. These cells were called MDPSC, 
that is, “mobilized” DPSC. The cells were grown 
in accordance with Good Manufacturing Practice 
(GMP). The quality of the stem cells at passages 
9 or 10 was verified by karyotype analyzes. The 
MDPSCs were transplanted, with G-CSF, into 
collagen and placed into teeth that had undergone 
a pulpectomy. Clinical and laboratory evalua-
tions did not show any toxicity or adverse effects. 
The electrical pulp sensitivity test at 4  weeks 
demonstrated a robust positive response. After 
24 weeks, the intensity of the magnetic resonance 
imaging (MRI) signal of the regenerated tissue in 
the root canal was similar to that of the normal 
dental pulp of the untreated control teeth. Finally, 
CBCT scans revealed the formation of functional 
dentine in three of the five patients.

These promising results are first steps in the 
use of human tissue engineering for the regenera-
tion of a complete pulp entity. However, the 
accessibility, the clinical reality, and the general-

izability of this type of treatment are low. Many 
questions remain, and the protocols remain 
experimental. We do not know what the optimal 
disinfection protocol would be to guarantee the 
result without compromising the stem cell trans-
plant. The long-term fate and long-term function-
ality of the pulp have not yet been explored. 
Technical feasibility, ensuring that the trans-
planted cells are free of infection risks, and the 
high cost of such procedures all constitute major 
obstacles.

3.3  Partial Dentine–Pulp Complex 
Regeneration

An in vivo model of pulpotomy in dogs involves 
the transplantation of subpopulations of sorted 
(CD146- and CD31-) autologous stem cells that 
have been cultured three-dimensionally and are 
then implanted in a collagen scaffold at a pulp-

Complete pulp regeneration

Revascularisation

Acellular
approach

Cell-based
therapy

Infected tooth with 
open apex

Disinfection

Mesenchymal stem
cells + scaffold +/-

biomolecules

Scaffold +/-
biomolecules

Silicate
based-
cement

a

b

Fig. 6 Regenerative approaches in endodontics. (a) 
Different strategies may be considered for regenerative 
approach in endodontics. Revascularization consists of 
evoking apical bleeding through the apical foramina. The 
following blood clot will serve as a scaffold and a reser-
voir for growth factors for the stem/progenitor cells. The 
acellular approach consists of injecting scaffolds with or 
without biomolecules in order to recruit and to help dif-

ferentiation of stem/progenitor cells. The cell-based ther-
apy consists of injecting a combination of a scaffold and 
stem/progenitor cells able to differentiate into dentine- 
forming odontoblasts. (b) An example of a fibrin–chitosan 
hydrogel scaffold for dental pulp tissue engineering. 
Scanning electron microscopy shows rounded aggregates 
of chitosan trapped between and around the fibrin fibrils 
of the hydrogel (Courtesy of Prof. J.C. Farges)
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otomy site. This approach results in complete 
regeneration of the pulp tissue, with vascular and 
neural processes, within 14  days. The trans-
planted cells express pro-angiogenic factors that 
cause a trophic action on endothelial cells. The 
regenerated pulp contains well-developed vascu-
larization and innervation, as well as a tubular 
mineral structure along the dentine walls [119]. 
Similarly, partial pulp regeneration has been 
demonstrated in rat molars [120].

Conversely, another study carried out using a 
larger animal model (minipig) showed the 
absence of pulp regeneration after partial pulpot-
omy and implantation of stem cells in a scaffold 
of a self-assembling peptide (PuraMatrix™), 
with the appearance of mineralization at the canal 
openings [121]. A recent study using bone 
marrow- derived stem cells showed hard tissue 
bridge formation after pulpotomy in dogs [122].

Many factors can explain these differences in 
results (the animal model, the methods of cell 
isolation, the capacities of the stem cells them-
selves, the local environment, the maturity of the 
treated teeth, the extent of vascularization in situ, 
the operating protocol, and the scaffolds and bio-
materials used). In addition, a failure of regenera-
tion in favor of pulp mineralization at the level of 
the canal opening may also be linked to the 
inflammation generated in these models which 
could negatively influence neo-angiogenesis and 
promote the formation of mineralized tissue.

4  Acellular Material-Based 
Dentine–Pulp Complex 
Formation

4.1  Complete Dentine–Pulp 
Complex Regeneration

In order to overcome the drawbacks and limita-
tions of approaches using cell transplantation, 
several so-called acellular approaches have been 
proposed. These acellular approaches are based 
on cell recruitment. In the case of total pulp 
regeneration, the target cells to be recruited are 
located in the periapical region. This is the most 
clinically developed approach, pioneered by 

Trope et al. [123]. This procedure entails disin-
fection of the canal space, followed by the gen-
eration of a blood clot in the root canal by 
intentionally instrumenting beyond the apical 
foramen into the peri-apex. The blood clot acts as 
a scaffold for the newly regenerated tissue, and 
also serves as a reservoir of natural biomolecules, 
allowing the recruitment of cells. A calcium sili-
cate cement (MTA®, Biodentine®, Bioceramic 
cements) is placed to seal the coronal portion of 
the canal space (Fig. 6).

This approach does not allow the regeneration 
of structural and functional pulp tissue from a 
histological point of view. Applying the classic 
principles of tissue engineering would allow a 
better control of the cells and tissues involved, to 
achieve more predictable results. Studies on the 
use of biomolecules or even cocktails of mole-
cules (bFGF, VEGF, PDGF and NGF, and BMP- 
7) promoting chemotaxis constitute an alternative 
strategy.

The use of optimized scaffolds for this type of 
application is crucial, and has been the subject of 
various studies. Proteins derived from dentine 
may induce chemotaxis and the formation of 
pulp-like tissue [124, 125]. The processes to pro-
mote their release are still under investigation. 
Recently, it has been demonstrated that the use of 
citric acid appears to be more advantageous than 
EDTA, which has traditionally been proposed 
clinically to promote cell homing in regenerative 
procedures [126].

The use of optimized scaffolds for pulp regen-
eration is under active investigation. The pulp 
extracellular matrix (ECM) is a natural source for 
producing scaffolds that mimic the chemical and 
mechanical properties of native tissue. The intro-
duction of a predefined decellularized ECM with 
its spatial distribution of trophic factors seems to 
be a promising approach. Recently, scaffolds 
based on extracellular matrix have shown prom-
ising results in terms of recruitment of progenitor 
cells, promotion of constructive remodeling, and 
modulation of the host response. These matrices 
are expected to trigger a migration of progenitors 
and stem cells, in order to recolonize the decel-
lularized matrix. Cells recruited from surround-
ing tissues migrate to the new network of 
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extracellular matrix in a similar process to the 
natural pulp tissue [127, 128] (Fig. 6).

4.2  Partial Dentine–Pulp Complex 
Regeneration

The same principles may be used to recruit pro-
genitor cells from the remaining dental pulp 
using homing or migration factors. This method 
is attractive compared to the stem cell approach, 
since the costs involved are less (no need for iso-
lation, manipulation, and storage of stem cells). 
The risks of immune reactions, contamination, or 
transmission of pathogens or tumorigenicity 
associated with cell transplants are absent.

The most studied migration factors are fibro-
blast growth factor 2 (FGF-2) and stromal cell- 
derived factor-1α (SDF-1). The uncontrolled 
release of FGF-2 accelerates the formation of 
tertiary repair dentine in the residual pulp, while 
the controlled release of FGF-2 from a gelatin 
hydrogel induces the formation of osteodentine 
at the level of dentinal defects [129].

MMP-3 has also been used as a migration/
homing factor. MMP-3 drives cell proliferation 
and migration, and it has an anti-apoptotic effect 
on endothelial cells in vitro. In addition, MMP-3 
promotes angiogenesis and pulp healing in mod-
els of pulpotomy in rats as well as in models of 
reversible pulpitis in dogs [130, 131]. However, 
this attractive approach has a number of limita-
tions. The results to date encompass only animal 
models without pre-existing pulpal inflamma-
tion, and therefore more long-term clinical stud-
ies with follow-up are needed before a human 
translation.

5  3D Printing for Endodontic 
Regeneration

5.1  Concept 3D Bioprinting

The use of 3D scaffolds has many challenges 
when considering tissue engineering of the 
dentine– pulp complex. In addition to providing 
mechanical features for cell support, an ideal 

scaffold also must create a bioactive and dynamic 
environment that regulates cellular functions and 
intracellular communication to replicate the 
native extracellular matrix (ECM) [101]. The use 
of traditional techniques for scaffolds (electros-
pinning, freeze-drying, gas foaming, melt mold-
ing, solvent casting and particulate leaching, and 
phase separation) do not allow exhaustive control 
of every parameter.

Recently, additive manufacturing techniques 
such 3D printing have been adopted for tissue 
engineering. The 3D bioprinting concept is based 
on the invention of stereolithography by Charles 
Hull in 1986 [132]. The goal of 3D bioprinting is 
to develop highly customized cell-laden scaf-
folds. 3D bioprinting enables the precise posi-
tioning of cells. It can precisely control the 
external and internal morphology of scaffolds, 
and can be used for high throughput production. 
The porous structure inside the 3D-printed scaf-
fold facilitates the infiltration of nutrients and 
oxygen, thus providing the necessary conditions 
for normal metabolic activity of cells.

The three main bioprinting techniques that 
may be used for endodontic regeneration are ink-
jet bioprinting, laser-assisted bioprinting, and 
extrusion bioprinting. Inkjet printing is a widely 
understood printing technology derived from the 
conventional 2D desktop inkjet printers. Inkjet 
printers eject droplets of biomaterials through a 
nozzle by thermal energy or by a piezoelectric 
actuator. Thermal inkjet technology is simple, 
efficient, and economical. However, one of the 
disadvantages of this technology is the frequent 
clogging of nozzles by bio-ink. Gelation causes 
unequal sized drops and this disturbs the printing 
process. Another challenge involves the thermal 
and shear stresses involved in creating bio-ink 
drops that may affect cell viability [133].

Laser-assisted bioprinting (LAB) focuses 
laser pulses onto the donor slide, thus creating 
high pressure, to propel droplets of cell-laden 
hydrogel onto the collector slide [134]. LAB is a 
highly versatile method for fabricating heteroge-
neous tissue constructs with high cell densities, at 
high resolution (10–100 μm) and various sizes. 
LAB is an attractive approach for 3D tissue fabri-
cation due to its automation, reproducibility, and 
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high throughput. Attention must be paid to the 
selection of the biomaterial, as this should exhibit 
fast gelation kinetics (i.e., rapid cross-linking). 
The laser wavelength used must preserve the res-
olution and arrangement of cells and biomaterials 
in the 3D printed constructs [133]. However, 
major concerns are the long time that is required 
for fabrication and the problem of gravitational 
settling of cells in solution.

Extrusion or robotic dispensing bioprint-
ers extrude biopolymers or cell-laden hydro-
gels through the nozzle by applying air pressure 
(pneumatic force) or using mechanical systems 
(such as pistons or screws) (Fig.  7a). More 
recent extrusion bioprinters are equipped with 
multiple printer heads, to allow simultaneous 
deposition of different bio-inks with minimal 
cross- contamination [135]. Furthermore, they 
offer advantages of better control over porosity, 
shape, and cell distribution in the printed con-
struct [133]. Extrusion bioprinting is gaining 
popularity due to its high versatility and therefore 
it is being considered to fabricate scaffolds for 
tissue engineering (Fig. 7b).

5.2  Bio-Inks for 3D Bioprinting 
Applied for Endodontic 
Regeneration

Although advantages and applications depicted 
in other medical fields are becoming very popu-
lar, 3D bioprinting for endodontic regeneration is 
only just beginning, and few research articles 
have been published on this topic. The precise 
strategy needed for 3D bioprinting for endodon-
tic applications remains elusive. Which technol-
ogy of bioprinters to use? Which bio-ink would 
be the most suitable for endodontic applications? 
What kind of approach would be the most suc-
cessful: to fabricate dental pulp, dental tissue 
constructs, the whole tooth with enamel, or the 
whole tooth with cement and ligament?

Cell-laden hydrogels, decellularized extracel-
lular matrix, and cell aggregates are the main 
types of bio-inks used in bioprinting devices. 
However, these materials cannot represent fully 
the complex structure of the ECM of the dentine– 
pulp complex. There currently is a lack of bio- 
inks devoted to regeneration of dental tissues, 
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800 µm diameter needle 250 µm diameter needle

D0

Ring Disc

D3

D7

Fluorescence detection of different patterns (ring/disc) of
DFP-labeled SCAP obtained

a: Composite phosphocalcic cement by extrusion process b and c: higher magnifications display an
interconnected network of porosity which will improves fluid diffusion, angiogenesis, penetration of
blood vessels, new bone formation. (Courtesy of Dr MM Germaini)

Fig. 7 3D Bioprinting in endodontics. (a) A pneumatic 
printing head (extrusion 3D bioprinter) printing a phos-
phocalcific paste. (b) 3D reconstruction as shown by 
microtomography of a cylindrical 3D printed implant. (c) 
Mesenchymal stem cells seeded onto a 3D implant. 

(Courtesy of Dr. M.M. Germaini). (d) Viability of SCAP 
after laser-assisted bioprinting in vitro, comparing base-
line (Day 0) and days 3 and 7 after printing (Courtesy of 
Dr. O. Kérourédan)
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and specifically those with odontogenic poten-
tial, which may be used in the rapidly evolving 
field of regenerative endodontics.

Recent work has explored the cytocompat-
ibility and the odontogenic potential of different 
bio- inks (Fig. 7c, d). Yu et al. assessed the effects 
of 3D bioprinting an alginate/gelatin hydrogel 
(Alg- Gel) scaffold extract on proliferation and 
differentiation of DPSCs in comparison with a 
traditional Alg-Gel hydrogel scaffold. More cells 
were grown on and adhered to the 3D-printed 
Alg-Gel scaffolds than the Alg-Gel scaffolds. 
This could be because the extract of 3D-printed 
Alg-Gel scaffolds contained more calcium and 
phosphorus ions, indicating that hDPSCs have 
stronger proliferation and osteogenic/odontoblas-
tic differentiation capacity when seeded onto the 
3D printed scaffold [136]. In another recent study, 
Athirasala et  al. engineered and  characterized 
a novel dentine-derived ECM hybrid cell- laden 
hydrogel bio-ink, comprised of alginate and den-
tine matrix proteins. The viscosity, the printabil-
ity, the survival rate, and the odontogenic potential 
of SCAPs may be modulated by fine-tuning the 
composition of the bio-ink. A concentration of 
100 μg/ml of soluble dentine molecules signifi-
cantly enhances odontogenic differentiation of 
encapsulated SCAPs [137].

Besides the assessment of suitable bio-inks 
and bioprinters, strategies for human therapeutics 
are also under consideration. One approach is to 
enable bioprinting of cell-loaded collagen-based 
bio-inks with suitable rheological, structural, and 
biological properties directly in situ into the root 
canal. This process has been assessed using 
human teeth ex vivo, with a hand-held drop-on- 
demand bioprinter. New blood vessel formation 
(vasculogenesis) was successfully demonstrated, 
and was comparable in quality and quantity to 
that seen with fibrin and collagen non- bioprintable 
hydrogel controls [138].

Another approach is to consider whole tooth 
regeneration. Different studies have successfully 
shown the possibility of producing tooth-shaped 
tissues and structures. However, there are limita-
tions in controlling the size and shape of these 
teeth. It is difficult to culture tooth germs [139, 
140]. In addition, scaffold-based approaches do 

not seem suitable for the regeneration of tooth- 
like composite tissues because they cannot place 
multiple types of cells in a pre-defined manner.

Han et al. [141] proposed a fibrin-based bio- 
ink to regenerate patient-specific shaped and 
tooth-like composite tissue utilizing 3D bioprint-
ing technology. A dentine–pulp complex having 
patient-specific shape was produced by co- 
printing human DPSC-laden bio-inks with poly-
caprolactone, which is a thermoplastic material. 
Localized differentiation of DPSCs in the outer 
region of the three-dimensional cellular construct 
was successfully achieved, with localized miner-
alization [141]. This result demonstrates the pos-
sibility of producing patient-specific composite 
tissues for specific tooth engineering.

The use of 3D bioprinting to regenerate the 
dentine–pulp complex is very recent. The meth-
ods being used need much more study and refine-
ment so that they become reproducible, feasible, 
safe, and cost-effective. Most of the data that 
have been generated have come from in vivo or 
ex vivo models, and these do not take in account 
the clinical context, such as the surrounding envi-
ronment, the presence of bacteria and their by- 
products, the nature of dentine, and the effect of 
irrigant solutions on the remaining dentine. There 
have not been any randomized clinical trials con-
ducted to evaluate the efficiency of these methods 
for regenerative endodontic procedures.

6  Future Directions

Regenerative procedures in the fields of medicine 
and dentistry have evolved considerably in the 
past two decades. The recognition and presence 
of multiple different stem cells in the oral cavity 
has changed the way that regenerative procedures 
are now being performed. These dental-derived 
MSCs have gained importance in recent years 
because they are easier to obtain than stem cells 
from other parts of the body (e.g., umbilical cord 
blood stem cells, and bone marrow stem cells). 
These dental stem cells are present in the oral 
cavity and can be obtained easily by routine den-
tal procedures (such as extraction of third molars 
or premolars for orthodontic reasons).
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Furthermore, previous research has demon-
strated that these dental stem cells have the ability 
to differentiate into several lineages including 
osteogenic, odontogenic, chondrogenic, adipo-
genic, myogenic, and neurogenic [142–144]. This 
is one of the main reasons why these dental stem 
cells are now used in various tissue engineering 
procedures beyond the oral cavity in regenerative 
medicine, such as in the treatment of acute lung 
injury, neurotrauma, myocardial infarction, muscu-
lar dystrophy, autoimmune diseases, and for cor-
neal reconstruction [145–150]. However, many 
studies have been conducted either in  vitro or in 
using small animal models. The extrapolation of 
these results to a human model and the clinical 
applicability of these procedures is still unknown.

There are some aspects of these regenerative 
procedures that should be considered for greater 
attention, especially since these cells are being 
used more often. These include:

 1. Disinfection: As discussed earlier, the pres-
ence of bacteria can affect the prognosis of 
any regenerative procedure. Hence, it is 
imperative that the effects of bacteria on the 
stem cells be analyzed.

 2. Stem cell properties: Stem cells differ in their 
inherent properties. Some stem cells are more 
prone to apoptosis and immune cell mediated 
cell death compared to others. Hence, it is 
unknown whether all these different cell types 
can be used in the same way. More informa-
tion on stem cell properties and their interac-
tion with other cells is needed.

 3. Interactions with the immune system: 
Different stem cells interact differently with 
the immune system. This is necessary infor-
mation, especially when using them in regen-
erative medicine. Some stem cells have been 
shown to increase the levels of pro- 
inflammatory cytokines in certain situations, 
which could be detrimental when used for 
stem cell therapy [151].

 4. Feasibility and cost effectiveness: Key ques-
tions include: Are these procedures feasible 
and predictable? Can the cells be obtained and 
preserved in a predictable manner? Is a steam 
cell based approach cost-effective?

Currently, stem cells are being used for whole 
tooth regeneration. Such an approach could 
potentially change dental treatment modalities in 
the future. In medicine, stem cells have been used 
to regenerate in the laboratory the bladder, tra-
chea, neurogenic tissue, and cardiac tissue. The 
future looks promising, and what we learn today 
about these cells will definitely influence the 
future.
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1  Introduction

A developing young permanent tooth generally 
has an open apex until apical closure occurs 
approximately 3  years after its eruption [1]. A 
traumatic injury, rapidly progressing dental car-
ies, or developmental anomalies may result in 
early pulpal necrosis, development of apical peri-
odontitis and incomplete root formation [2]. Up 
to 50% of traumatized teeth may present with 
pulpal necrosis and exhibit signs and symptoms 
of pulpal and periapical disease [3]. Another 
common etiology is dental anomalies, which can 
be lead to pulpal necrosis in immature permanent 
teeth. Dens evaginatus and dens invaginatus are 
the most common anomalies resulting in pulpal 
necrosis in immature teeth [4].

Treatment of necrotic permanent teeth with 
open apices has proved to be a great challenge 
to clinicians. Due to the thin dentinal walls of the 
root canal, mechanical debridement cannot be 

performed with the conventional endodontic pro-
cedures [5]. The absence of an apical barrier can 
bring challenges in adequately sealing the apical 
third of the root canal space. In addition, these 
teeth are prone to fracture due to their structural 
weaknesses. Therefore, it is hard to achieve an 
optimal clinical outcome with conventional root 
canal procedures performed on pulpless imma-
ture teeth with a blunderbuss apex [6]. Permanent 
teeth with pulpal necrosis and incomplete roots 
have conventionally been treated by clinicians 
with an endodontic procedure called apexifica-
tion [6–8]. In this approach, the formation of a 
calcified apical barrier is induced in an incom-
pletely formed root in teeth with open apices 
and necrotic pulps [9], using long-term calcium 
hydroxide dressings. Another method is to create 
an artificial apical barrier in a single visit using 
a plug of mineral trioxide aggregate (MTA) [10, 
11] or another bioceramic (BC) material [12].

The apexification approach uses calcium 
hydroxide as the intracanal medicament of 
choice, delivered in a powder or paste form, 
and left in the canal for a long period of time. 
Every 6 months, this calcium hydroxide dress-
ing is replaced, and a radiograph  is taken. This 
procedure is repeated until apical closure via 
the formation of a dentinal bridge is noted on 
the radiograph [5]. Dentinal bridge formation at 
apical foramen can also be confirmed clinically 
with an instrument such as an endodontic file or 
a paper point [5]. Once the apex is determined to 
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be closed, the whole canal is then obturated with 
gutta percha [13]. While the success rate of cal-
cium hydroxide apexification is approximately 
95% [14], this treatment has several main draw-
backs that do not support its clinical application 
anymore:
 1. The average time to make an apical barrier is 

between 3 months and 2 years [5, 15–17].
 2. Patient compliance is required since they need 

to make multiple visits to have calcium 
hydroxide replaced periodically over a long 
period of time, until apical closure 
occurs [5, 8].

 3. It has been reported that long-term intracanal 
dressing of calcium hydroxide may put the 
tooth at a greater risk of fracture [18], espe-
cially horizontal root fractures at the cemen-
toenamel junction [14]. This view has however 
been challenged in the recent literature.

 4. The dentinal bridge formed at the apex after 
the placement of long-term calcium hydrox-
ide dressings is very porous [5, 19, 20], and it 
does not provide strong apical closure.

Due to these drawbacks with apexification, an 
alternative approach was developed in which an 
artificial barrier was placed at the apex, instead of 
inducing one to form. This alternative method 
reduces the number of visits required. This pro-
cedure involves making an artificial barrier 
approximately 3–4 mm in length at the apex with 
a plug made of either MTA [11, 21–23] or a bio-
ceramic material [12], and then filling the rest of 
the canal with gutta percha [5].

The success rate of MTA apexification is 
reported to be 94%, which is comparable to 
calcium hydroxide apexification. However, this 
procedure has its own shortcomings. Although 
it provides an artificial barrier, this treatment 
modality still leaves the dentinal walls thin, and 
it does not strengthen or improve the weak struc-
tural integrity of the immature root [8]. Also, the 
treated roots are still weak and thus prone to frac-
ture [18].

Regenerative endodontic treatment (RET) was 
developed to overcome these shortcomings, and 
it has been found to have the potential to be an 
ideal treatment approach for treating immature, 
necrotic permanent teeth.

2  History and Emergence 
of Regenerative Endodontics

With the advent of a better understanding of 
regeneration and tissue engineering and its appli-
cation to dentistry, regenerative endodontics has 
developed. This approach represents a paradigm 
shift in the treatment of immature permanent 
teeth with a necrotic dental pulp [24, 25]. RET is 
also sometimes referred to as “revitalization” and 
“revascularization.” However, the term “revascu-
larization” is no longer used, since the recruited 
tissue in the canal space is much more than just 
blood vessels.

The development of the concept of regenera-
tive endodontics was facilitated by the publication 
of two significant case reports by Iwaya [26] and 
by Banch and Trope [27]. However, this treatment 
was historically introduced by Nygaard-Ostby 
utilizing an apical blood clot in the resolution of 
apical periodontitis and for pulp repair [28].

3  Goals of Regenerative 
Endodontics

Essentially, there are three goals for RET [29]: 
First, to treat apical periodontitis and successfully 
allow healing of damaged apical tissue, eliminat-
ing clinical symptoms and signs [25–27]. The sec-
ond, and more important goal of RET is to 
regenerate the structure and function of dentin- 
pulp complex [30]. Though apexification methods 
using either long-term calcium hydroxide or a 
one-visit MTA plug resolve apical periodontitis, 
these two traditional approaches cannot restore 
the original anatomic structure and physiological 
function of the dentin-pulp complex. The third 
goal of RET is to regain vitality of the tooth.

With the use of the stem cell tissue engineer-
ing concept, RET seeks to regenerate vital pulp- 
and dentin-like tissues in the root canal space 
in order to accomplish the reconstitution of the 
neurovascular system, with tubular dentin with 
an odontoblastic layer, and a natural immune 
defense system. An increased root canal wall 
thickness and/or increased root length is not an 
essential goal of this treatment, according to the 
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American Association of Endodontists (AAE), 
but it is considered as desirable. However, the 
European Society of Endodontology (ESE) con-
siders an increase of root thickness and length 
as one of the criteria for success with RET [31]. 
Through dentin-pulp tissue deposition, this novel 
procedure is expected to produce a stronger 
mature root [32, 33], and therefore, reduces the 
risk of fracture of the root.

4  Why Do We Need a Vital 
Pulp?

A vital dental pulp is essential since it provides 
the innate immune system which responds when 
the tissue is faced with bacterial invasion. Healthy 
pulp tissue has the potential to respond to bacte-
rial insult in response that involves cells, neurons, 
and the microvasculature [34].

First, odontoblasts act as the first defen-
sive mechanism in a healthy pulp. They detect 
microbes through toll-like receptors (TLRs) [34]. 
These receptors are triggered when they bind the 
lipoteichoic acid (LTA) of Gram-positive bac-
teria or the lipopolysaccharide (LPS) of Gram- 
negative bacteria. LTA and LPS trigger different 
types of TLRs; for example, LTA mainly binds 
to the TLR-2 receptor on odontoblasts, whereas 
LPS mainly binds to TLR-4. Receptor bind-
ing induces odontoblasts to produce various 
cytokines which start the inflammatory pro-
cess, as part of the response to dentinal caries. 
For instance, odontoblasts secrete transforming 
growth factor-beta (TGF-β) during the initial 
stage of inflammation, which drives dentin min-
eralization, as a way of providing a physical bar-
rier against the advancing caries front, through 
calcifications within the dentinal tubules. In addi-
tion, TGF-β and other chemokines secreted by 
odontoblasts activated through the TLR pathway, 
such as CCL2, CXCL12, and CXCL14, pro-
mote the recruitment of immature dendritic cells 
(iDC). These dendritic cells phagocytose the 
bacteria and subsequently present the bacterial 
antigens to T-lymphocytes, to trigger an adaptive 
immune response [35–37].

Odontoblasts also secrete a low level of inter-
leukin- 8 (IL-8), which activates neutrophils, and 
also promotes the recruitment of T-lymphocytes 
[34]. Cytotoxic T-lymphocytes (CD8) release 
perforin and lytic granule enzymes that can dam-
age bacterial cell membranes and can lyse bac-
terial cells, and also can trigger apoptosis [38]. 
Cytotoxic T-lymphocytes also produce cytokines 
such as IFN-γ, which inhibits microbial replica-
tion, while causing macrophage activation at the 
same time.

In addition, odontoblasts express beta- 
defensin- 2 (BD-2). This is a bactericidal agent 
for bacteria (especially Streptococcus mutans and 
Lactobacillus casei), and it binds to the mem-
brane of the microbes and increases bacterial cell 
permeability [39]. BD-2 also plays a pivotal role 
in activating the immune system. It is a chemoat-
tractant for natural killer cells, T-lymphocytes, 
and immature DCs [34]. BD-2 is made by neu-
trophils, as well as by odontoblasts.

Odontoblasts challenged with LTA or LPS 
also secrete vascular endothelial growth fac-
tor (VEGF), which stimulates angiogenesis and 
increases vascular permeability, to bring more 
immune cells to the site of the injury, for bet-
ter defense by neutrophils and other parts of the 
innate immune system against bacterial invasion.

A vital dental pulp also has sensory neuro-
peptides, such as substance P (SP), calcitonin 
gene-related peptide (CGRP), and neurokinin A 
(NKA). Following pulpal injury from microbes, 
the concentration of these neuropeptides 
increases significantly, causing vasodilation, 
increased vascular permeability, and increased 
pulpal blood flow [34].

Overall, these cellular, neuronal, and vas-
cular responses of odontoblasts in a healthy 
pulp to the threat posed by bacterial inva-
sion increase the interstitial tissue pressure. 
The increased intrapulpal pressure drives an 
increase in the outward flow of dentinal fluid. 
It also results in the stimulation of A-delta 
fibers and ultimately causes pain, which alerts 
the patient to the alarming situation confronted 
by the vital dental pulp as it faces the threat of 
bacterial invasion [34].
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Interestingly, the sensibility, immunity, and 
even vitality of immature teeth with necrotic 
pulps might be restored after RET.

5  Concepts of Regenerative 
Endodontics

In general, as mentioned earlier in chapter “Dentin 
Pulp Complex Regeneration,” there are three 
essential factors required for tissue engineering: 
cells, signaling molecules, and scaffolds [40, 41]. 
This triad of tissue engineering must be present to 
develop a biologically functional tissue.

First, stem cells that have the capacity to 
regenerate the appropriate tissue need to be 
recruited or formed at the target site. Second, 
appropriate signaling molecules (e.g., growth 
factors) must be delivered to or induced in the 
target tissue. The purpose of having the signaling 
molecules is to guide the stem cells to differenti-
ate into their final structure. The goal of RET is 
to develop a dentin-pulp complex. For stem cells 
to regenerate dentin, they must encounter specific 
signaling molecules such as bone morphogenic 
proteins [42], transforming growth factor-β [43], 
and fibroblast growth factors [44].

Third, the stem cells need to be recruited to or 
placed within the scaffold. A scaffolds is highly 
porous and may be composed of natural mate-
rials (such as collagen) or synthetic polymers 
(such as polylactic acid). Scaffolds facilitate 
three- dimensional tissue formation by provid-
ing a structural template for cell migration and 
cell attachment [40, 41]. With this concept of 
stem cell recruitment and differentiation using 
signaling molecules and scaffolds, two different 
approaches of RET have been developed: cell- 
based and cell homing.

5.1  Cell-Based Approach

The approach of using exogenous stem cells and 
transferring them to the site through a scaffold is 
called “cell-based regeneration.” This technique 
is able to yield pulp/dentin-like tissues. In a cell- 
based animal study, Huang and his colleagues 

extracted and cultivated DPSCs and SCAP from 
human third molar teeth, and then injected them 
into a poly (lactide-co-glycolide) (PLG) scaf-
fold. The scaffold was then inserted into a root 
fragment that had MTA on one end and was open 
on the other. This tooth fragment with the scaf-
fold and the odontoblast-lineage cells (DPSC 
and SCAP) were transplanted into immunocom-
promised mice subcutaneously. As a result, the 
root canal space was completely filled with pulp-
like tissues with a continuous layer of a dentin-
like structure adjacent to the existing dentinal 
wall. In other words, from a scaffold with growth 
factors, SCAP and DPSCs, pulp/dentin-like 
structures were generated in an empty root canal 
space.

Thus, this cell-based animal study proved, for 
the first time, that de novo regeneration of pulp- 
like tissue was in fact possible. As this study 
shows, the cell-based approach can regenerate 
the dentin-pulp complex in the canal space with-
out any competition between odontoblast- and 
non-odontoblast lineage progenitors, due to the 
direct insertion of DPSC and SCAP. Therefore, 
with the cell-based technique, the regenerated 
tissues are well-vascularized  and are consist of 
pulp-like and dentin-like structures in the root 
canal space [30].

Although this technique exhibits a great suc-
cess in de novo regeneration of dentin-pulp 
complex in the intracanal space, there are some 
drawbacks to this approach. First, the miner-
alized dentin tissues that are formed with this 
technique do not actually resemble the original 
dentin structure. Unlike natural dentin, which has 
a tubular structure, the newly regenerated min-
eralized tissues show a disorganized alignment 
and entrapment of odontoblast-like cells, which 
is more similar to tertiary and reparative dentin 
[30]. Additionally, the amount of deposited tissue 
cannot be controlled.

Moreover, this approach is highly technique 
sensitive. Currently, it is not practical to apply 
this approach clinically, due to its variability, 
poor cost efficiency, the need for stem cell banks 
or other ways to store the stem cells, and the 
absence of a safe and reliable protocol that has 
been proven through multiple clinical trials [24].
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Recently, a systematic review and a  meta- 
analysis were conducted on stem/progenitor 
cell-mediated pulpal tissue regeneration. While 
transplantation of stem/progenitor cells may 
represent a promising future approach for pulp 
regeneration [45], only one clinical trial has 
been conducted, despite several animal experi-
ments [46].

In a randomized controlled clinical trial, Xuan 
and his colleagues implanted human deciduous 
pulp stem cells (hDPSCs) into immature, per-
manent teeth with necrosis. They compared the 
results to apexification, using various parameters 
including radiovisiography (RVG), cone-beam 
computed tomography (CBCT), continuous- 
wave Doppler flowmetry, and electric pulp sensi-
bility testing. Unlike the apexification approach, 
hDPSC implantation was found to regenerate 
pulp tissue that contained blood vessels and 
sensory nerves. CBCT imaging showed that 
hDPSC implantation resulted in root elongation, 
increased dentin thickness, and a reduction in 
the width of the apical foramen. Laser Doppler 
flowmetry showed that the cell-based approach 
caused an increase in blood vessel formation and 
thus pulpal blood flow. Furthermore, their histo-
logical studies revealed that the regenerated tissue 
contained normal dental pulp structures, includ-
ing an odontoblast layer, connective tissue, and 
blood vessels. No adverse events were observed 
after 24 months. In sum, this study demonstrates 
that a cell-based approach involving implanting 
stem cells can regenerate the entire pulp and can 
support root development. These positive results 
suggest that the cell-based approach may be a 
viable, promising treatment option for immature 
necrotic permanent teeth in the future [46].

5.2  Cell Homing Approach

The cell homing concept for dental pulp and/or 
dentine regeneration was first introduced in 2010 
[47]. In modern clinical endodontic practice, 
despite a number of preclinical research studies 
on cell-based approaches, the clinical procedures 
for RET use the cell homing approach. This con-
sists of two distinct cellular processes: recruit-

ment and differentiation. There are four goals 
that cell homing RET is expected to achieve:

 1. Promotion of intracanal angiogenesis
 2. Migration of stem cells
 3. Regeneration of the pulp; and
 4. Dentin mineralization [24]

The cell homing regenerative approach revi-
talizes and recreates the damaged dentin-pulp tis-
sue of an immature, necrotic permanent tooth, by 
inducing an intentional bleeding with a file that 
is used to instrument the area apical to the apex 
[25]. Nygaard-Ostby was the first to hypothesize 
that the induction of bleeding by intentional lac-
eration of the periapical tissues produced new 
blood vessel formation and promoted further 
apex development [28]. This intentional lac-
eration of the apical papillary tissue provokes 
intracanal bleeding, and this recruits stem cells 
from the periradicular tissues into the root canal 
[48]. The cell homing approach uses one of three 
kinds of scaffolds to support stem cell prolifera-
tion and growth factor storage: an ordinary blood 
clot [48], platelet-rich plasma (PRP) [49–52] or 
platelet- rich fibrin (PRF) [52–57].

With the appropriate signaling molecules 
and scaffolds, this cell homing technique aims 
to restore the pulp vitality and close the apex 
with dentin-pulp complex formation. The stem 
cells are induced to migrate into the disinfected 
intracanal space by growth factors. Of these stem 
cells, those that originate from the residual pulp 
and the apical papilla (DPSCs and SCAP) dif-
ferentiate into odontoblast-like cells. Then, these 
cells deposit dentin-pulp tissues using scaffolds 
as their structural matrices. As a result of den-
tin mineralization on the canal walls and the root 
apex, the dentinal walls become thicker, and the 
root becomes longer. Thus, the immature necrotic 
tooth that had once had an open apex and thin 
dentinal walls now become structurally stronger 
[25, 27, 58].

5.2.1  Problems with Cell Homing
While RET using the cell homing approach is 
currently practiced by clinicians today, the 
approach still has some issues, as follows.
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First, the stem cells are recruited by the inten-
tional creation of bleeding at the apical tissue 
[59]. Therefore, there are some degrees of uncer-
tainty regarding the number and type of cells that 
are recruited by this method [24]. Further, the 
success rates of inducing bleeding are inconsis-
tent, which makes it even harder to predict the 
number of recruited cells [60, 61].

Second, different sources of stem cells com-
pete with one another in the cell homing regen-
erative approach. In other words, the intentional 
laceration of apical papilla induces bleeding, 
and as a result, stem cells, including SCAPs, 
DPSCs, PDLSCs, and other MSCs migrated 
into the canal. Further, released growth factors 
from the dentin are not specific to the induction 
of odontoblast- lineage stem cells only. In effect, 
many other sources of stem cells migrate, prolif-
erate, and differentiate into their corresponding 
final structures. The ideal goal of RET is to gen-
erate pulp-dentin complex. However, it is diffi-
cult with the current technology to stimulate only 
the odontoblast precursor stem cells. Thus, the 
final tissues that are generated in the root canal 
space with the cell homing approach may not be 
limited to pulp-dentin complex, but instead they 
may also contain bone-like or cementum-like tis-
sues as a major component [24].

Third, it is difficult clinically to identify the 
presence of viable apical papilla. In order to 
successfully generate dentin tissues, recruit-
ment of dentin progenitor cells is required [30]. 
The main dentin progenitor cells are SCAPs. 
These are stem cells that are committed to the 
odontoblast lineage, and they ultimately dif-
ferentiate to form dentin. SCAPs are located 
at the apex of a growing tooth. The apical 
papilla is only present during root develop-
ment. Immature necrotic teeth usually have 
accompanying periapical lesions. Due to the 
radiolucent appearance of periapical lesions, it 
is hard to differentiate a viable apical papilla 
from a periapical lesion with current periapical 
radiography. Therefore, it is uncertain whether 
viable apical papilla tissues are present at the 
apex, which is a requirement for SCAPs to be 
induced to migrate to the canal space for pulp/
dentin tissue generation.

Fourth, a number of studies of cell hom-
ing RET have concluded from their histologi-
cal analysis of the regenerated structure that 
the generated tissues in the canal from this cell 
homing approach were mainly cementum or 
bone-like, rather than a normal pulp/dentin com-
plex [24, 62, 63]. In other words, with the cell 
homing approach, PDLSCs and cementum/bone- 
like tissue progenitors are more likely to be the 
migrating cells than odontoblasts and DPSCs. In 
addition, it is impossible with today’s periapical 
radiography and CBCT technologies to deter-
mine whether or not the regenerated tissue in the 
canal space in the increased and widened root is 
truly a dentin-pulp complex, which is the ideal 
goal of RET [25].

Hence, one can conclude that unfortunately, 
the modern RET technique does not reliably 
regenerate odontoblasts and the pulp-dentin com-
plex from migrated stem cells from the periapical 
region. This issue has generated questions and 
controversy regarding whether RET in this form 
is a true regenerative process. Some have called 
the technique “endodontic repair,” arguing that 
it is a reparative process, rather than a regenera-
tive process, since most of the generated tissue 
is cementum/bone-like [64]. Even when dentin 
is regenerated, it may resemble tertiary dentin 
rather than the original primary dentin [24].

However, the primary goal of RET of imma-
ture permanent teeth with a necrotic pulp is to 
eliminate clinical signs and symptoms and to 
achieve healing of apical periodontitis. Although 
it is not ideal, wound healing with repair by a tis-
sue that is different from the original pulp/dentin 
structure may not be considered a clinical treat-
ment failure.

6  Common Challenges 
in Regenerative Endodontics

Regenerative endodontics has three main 
challenges:

 1. Microbial control (bacterial reduction): ade-
quate microbial control is required for recruit-
ment, viability, and proliferation of stem cells.
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 2. Adequate growth factor release and stem cell 
recruitment: specific growth factors are 
required to be released in order for stem cells 
to differentiate into odontoblasts.

 3. Proper scaffolds for regenerating the dentin- 
pulp complex.

In order to meet these three goals, a number of 
clinical procedures have been carried out using 
different irrigants and intracanal medicaments 
[65, 66].

6.1  Microbial Control, Growth 
Factors, and Stem Cell

RET exploits tissue engineering with stem cells 
with the aim of regenerating the pulp-dentin 
complex in the root canal space [66]. Bacteria are 
the major cause of the development of periradic-
ular lesions. Since bacteria in the root canal space 
will affect the viability of stem cells, it is crucial 
to perform adequate disinfection, to ensure 
microbial control before the recruitment of stem 
cells into the root canal space. However, disinfec-
tants are cytotoxic not only to bacteria, but also to 
stem cells [66]. In other words, it is important to 
use a biocompatible disinfection strategy that is 
bactericidal, while having minimal effects on the 
viability and proliferative capacity of stem cells 
[66]. In order to resolve this Goldilocks issue, it 
is necessary to discover the most appropriate 
clinical protocol for disinfection for RET [66].

There are three different techniques to per-
form microbial control in the root canal space: 
(1) instrumentation, (2) irrigation, and (3) intra-
canal medication. There have been many stud-
ies testing different concentrations of various 
irrigation solutions, intracanal medications, and 
techniques to accomplish adequate microbial 
control [65, 66].

6.1.1  Instrumentation
Mechanical instrumentation is beneficial in the 
eradication of bacterial biofilms attached to the 
dentinal walls that are resistant to irrigants and 
intracanal medicaments. However, it is generally 
not recommended for RET since instrumentation 

makes the dentinal wall of the immature perma-
nent teeth even thinner. Therefore, bacterial 
reduction in RET is mainly accomplished with 
copious irrigation and the use of intracanal medi-
cation. However, since the nature of the biofilm is 
resistant to irrigation and medication, minimal 
instrumentation is recommended [67, 68].

Biofilms are microbial, sessile communities of 
cells that are irreversibly attached and interfaced 
with one another [69]. They demonstrate altered 
growth rates and gene transcription. These lay-
ers of microbes in the biofilm cannot be removed 
with irrigation alone. They need to be mechani-
cally disturbed to make them more susceptible to 
chemical disinfectant irrigant solution [67, 68]. 
The XP Endo Finisher (XPF; FKG Dentaire SA, 
La Chaux-de-Fonds, Switzerland) can be used 
for a minimal instrumentation technique [70]. 
It disturbs the biofilm in the dentinal wall and 
therefore promotes the penetration of irrigation 
fluids [71].

6.1.2  Irrigation in Regenerative 
Endodontics

Intracanal disinfection with irrigation is crucial 
in RET because of the need for disinfection via 
bactericidal and bacteriostatic effects [66]. 
However, a significant variability of clinical pro-
tocols is seen in published cases of RET as this 
aspect has not been standardized, probably 
because little is known regarding the effects of 
various disinfectant irrigants on the viability and 
differentiation capacity of stem cells [40]. Various 
disinfection protocols have been introduced, 
including application of NaOCl (in concentra-
tions ranging from 1 to 6%) [72–74], chlorhexi-
dine (0.12–2%) [55, 75, 76], EDTA (17%) 
[77–79], and combinations of different irrigants. 
After a careful review of case reports and in vitro 
studies, the AAE has recommended 1.5% sodium 
hypochlorite and 17% EDTA. However, they did 
not recommend chlorhexidine [29]. These irriga-
tion solutions will be discussed in depth in the 
following section.

Sodium Hypochlorite
Most published cases of RET have used NaOCl 
as the primary irrigant solution [40]. From ear-
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lier studies, NaOCl is known to have antimicro-
bial efficacy at concentrations of 1% or greater 
[80–82]. However, some variability is found in 
the concentration of NaOCl used, ranging from 
1% to as much as 6% [72–74]. Disinfectants 
may affect the survival and differentiation of 
stem cells due to their cytotoxic effects [66]. 
Therefore, it is crucial to find an appropriate 
NaOCl concentration to be used in RET that is 
bactericidal, while having minimal effects on 
stem cells.

Using human extracted teeth, Martin and 
his colleagues compared various concentra-
tions of NaOCl (0.5, 1.5, 3, and 6%) in terms 
of their effects on the survival of SCAPs and 
on the expression of dentin sialophosphopro-
tein (DSPP) (a marker for dentin formation). In 
their study, SCAPs were inserted in a hydrogel 
solution, and placed inside the standardized 
root canals of extracted human teeth. These root 
canals were previously irrigated with NaOCl fol-
lowed by final irrigation with either 17% EDTA 
or saline. The greatest SCAP survival and DSPP 
expression were observed in the 1.5% NaOCl and 
17% EDTA group. Thus, they concluded that the 
detrimental effects of NaOCl on the survival and 
differentiation of SCAPs could be minimized or 
avoided by using 1.5% NaOCl followed by 17% 
EDTA [83] (Fig. 1).

Therefore, NaOCl should be used at 1.5% for 
irrigation in order to promote the survival and 
proliferation of stem cells [83]. However, this 
recommendation poses challenges to clinicians 
since a weaker concentration of the irrigant may 
be less effective in microbial control [84]. An 
in vitro study by Siqueira et al. demonstrated that 
regular exchange and using a higher volume of 
NaOCl may compensate for using a lower con-
centration [82]. Thus, frequent replacement of 
NaOCl and using a copious amount of irrigant 
is recommended to compensate for using 1.5% 
concentration, in order to balance the microbial 
efficacy and cytotoxicity of the irrigant.

Chlorhexidine
Chlorhexidine has also been applied in some 
clinical protocols for RET due to its antimicro-
bial activity, and its intrinsic ability to be substan-
tive and thus to be retained and gradually released 
over a period of time [40, 85]. While chlorhexi-
dine has been used in various concentrations, 
ranging from 0.12% to 2% [55, 75, 76], its effects 
on the survival and differentiation of odontoblast- 
lineage stem cells are questionable.

In order to test the effect of chlorhexidine 
on the survival of stem cells from the api-
cal papilla, Trevino and his colleagues applied 
four different irrigation protocols [(1) 17% 
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EDTA; (2) 6% NaOCl/17% EDTA/6% NaOCl; 
(3) 17% EDTA/2% chlorhexidine; and (4) 6% 
NaOCl/17% EDTA/6% NaOCl/isopropyl alco-
hol/2% CHX] (Fig. 2). They seeded a mixture of 
SCAPs from immature human third molars and 
platelet-rich plasma into standardized human 
root segments that were irrigated with one of 
the four solutions. Irrigation with 17% EDTA 
gave the best cell survival, whereas in all proto-
cols that included 2% chlorhexidine there were 
no viable cells remaining [66]. Therefore, their 
study suggests that chlorhexidine is not consid-
ered a suitable irrigant solution for RET due to its 
cytotoxicity to stem cells and substantivity. The 
use of chlorhexidine is not recommended in RET 
by the AAE [29].

EDTA
In RET, EDTA has is used as an irrigant two pur-
poses, namely smear layer removal, and growth 
factor release. During the first visit, EDTA is 
often used as an irrigant because of its ability to 
clean the inorganic smear layer from the canal 
walls, and thus allow the medication to penetrate 
better into the dentinal tubules in the time period 
between appointments [86–88]. In addition, it is 
crucial to use an irrigant that has the greatest 
potential to release growth factors from the den-
tin into the root canal space in the second visit. 
As discussed above, 17% EDTA does not have 
deleterious effects on the survival and differentia-

tion of stem cells [66, 83]. EDTA is used in the 
second visit as an irrigant to remove the intraca-
nal medicament placed in the first visit, and more 
importantly, to release growth factors from the 
dentin.

Growth factors are trapped or become embed-
ded in the dentin matrix during dentinogen-
esis [89]. They can be reactivated and released 
later in life by demineralization. Their effects 
on the migration, proliferation, and differentia-
tion of pulpal stem cells could be beneficial for 
RET.  After disinfection of the root canal with 
copious irrigation, bleeding is provoked, as a 
trigger for stem cells to migrate in [48]. For these 
stem cells to regenerate dentin-pulp tissues, they 
need to proliferate and differentiate, and this is 
where growth factors become important [89]. 
Therefore, using EDTA irrigation to demineral-
ize dentin to release these bound growth factors 
contributes to successful RET.

A number of studies have shown that EDTA 
as an irrigant solution can in fact release growth 
factors from the dentinal walls of the canal. 
Comparing EDTA to NaOCl, citric acid, and 
saline, Zhao and his colleagues reported that 
treatment with EDTA gave the greatest release of 
transforming growth factor-beta1 (TGF-β1) from 
dentin [90]. TGF-β1 is an important growth fac-
tor sequestered in the dentin matrix, and it stimu-
lates tertiary dentinogenesis.

In order to develop a standardized protocol 
for growth factor release from human dentin, 
Galler and her colleagues assessed the effect of 
irrigation with EDTA on growth factor release 
and compared it to citric acid, citrate buffer, and 
citric acid in phosphate buffer [89]. With EDTA 
treatment, TGF-β1, fibroblast growth factor 2 
(FGF-2), and vascular endothelial growth factor 
(VEGF) were detected. TGF-β1stimulates the 
chemotaxis [91] and differentiation of stem cells 
[92, 93], whereas FGF-2 and VEGF increase 
cell proliferation and angiogenesis, respectively 
[94, 95]. They reported that EDTA gave the 
greatest amount of released TGF-β1 [89]. They 
also compared irrigation with chlorhexidine 
to irrigation with sodium hypochlorite, before 
EDTA conditioning. Using chlorhexidine before 
final irrigation with EDTA gave more TGF-β1 
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release, whereas sodium hypochlorite decreased 
this release. From these studies, the AAE has 
recommended that the use of sodium hypochlo-
rite should be limited to the first visit of RET, 
due to its deleterious effect on growth factor 
release [29].

6.1.3  Intracanal Medicaments
Intracanal medicament placement is another 
method used to achieve microbial control in a 
root canal space in RET. A wide range of intraca-
nal medicament protocols has been proposed in 
RET, with an antibiotic combination paste emerg-
ing as the primary agent of choice for the intraca-
nal medicament, followed by calcium hydroxide 
[40]. Commonly used intracanal medicaments 
are calcium hydroxide [72, 96], triple antibiotic 
paste (a combination of ciprofloxacin, metroni-
dazole, and minocycline) [72, 75], modified tri-
ple antibiotic paste (a combination of 
metronidazole, ciprofloxacin, and cefaclor) [76, 
79], and double antibiotic paste (a combination 
of metronidazole and ciprofloxacin) [26, 97].

As already discussed for irrigants, intracanal 
medicaments also need to have the least detri-
mental effects on stem cells, in order to regener-
ate dentin-pulp complex. In an attempt to assess 
the effects of different intracanal medicaments 
at different concentrations on stem cell survival, 
Ruparel and his colleagues used SCAP culture 
assays, to test the effects of calcium hydroxide 
and four different antibiotic preparations (triple 

antibiotic paste (TAP), double antibiotic paste 
(DAP), modified TAP, and amoxicillin with cla-
vulanic acid (Augmentin™)). All four antibiotic 
preparations considerably reduced SCAP sur-
vival in a concentration-dependent fashion. When 
1 mg/mL or greater of antibiotic paste was used, 
some 50% of SCAPs became non-viable. On the 
other hand, dressing with calcium hydroxide did 
not decrease SCAP survival at any concentration. 
Thus, calcium hydroxide or low concentrations 
of antibiotics should be used as intracanal medi-
caments for RET [65] (Fig. 3).

Antibiotics should be used at low concen-
trations as intracanal medicaments, in order to 
prevent detrimental effects on SCAP survival. 
However, in order to be an effective intraca-
nal medicament, the antibiotic concentration 
also needs to be high enough to be effective on 
bacteria that are in the quiescent biofilm state. 
In order to evaluate the effect of various antibi-
otics used in RET on a Enterococcus faecalis 
biofilm grown on dentin, Tagelsir and her col-
leagues treated the biofilm with different anti-
microbial agents, including calcium hydroxide, 
500 mg/mL of DAP, 1 mg/mL of DAP, 0.1 mg/
mL of DAP, 1.5% sodium hypochlorite, and 2% 
chlorhexidine solution. Sodium hypochlorite 
and 500 mg/mL of DAP caused complete inac-
tivation of the bacteria, while comparable but 
incomplete antimicrobial effects were observed 
with 2% chlorhexidine, calcium hydroxide, and 
1 mg/mL of DAP. These results demonstrate that 
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if an antibiotic paste is to be used as an intra-
canal medicament, at least 1 mg/mL is required 
[98], but caution is needed as this level might be 
cytotoxic to stem cells.

The antimicrobial dressing also influences 
the extent of growth factor release from the 
dentin matrix. Galler and her colleagues tested 
different intracanal medicaments used with 
a final irrigation with 10% EDTA and com-
pared their effects on TGF-β1 release [89]. 
The studied intracanal microbial medicaments 
included 1% chlorhexidine gel, Ledermix™ (a 
corticosteroid-antibiotic paste containing dem-
eclocycline), TAP, water- based calcium hydrox-
ide, and oil-based calcium hydroxide. All the 
tested dressings interfered with TGF-β1 release, 
except for water-based calcium hydroxide. 
Thus, their results suggest that calcium hydrox-
ide is a better choice of intracanal medicament 
in RET.  Based on these studies, the AAE rec-
ommended calcium hydroxide as the intracanal 
medicament of choice in RET since it does not 
produce negative effects on stem cell viability 
or growth factor release [29].

6.2  Scaffolds

In regenerative endodontic procedures, a blood 
clot acts as a scaffold for stem cells. The blood 
clot is formed by intentionally lacerating the 
periapical tissue and thereby making blood enter 
the root canal space. However, the induction of 
intracanal bleeding is not always successful [60, 
61]. This brings a significant challenge to clini-
cians when treating a permanent immature tooth 
with apical periodontitis. The clinician should 
refrain from using vasoconstrictor-containing 
local anesthetics during the final visit, so as to 
minimize challenges associated with achieving 
adequate bleeding into the tooth. Mepivacaine 
without epinephrine is commonly recommended 
for the second appointment of RET.

However, if the clinician faces problems 
inducing bleeding into the root canal, there are 
several ways to overcome this  problem. First, 
the failure may be because the periapical tissue 
has been severely destroyed [25]. In this situa-

tion, Kim and his colleagues advise postpon-
ing the procedure until the periapical tissue has 
recovered.

A second method when bleeding induction 
is not successful is to withdraw blood from the 
patient by venipuncture, and use this to prepare 
platelet-rich plasma (PRP) [50, 51], platelet-rich 
fibrin (PRF) [56, 57], or a platelet pellet (PP) [99, 
100]. PRP, PRF, and PP are concentrated sources 
of platelets [101]. Since PRP has a five times 
greater concentration of platelets than blood 
[102, 103], it should bring a greater concentra-
tion of growth factors for RET [104, 105]. PRF 
has a similar concentration of platelets as PRP, 
but its polymerization only contains endogenous 
components [106]. Therefore, it provides a better 
fibrin network for growth factor reservation and 
cell migration. PP has better adhesive properties 
due to its gel consistency [107], and it has been 
used for this reason in regenerative periodontics 
[99, 100]. Using autologous platelet concentrates, 
PRP, PRF, and PP can yield similar clinical and 
radiographic outcomes for RET as an induced 
blood clot. However, this method does not have a 
high acceptance rate in younger patients since it 
requires drawing intravenous blood [101].

Another method that is used to overcome a 
failure of bleeding provocation is the use of the 
XP Endo Finisher (FKG Dentaire SA, La Chaux- 
de- Fonds, Switzerland). This instrument is nor-
mally used for cleaning the root canal walls and 
for irrigation activation [108]. Having high flex-
ibility with no taper, it simply touches the canal 
walls and removes debris and smear layer with-
out damaging dentin. When the induction of peri-
apical bleeding has failed, the XP Finisher can be 
pushed past the apex in order to provoke bleeding 
by further lacerating the apical tissue. However, 
the risk of instrument separation should be taken 
into consideration, and hence this instrument 
should be used gently with minimum apical 
pressure.

After successful induction of bleeding into 
the root canal system, Emdogain™ is sometimes 
injected as a scaffold. Emdogain is an enamel 
matrix derivative (EMD), which is a protein 
extract comprising amelogenins [109]. It pro-
vides an excellent scaffold for RET since it has 
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high levels of growth factors such as TGF- β1 and 
BMP-2 [110, 111]. It has also been reported to 
reduce the size of periapical lesions and to pro-
mote root elongation and increased root thick-
ness [112].

7  AAE Guideline on Irrigation 
and Intracanal Medicament 
Protocol

As discussed previously, successful regenerative 
endodontic treatment is based on root canal space 
disinfection, preservation and recruitment of 
undifferentiated mesenchymal stem cells, the 
release of required growth factors, a stable scaf-
fold, an adequate coronal barrier, and a suitable 
long-term restoration. There are multiple meth-
ods and protocols available for achieving a suc-
cessful outcome in RET, with over 200 published 
cases of RET in the literature. Interestingly, these 
published cases show a tremendous heterogene-
ity in the clinical protocols that have been used. 
With this high variability in protocols, it was cru-
cial for a specific, evidence-based, and standard-
ized guideline for microbial control in RET to be 
created. Using the evidence from recently pub-
lished studies, the American Association of 
Endodontists (AAE)  announced its “Clinical 
Considerations for a Regenerative Procedure” as 
a standardized clinical protocol for endodontic 
regeneration therapy [29]. However, the AAE 
further recommended that this guideline needs to 
be considered as only one possible available 
source and that given the rapid rate of growth in 
new information in regenerative technologies, 
clinicians should keep themselves updated and 
actively review newly published evidence.

First Visit
• The first step is obtaining the informed con-

sent and reviewing the risks and alternative 
treatments (including the no treatment option) 
with the patient or his/her guardians.

• Local anesthesia should be administered, fol-
lowed by isolation of the tooth with a dental 
dam, and access cavity preparation.

• Copious and gentle irrigation of the root canal 
system with 20  mL of sodium hypochlorite 
(NaOCl) is undertaken using an irrigation sys-
tem that minimizes the risk of extrusion risk 
of irrigants into the periradicular space (e.g., 
closed-end or side-vented needles, or 
EndoVac™). Lower concentrations of NaOCl 
are recommended [1.5% NaOCl (20  mL/
canal, 5 min)]. The next step is irrigation with 
normal saline or 17% EDTA (20  mL/canal, 
5 min), with the needle positioned 1 mm short 
of the root end, to minimize cytotoxicity to the 
stem cells that are present in the apical 
tissues.

• Canals should then be dried with sterile paper 
points.

• A low concentration of an antibiotic paste or 
calcium hydroxide should be placed. If TAP is 
used: (1) Sealing of the pulp chamber with a 
dentin bonding agent should be considered [to 
reduce the risk of discoloration of the root] 
and (2) 1:1:1 ciprofloxacin: metronidazole: 
minocycline to a final concentration of 
1–5 mg/ml should be mixed. Minocycline in 
TAP can be associated with tooth staining or 
discoloration. DAP without minocycline or a 
modified TAP with substitution of minocy-
cline with another antibiotic (e.g., clindamy-
cin; amoxicillin; cefaclor) are other possible 
alternative intracanal medicaments. Clinicians 
should be aware that several studies have been 
published using higher concentrations of TAP/
DAP, but a recommendation to use a higher 
concentration cannot be made at this time due 
to limited published evidence.

• The intracanal medicament should be 
delivered into the root canal system via a 
syringe.

• If TAP is used, it must remain below the 
cementoenamel junction (CEJ) in order to 
reduce the risk of crown discoloration.

• The access cavity should be sealed with 
3–4  mm of a suitable temporary restorative 
material such as Cavit™, IRM™, or a glass 
ionomer cement.

• The patient should be dismissed and re- 
appointed to be seen again after 1–4 weeks.
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Second Visit (1–4 Weeks After the First Visit)
• The effect of the initial treatment should be 

assessed. If signs or symptoms of persistent 
infection are still present, additional treat-
ment, including replacing the antimicrobial 
mixture or using alternative antimicrobial 
agents should be considered.

• In this session, local anesthetic agents without 
a vasoconstrictor are to be used, such as 3% 
mepivacaine. Once again, the tooth is isolated 
with a dental dam.

• The interim restoration is removed.
• The paste in the canal is removed by copious 

and gentle irrigation with 20  mL of 17% 
EDTA.

• The canal should then be dried with paper 
points.

• At this point, bleeding into the root canal sys-
tem should be induced by over- instrumentation. 
Hemorrhage can be created by passing a pre- 
curved K-file 2  mm beyond the apical fora-
men and using it in a turning motion. The 
entire canal space should be filled with blood 
to the level of the cementoenamel junction. 
Note that bleeding should be stopped at a level 
that allows placement of 3–4  mm of restor-
ative material.

• A resorbable matrix such as CollaPlug™, 
Collacote™, or CollaTape™ should be placed 
over the blood clot followed by white MTA as 
a capping material.

• A 3–4  mm layer of a glass ionomer cement 
(e.g., Fuji II LC™, GC America, Alsip, IL, 
USA) with 3–4  mm thickness should be 
placed gently over the capping material and 
light-cured for 40 seconds.

• Since MTA has been associated with staining 
of coronal tooth structure, using alternatives to 
MTA should be considered in teeth in the 
esthetic zone.

 – For anterior teeth and premolars, the use of 
Collatape/Collaplug and restoration with 
3 mm of a bioceramic material (BC) or a 
resin-modified glass ionomer cement 
(RMGIC), followed by a resin composite 

restoration, bonding to beveled enamel 
margins, should be considered.

 – For molars or for teeth with porcelain fused 
to metal (PFM) crowns, use of Collatape/
Collaplug and restoration with 3  mm of 
MTA, followed by RMGIC or a silver 
amalgam alloy, should be considered.

One important step mentioned in most pub-
lished case reports and guidelines is the coro-
nal placement of a bioactive “coronal plug” 
using a material with excellent sealing and pro- 
mineralization properties. MTA [113], Biodentine 
[114], and BioCeramic Putty [115] have been 
used and have demonstrated to promote the dif-
ferentiation of MSCs into an odontoblast- like 
phenotype while allowing for the greater prolif-
eration of MSCs (Figs. 4, 5 and 6).

8  Can RET Be Performed in All 
Immature Permanent Teeth 
with a Necrotic Pulp?

The primary aim of RET is to eliminate clinical 
signs and symptoms and achieve healing of apical 
periodontitis. This procedure has been used to man-
age immature teeth with pulpal necrosis. However, 
some immature teeth with necrotic pulp may benefit 
more from RET, while others may be suitable for 
both MTA apical plug apexification and RET.

Cvek has proposed 5 stages of root develop-
ment: stage 1, an open apex with root formation 
less than 1/2; stage 2, an open apex with 1/2 root 
formation; stage 3, an open apex with 2/3 of root 
development; stage 4, an open apex with nearly 
completed root formation; and stage 5, a com-
pleted mature root [14].

It is recommended that in immature permanent 
teeth with a necrotic pulp at stages 1, 2, and 3, RET 
should be considered as the first option in treat-
ment planning due to the short root, wide-open 
apex, and thin canal walls. In these stages, apexi-
fication is not recommended since the tooth has 
no potential for root maturation, root canal wall 
thickening, and/or continued root development.
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However, in immature permanent teeth at 
stage 4, with a nearly completed root, both 
options including an apical MTA plug and root 
canal filling or RET are viable, because api-
cal sealing is not as challenging. On the other 
hand, if the tooth requires a post for adequate 
coronal restoration, it is not a good candidate 
for RET, and it can be treated more efficiently 
with an apical MTA plug and a root canal 
filling.

9  Treatment Outcome

A successful outcome in non-surgical endodontic 
treatment is defined typically by a lack of symp-
toms and the absence of radiographic signs of 
apical periodontitis following the treatment. 
Unlike conventional approaches, RET can fur-
ther provide root maturation and development, 
thickening of dentinal walls, and positive tooth 
vitality.

Based on the AAE guidelines, a success-
ful outcome after RET can be achieved at three 
levels:

• Primary level: To eliminate symptoms and 
achieve evidence of bony healing.

• Secondary level: To increase root wall thick-
ness and/or root length (desirable, but perhaps 
not essential).

• Tertiary level: To achieve a positive result to 
pulp sensibility/pulp vitality tests (which if 
achieved, could indicate a more organized 
vital pulp tissue has formed).

Recent systematic reviews indicate that the 
success rates of RET are in the range of 91–94% 
for resolution of periapical pathology, which is 
the AAE’s primary level outcome [116, 117]. 
However, the success rates for achieving the sec-
ondary level outcomes are more variable, with 
80% for increased root development, and 76% 
for apical closure [116]. Many different studies 
and systematic reviews have confirmed that RET 
and MTA apexification is similarly effective in 
achieving successful primary outcomes for the 
treatment of immature teeth with pulp necrosis 
[117, 118].

Diogenes et al. have recommended evaluating 
the outcomes on three different levels, including 
patient-centered outcomes, clinician-centered 
outcomes, and scientist-centered outcomes [3].

Patient-Centered Outcomes These outcomes 
directly influence the wellbeing of the patient. In 

Fig. 4 Case 1 (a)–(b) A 11-year-old male, ASA I, pre-
sented for treatment of tooth #8 with a history of trauma 
2 years ago. The tooth was necrotic and had asymptomatic 
apical periodontitis. (c) During the second visit, bleeding 
was induced by passing a #30 hand file past the apex. (d) 
Emdogain was injected inside the canal as a scaffold. (e) 
Biodentine was placed in the coronal part of the canal. (f) 
Resin composite was placed as the final restoration. (g) A 

preoperative periapical radiograph shows the tooth with 
an open apex and a periapical lesion. (h)–(j) Different 
views of pre-op CBCT. (k) The intraoperative periapical 
radiograph shows that Biodentine has been placed in the 
coronal third part of the canal. (l) The postoperative peri-
apical radiograph shows healing of periapical lesion after 
6 months. The photograph and radiograph are courtesy of 
Dr. Elham Shadmehr
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Fig. 5 Case 2 (a) A 12-year-old male, ASA I, presented 
for tooth 11 (#8) with a crown fracture. The tooth was 
necrotic and had symptomatic apical periodontitis. (b)–
(d) Different views of CBCT show the incisor with an 
open apex, a periapical lesion, and resorption at the apical 
third of the root. (e) During the second visit, calcium 
hydroxide was removed and bleeding was induced to the 
level of CEJ by a hand file. (f) Emdogain was placed as a 
scaffold. (g) BC putty was used for a coronal seal. (h) 
Coronal restoration was completed with Fuji II and com-
posite. (i) The PA radiograph was taken after Emdogain 
and BC putty had been placed. (j) The post-op radiograph 

shows Emdogain, BC putty, and coronal restoration with 
glass ionomer and composite. (k) A PA radiograph was 
taken at a 6-month follow-up visit. An apparent root 
growth is shown on the PA and incomplete healing of the 
periapical lesion. Tooth was asymptomatic. (l) At the 
2-year follow-up visit, the tooth was asymptomatic with 
absence of a deep pocket or sensitivity to percussion or 
palpation. CBCT shows that the lesion has been healed. 
While some level of apex closure is seen, no change in the 
dentinal wall thickness is detected. Photographs and 
radiographs are courtesy of Dr. Elham Shadmehr
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other words, they capture the patient’s concerns 
such as pain and tooth discoloration in the esthetic 
zone. Both patients and guardians appreciate the 
fact that the tooth is rendered pain-free, and that 
it remains functional and survives in the long 

term. From the patient’s perspective, an ideal 
treatment is one that prolongs the life of a func-
tional asymptomatic tooth. In a systematic 
review, Torabinejad et al. showed a survival rate 
of 97.8% for RET [117].

Fig. 6 Case 3 (a)–(c) A 11-year-old female, ASA I, pre-
sented for treatment of tooth 45 (#29) with the presence of 
a sinus tract (c). The tooth was necrotic and had a chronic 
apical abscess due to the presence of dens evaginatus. (d) 
During the first visit, the working length was determined, 
and a minimal mechanical instrumentation was done with 
copious irrigation using 1.5% sodium hypochlorite. A 
creamy paste of TAP (ciprofloxacin, metronidazole, and 
minocycline) was placed for 3 weeks. In the second visit, 
the paste was removed, and the bleeding was induced by 
passing an ISO #20 hand file past the apex. (e), (f) 4 mm 
of MTA was placed in the coronal part of the canal and 

tooth was temporized with glass ionomer. The temporary 
filling was replaced with a resin composite final restora-
tion at a separate appointment (i). (g) This periapical 
radiograph shows healing of the periapical lesion and the 
evidence of apical maturation and dentin wall thickening 
after 12 months. (h) At the 18-month follow-up, the apex 
is fully formed, and root elongation and thickening of the 
root canal walls are more pronounced. Clinically, the 
tooth is asymptomatic and sensibility testing shows a mild 
positive response to cold. The photographs and radio-
graphs are courtesy of Dr. Azar Heydari
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Clinician-Centered Outcomes In addition to 
the primary goal which is to enhance healing of 
the diseased tissue and also to ensure the 
patient’s wellbeing (patient-centered out-
comes),  clinicians further assess the outcome 
by evaluating if the treatment has provided the 
added benefit of continued root development 
and increased thickness of the root canal walls, 
as manifested on radiographs. Reports of con-
tinued root development are often subjective, 
and measurement of increased root width and 
root length by non- standardized radiographs is 
prone to error. However, a novel standardized 
method has been introduced and modified to 
measure radiographic changes after the treat-
ment of immature teeth [119, 120]. This tech-
nique measures changes in the radiographic 
root area (RRA). Cases treated with RET 
showed a 31.6% increase in RRA, whereas 
cases treated with apexification did not show 
any such increase [120]. Overall, studies using 
quantitative analyses have presented evidence 
that RET increases radiographic root length in 
many cases, but not in all cases. The application 
of cone-beam computed tomographic (CBCT) 
imaging (also called cone-beam volumetric 
tomography (CBVT)) is a useful tool for assess-
ing the outcomes of RET.  Its reliability and 
accuracy have been confirmed [121]. CBCT 
quantitative measurements are more reliable 
and accurate than periapical radiographs for 
outcome assessment [122].

A positive nociceptive response is also one 
of the secondary goals of RET.  Positive pulpal 
responses have been reported in almost 50% of 
all published case reports on RET [123]. Positive 
responses to an electric pulp tester (EPT) are 
more commonly reported than responses to cold 
testing. Achieving a positive response to either 
EPT or to a cold test may suggest the presence 
of a more structurally organized functioning tis-
sue inside the root canal space. This is a desirable 
goal, because normal nociception is a protective 
mechanism. However, a lack of response to the 
sensibility test should not be interpreted as the 
failure of the overall treatment.

Scientist-Centered Outcomes This level of the 
outcome can be achieved when histologic evi-
dence of complete regeneration is seen. 
Interestingly, animal studies as well as histologi-
cal evaluation of teeth that were previously 
treated with RET and extracted later due to frac-
tures or recurring trauma have demonstrated that 
the newly formed tissue inside the canal space is 
not the same as normal dental pulp tissue. 
Different histological studies have demonstrated 
the presence of loose connective tissues that are 
vascularized and innervated, and which show 
some characteristics of a pulp-like tissue. 
However, the presence of ectopic calcifications 
such as bone islands within the canal lumen and 
mineralized tissue resembling cementum along 
the dentinal walls suggest that the approaches 
used currently do not achieve complete lineage- 
specific control of stem cell differentiation. 
Scientist-centered outcomes can be a strong 
driver of further advances in the field, as more is 
known regarding the complex interplay between 
stem cells, scaffolds, growth factors, and inflam-
mation, which have to be optimized in order to 
achieve all desired outcomes.

10  Levels of Evidence 
for Regenerative 
Endodontics

A recent publication by Shamszadeh et  al. 
reported that some 694 articles had been pub-
lished in the field of regenerative endodontics up 
until 2017 [124]. The overall percentage of stud-
ies with the highest level of evidence (LOE 1) 
was low, contributing only 8.34% of all publica-
tions. Most published articles were either in vitro 
or ex vivo (n  = 342, 49.27%). Only a few ran-
domized clinical trials (RCT) with short follow-
 up periods are available [51, 125–127]. The 
relative distribution of published articles within 
the pyramid of evidence is presented in Fig. 7. All 
researchers are encouraged to focus their efforts 
on performing high-quality research to address 
the clinical need for better evidence.
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11  Impact of Apical Foramen 
Size on Treatment Outcome

It was once thought that if the size of the apical 
foramen was smaller than 1 mm, the chance of 
revascularization was lower, and the outcome 
was unpredictable [128]. However, animal stud-
ies and clinical trials on RET did not confirm this 
view. A clinical study showed that regenerative 
treatment was successful in cases with an apical 
diameter of only 0.5  mm or larger, however, 
immature permanent teeth with apical diameter 
larger than 1 mm show a higher chance of root 
maturation [129]. Some recent studies have con-
firmed the feasibility of the regenerative method 
even when used for cases with mature apices and 
an apical foramen size of only 0.3  mm [130, 
131]. Nevertheless, enlargement of the apical 
foramen size may facilitate or accelerate the 
ingrowth of new tissue into the root canal space 
from the periradicular tissues after RET of mature 
permanent teeth.

12  Side Effects of RET

Tooth discoloration has been an important and 
common adverse event associated with RET 
[60]. This problem is more important for anterior 
teeth as appearance and esthetics are patient-
centered outcomes. Crown discoloration or 
staining is mainly associated with minocycline 
which is found in TAP paste [72], and with MTA 
[132]. To eliminate the risk of discoloration, 
TAP should be replaced by DAP or calcium 

hydroxide, and MTA can be replaced with 
Biodentine™ or another non-staining bioc-
eramic material [133, 134].

Another important side effect of RET is intra-
canal calcification. This may occur in up to 62% 
of cases [135]. The main concern is about how 
to treat root canal calcification of immature per-
manent teeth when revascularization has failed. 
Application of the dental operating microscope 
(DOM), using fine ultrasonic tips and long-shank 
burs and CBCT can be helpful in localizing and 
opening cases with calcification [136–138].

Crown-root fracture is another possible com-
plication [139]. In addition, direct failures of 
the treatment may occur. They may be caused 
primarily by inadequate removal of bacterial 
biofilm, possibly due to inadequate irrigation or 
minimal mechanical instrumentation [96, 140]. 
Failure may also be due to recontamination of the 
root canal system [141], from failed restorations 
that allowed coronal leakage to occur.

13  Follow-Up

To date, most published articles on RET in the 
endodontic literature have had short-term follow-
 up periods, since RET is still considered a rela-
tively new treatment approach. The necessity for 
long-term follow-up seems even more important 
in RET than with conventional nonsurgical root 
canal treatments, especially because the regener-
ated tissue formed in the root canal after RET is 
more like periodontal tissue rather than dental pulp 
tissue, according to multiple histologic  studies. It 
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Fig. 7 The relative distribution of articles on regenerative endodontics based on the level of evidence (LOE 1–5). In 
vitro, in vivo and ex vivo studies are not included [124]
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is unclear how periodontal tissue in the root canal 
will behave biologically over the long term. In suc-
cessful cases, by the second appointment, there 
should be resolution of problems such as pain, soft 
tissue swelling, and sinus tracts. Radiographic 
healing of apical periodontitis is typically seen 
12 months after treatment, followed by thickening 
of root canal walls and the root elongation respec-
tively at 12–24 months after the treatment.

14  Future of Regenerative 
Endodontics: What Can 
We Improve?

14.1  Microbial Control

14.1.1  Irrigation Activation
Performing adequate disinfection is paramount 
for achieving microbial control, as it is a prereq-
uisite for enabling recruitment of stem cells into 
the root canal space and for maintaining the via-
bility and proliferative capacity of these stem 
cells [66]. In order to achieve this goal, as dis-
cussed earlier, studies have tested various con-
centrations of different irrigant solutions, and in 
2018, the AAE announced its guideline for clini-
cians. A solution of 1.5% NaOCl is efficient for 
bacterial reduction and safe for stem cell viability 
and differentiation. However, previous studies 
have reported that success rates for the complete 
elimination of bacteria after the cleaning of the 
canal are low [142–146].

In order to further increase  the efficiency 
of irrigation, numerous irrigation fluid activa-
tion techniques have been introduced, including 
sonic, ultrasonic, negative pressure irrigation, 
and laser activation [147, 148]. Four irrigation 
systems are used commonly in RET [147]: (1) 
standard needle irrigation; (2) EndoActivator; 
(3) XP Endo Finisher; (4) laser activation using 
photon-induced photoacoustic streaming (PIPS).

Standard Needle Irrigation
Standard needle irrigation uses a 30-gauge side- 
vented needle, placed within 2  mm from the 
working length [147]. In order to prevent the 
needle from becoming locked in the canal, it 

should be moved in a vertical motion. Using this 
conventional method, irrigation may not be very 
effective at the apical part of the canal [149]. In 
addition, the positive pressure used can lead to 
extrusion of the irrigant, [150] with an associ-
ated risk of postoperative pain and tissue 
damage.

EndoActivator
The EndoActivator (Dentsply Tulsa Dental 
Specialties, Tulsa, OK, USA) is a sonic handpiece 
which generates a mechanical oscillation and agi-
tates the irrigant solution vigorously [147]. It uses 
flexible polymer tips that come in three different 
sizes. Agitation occurs at 2000–10,000  cycles/
min. It is usually used after cleaning and shaping 
of the canal, to activate the irrigant [151]. Due to 
its design, it has been reported to allow a safer 
irrigant activation [151]. By agitating the irrigant 
solution within the canal, the EndoActivator 
effectively removes debris and smear layer and 
reduces the bacterial load [147, 152].

XP Endo Finisher
The XP Endo Finisher (FKG Dentaire SA, La 
Chaux-de-Fonds, Switzerland) is an endodontic 
file that is used to disturb the bacterial biofilm 
in the final disinfection step [147]. Having no 
taper and being highly flexible, it simply 
touches the walls and removes debris and smear 
layer without damaging the dentinal walls of 
the root canal [108]. By mechanically disturb-
ing the biofilm and agitating the irrigant solu-
tion, XP Endo Finisher can improve bacterial 
elimination [147, 152].

PIPS
Photon-induced photoacoustic streaming (PIPS) 
is another irrigation technique to enhance the dis-
infection of the root canal system [153–155]. 
Using an erbium:yttrium-aluminum-garnet laser, 
middle infrared laser pulses cause cavitation and 
transfer energy to the irrigant solution. Rapid and 
powerful shock waves are generated [156, 157], 
causing three-dimensional movement of the irri-
gant solution, and forcing it to penetrate through 
the entire root canal system [157]. PIPS is 
 considered a more efficient irrigation technique 
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than standard needle irrigation due to its superior 
ability to reduce the microbial load [147, 153, 
157]. SWEEPS™ is a more recent variation on 
the same PIPS laser agitation concept.

15  Conclusion

In recent years, regenerative endodontics has 
developed in response to existing limitations of 
conventional approaches. It provides a new 
approach for treating immature permanent teeth 
with necrotic pulps. The most widely used 
approach is cell homing, and this approach is 
supported by an extensive literature and by guide-
lines from the AAE. Future studies should focus 
on long-term outcome assessment for regenera-
tive endodontic treatments.
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Tooth Bioengineering and Whole 
Tooth Regeneration
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1  Introduction

Tooth loss is a common problem, and affects 
nearly 3.5 billion people worldwide, according to 
the Global Burden of Disease Study in 2017 [1]. 
Teeth are complex organs compositing of both 
hard tissues (enamel, dentine, and cementum) 
and the associated soft tissues (the dental pulp 
and the periodontal ligament). Due to their unique 
anatomy and embryology, teeth have a limited 
self-repair ability after sustaining damage [2]. 
Tooth loss can be caused by untreated dental car-

ies, severe periodontal diseases, traumatic dental 
injury, developmental defects (including congen-
ital cleft and palate defects), and other conditions 
[1, 3–5].

Tooth loss can be categorized into partial 
tooth loss (partial edentulism) and the complete 
loss of all teeth (edentulism). The loss of some 
teeth can leave an edentulous space that causes 
esthetic issues, as well as functional problems 
such as drifting of adjacent teeth, over-eruption 
of opposing teeth, and impaired oral hygiene [6, 
7]. Complete tooth loss is commonly associated 
with impaired mastication and poor nutrition, and 
it substantially increases the incidence of obe-
sity, diabetes mellitus, gastrointestinal disease, 
cardiovascular disease, kidney disease, cancer, 
dementia, disability, and death [8, 9].

Clinical treatments that are considered the 
standard approaches for total tooth loss include 
traditional dentures, and more recently implant 
stabilized dentures, and implant-supported 
bridges. As well as these prosthodontic devel-
opments, numerous efforts have been made to 
create novel and advanced methods for tooth 
bioengineering and tooth regeneration. The aim 
of these therapies is to restore in part or in whole 
the structure and function of a tooth. While there 
is an extensive literature on remineralization of 
enamel and dentine, and on tooth-colored den-
tal materials for restoring teeth, this chapter 
focuses on stem cell-based, bioengineered, scaf-
fold biomaterials, used alone or in a combina-
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tion to leverage current clinical and translational 
research in tooth regeneration.

2  Stem Cell-Based Strategies 
for Tooth Regeneration

Stem cells are characterized by their dual abili-
ties of self-renewal and multi-lineage differentia-
tion. They are considered as “multipotent” or 
“unipotent,” and are derived from almost all spe-
cialized adult/postnatal tissues, including teeth. 
Dental stem cells (DSCs) exhibit mesenchymal 
stem cell-like properties, and so are of interest for 
partial and whole tooth regeneration.

DSCs include dental pulp stem cells (DPSCs), 
stem cells from human exfoliated deciduous 
teeth (SHED), periodontal ligament stem cells 
(PDLSCs), stem cells from the apical papilla 
(SCAP), dental follicle stem cells (DFSCs), and 
gingival fibroblastic stem cells (GFSCs) (Fig. 1).

Compared to other types of adult stem cells, 
DSCs can be obtained easily. They exhibit a high 
proliferation rate, making them an attractive 
source for autologous tooth bioengineering. In 

addition to DSCs, Yamanaka’s group reported in 
2006 the generation of induced pluripotent stem 
cells (iPSCs) as an alternative source of stem 
cells for tooth regeneration [10]. In this section, 
we introduce the properties of various dental 
stem cells and iPSCs, and discuss their use for 
tooth regeneration.

2.1  Dental Stem Cells

2.1.1  Dental Pulp Stem Cells
Dental pulp stem cells (DPSCs) are the first 
type of dental stem cells, and were isolated 
from permanent third molar teeth by Shi and 
co-workers [11]. Similar to bone marrow stro-
mal cells (BMSCs), DPSCs express typical 
MSCs’ biomarkers, such as CD90, CD29, 
CD73, CD44, and CD105 [12, 13]. Moreover, 
DPSCs can produce sporadic calcified modules 
[11], and can differentiate into odontoblast-like 
cells. After implantation into immunocompro-
mised (SCID) mice, DPSCs can form a 
 dentine-pulp like structure, with pulp-like inter-
stitial tissue inside and odontoblast- like tissue 

Dental Follicle Stem
Cells (DFSCs)

Dental Pulp Stem
Cells (DPSCs)

Stem Cells from
Human Exfolidated
Teeth (SHED)

Periodontal Ligament
Stem Cells (PDLSCs)

Stem Cells from Apical
Pappila (SCAP)

Fig. 1 The sources of adult dental stem cells used for tooth regeneration
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outside [11]. In addition to prominent osteo-
genic differentiation in vitro and in vivo, DPSCs 
can differentiate into other mesodermal lineage 
cells such as chondrocytes, adipocyte, hepato-
cytes, and neurocytes [14, 15].

2.1.2  Stem Cells from Human 
Exfoliated Deciduous Tooth

Stem cells from a human exfoliated deciduous 
tooth (SHED) are easily accessible by standard 
collection methods, and they can be more rapidly 
propagated than DPSCs and used for autologous 
treatments [16, 17]. To explore the mechanisms 
behind their high proliferation rate, a large-scale 
gene expression profile analysis has been carried 
out. 4386 genes associated with cell proliferation 
and extracellular matrix formation are expressed 
differently between DPSC and SHED [17]. One 
such gene that is strongly expressed in SHED is 
transforming growth factor-beta (TGF- β), which 
is involved in odontoblastic differentiation [17]. 
Furthermore, SHED can differentiate into odon-
toblast-like cells when transplanted into SCID 
mice, and can generate tubular dentine and dif-
ferentiate into endothelial-like cells [18].

2.1.3  Periodontal Ligament Stem 
Cells

Periodontal ligament stem cells (PDLSCs) are iso-
lated from the periodontal ligament, which serves 
as the interface between the alveolar bone of the 
tooth socket, and the cementum on the tooth. This 
ligament structure contains mostly fibrous connec-
tive tissue, the fibers of which insert into the bone 
and the cementum. PDLSCs have been shown to 
express MSC- associated biomarkers including 
STRO-1, CD146, and MUC18 [19]. They can dif-
ferentiate into cementoblast-like cells, adipocytes, 
fibroblasts, osteoblasts, chondrocytes, neurons, 
and myocytes [19–21]. After implantation into 
immunocompromised mice, PDLSCs have been 
shown to generate cementum and a periodontal 
ligament- like tissue [19]. Furthermore, when 
PDLSCs have been transplanted into a preclinical 
miniature pig model with periodontitis, they were 
able to form periodontal tissues in surgically cre-
ated periodontal defects [22, 23].

2.1.4  Root Apical Papilla Stem Cells
Root apical papilla stem cells (SCAP) are iso-
lated from the apical papilla, which located at the 
toot tip of a growing tooth. SCAP can be obtained 
from extracted third molar teeth with incomplete 
roots. SCAP exhibit much higher in  vitro cell 
proliferation rates than DPSCs [20], and they can 
differentiate into odontoblasts and adipocytes 
[24]. Additionally, co-transplantation of SCAP 
and PDLSCs into tooth sockets of mini pigs can 
form a dental root structure containing both den-
tine and periodontal ligament [2].

2.1.5  Dental Follicle Stem Cells
The dental follicle is the fibrous tissue that sur-
rounds the tooth germ during tooth development. 
Dental follicle stem cells (DFSCs) are typically 
isolated from third molar teeth that are removed 
while still being formed. During culture, DFSCs 
attach to plastic culture plates rapidly. They 
express stem cell markers such as nestin, and can 
produce compact calcified nodules when grown 
in an osteogenic culture medium [25–27]. After 
transplantation into SCID mice, DFSCs have 
been shown to form fibrous tissue and a 
cementum- like matrix, and to express relevant 
proteins and genes (e.g., OC, OP, COLI, and 
BSP) [26].

2.2  Induced Pluripotent Stem 
Cells

Although somatic stem cells (such as DSCs) have 
been studied extensively for tooth regeneration, 
their application could be limited by the source of 
the specific stem cell line. In contrast, embryonic 
stem cells (ESCs) are pluripotent. They possess 
the capacity to differentiate into all three primary 
germ layers, however, the use of human ESCs for 
therapeutic application is limited by ethical 
debates such as the destruction of human embryos 
to obtain these cells.

The generation of iPSCs overcomes these 
disadvantages and satisfy the needs for trans-
lational research of tooth regeneration. With 
introduction of specific reprogramming genes 
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(Oct4, Sox2, cMyc, and Klf4), somatic cells 
re-gain pluripotent abilities [10].

iPSCs have been investigated extensively in 
regenerative dentistry. For instance, iPSCs have 
been induced into becoming enamel-secreting 
ameloblast-like cells [28, 29], dentine-secreting 
odontoblast-like cells [30], and osteoblast-like 
cells [31], for the regeneration of dental enamel, 
dentine-pulp complex and periodontal tissues, 
respectively [32, 33]. We discuss the research 
findings from stem cell-based strategies for tooth 
regeneration in the following part.

2.3  Stem Cell-Based Strategy 
for Dental Pulp Regeneration

Dental pulp is a composite of soft fibrous connec-
tive tissue with various cells, blood vessels, and 
nerves. In the circumstance of dental caries or 
mechanical irritation, the odontoblasts in the den-
tal pulp can be stimulated to form reactive (ter-
tiary) dentine for aiding repair. In the clinical 
setting, traditional endodontics involves remov-
ing the infected dental pulp and then after clean-
ing and disinfecting the canal, filling it with a 
material such as gutta percha with a sealer paste. 
In contrast, dental pulp regeneration holds great 
therapeutic potential as a way to re-grow dental 
pulp tissues using DSCs [34]. One example is 
implanting a biocompatible scaffold seeded with 
human DPSCs and SCAPs from third molars into 
the canal space of roots. The proof of concept for 
this was seen after subcutaneous transplantation 
of a scaffold with stem cells into SCID mice, 
where the pulp-like tissue formed within the root 
canal space and was well vascularized after 
4 months [33]. This topic is discussed further in 
chapter “Dentine-Pulp Complex Regeneration.”

2.4  Stem Cell-Based Strategy 
for Enamel Regeneration

Tooth enamel regeneration remains challenging 
due to the lack of dental epithelial stem cells or 
ameloblasts in the region of the crown of adult 
teeth, since ameloblasts are required for enamel 

formation. However, the recently developed 
iPSCs provide new opportunities. Arakaki et al. 
co-cultured iPSCs with dental epithelium and 
differentiated them into ameloblast-like cells 
[35]. Furthermore, they also demonstrated that 
epithelial-mesenchymal interactions are essential 
for regulating tooth development, and hence co-
culture models are essential. iPSCs are a novel 
source of mesenchymal cells for tooth formation, 
and co-culturing of iPSCs with epithelial cells 
can lead to the formation of cells with an 
epithelial- like morphology. Further characteriza-
tion confirmed the expression of ameloblast 
markers such as ameloblastin and enamelin, and 
epithelial cell markers including p63 and cyto-
keratin- 14 [36].

2.5  Stem Cell-Based Strategy 
for Periodontal Tissue 
Regeneration

PDLSCs, as a typical example of adult stem cells, 
have been applied directly to repair periodontal 
defects [37, 38]. Direct local injection of stem 
cells can be an effective approach for periodontal 
regeneration, using DPSCs or PDLSCs [39]. The 
regeneration of periodontal ligament has been 
observed in a rat periodontitis model [40].

In larger animal models, both allogeneic and 
autologous PDLSCs have been shown to regen-
erate periodontal tissues after being transplanted 
into periodontal defects, for example, in minipigs 
[22, 41]. This indicates that there is great thera-
peutic potential using this approach for treating 
periodontitis. Further studies have shown that 
PDLSCs have immunomodulatory actions. They 
can induce T-lymphocyte anergy by secreting 
prostaglandin E2 [41], and they can suppress 
lymphocytes activation mediated by the interac-
tion of PD1 and PDL 1 [42].

Recently, a cell sheet technique has been used 
for periodontal regeneration. This technique has 
the ability to maintain the extracellular matrix 
and cell–cell junctions. The sheets can also be 
degraded using proteolytic enzymes (e.g., tryp-
sin and/or dispase) [43]. Cell sheets can be pre-
pared in unique scaffold-free methods, such as 
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culturing cells with the addition of ascorbic acid, 
or using special equipment such as temperature- 
responsive culture vessels [40].

Thus far, a variety of stem cells have been 
investigated for cell sheet-based periodon-
tal regeneration, such as PDLSCs [41, 44], 
DPSCs [45], SHEDs [46], and MSCs [40]. 
For example, transplantation of PDLSCs cell 
sheets into rats resulted in the regeneration of 
periodontal ligament- like tissues, which con-
tained an acellular cementum-like layer, with 
fibers inserting into this layer [47]. Similar 
studies have been performed in large animals, 
including in dogs [48, 49].

2.6  Stem Cell-Based Strategy 
for Whole Tooth Regeneration

Since the tooth is an intact organ, successful 
regeneration of individual tooth components 
does not replace an entire missing tooth. As a 
stem cell-based strategy for whole tooth regen-
eration, Ikeda et  al. generated a functional 
whole tooth unit, by mixing immature dental 
DESCs and dental mesenchymal stem cells 
(DMSCs) to form a tooth germ. This bioengi-
neered tooth germ was then transplanted into 
the recipient’s alveolar bone socket. It devel-
oped into a mature tooth that was integrated in 
the normal way with the surrounding alveolar 
bone, and it achieved masticatory function. 
Thus, the reconstituted tooth germ could be 
induced into an ex  vivo whole tooth unit, 
including surrounding tissues such as periodon-
tal ligaments and alveolar bone [50]. Similarly, 
a bioengineered tooth was generated from 
transplanted permanent tooth germs that were 
reconstituted by autologous DESCs and 
DMSCs in a postnatal canine model [51].

Overall, dental stem cells represent an attrac-
tive source for the repair of each individual dam-
aged component of the dental structure, as well 
as for the whole tooth unit. Biocompatible scaf-
folds can provide growing niches for stem cell 
proliferation and differentiation, and can direct 
tooth tissue regeneration. This aspect is discussed 
in details in Sect. 3.

3  Biomaterials-Based 
Approaches for Tooth 
Engineering

Another key factor for tooth engineering relies on 
the development of biomaterials, based on the 
understanding of tooth development and the bio-
logical process of self-repair. Several natural and 
synthetic materials have been investigated for 
regenerating enamel, the dentine-pulp complex, 
periodontal tissue, and the whole tooth, that pro-
vide a favorable microenvironment for specific 
cellular functions.

3.1  Biomaterials for Enamel 
Regeneration

Enamel is the hardest tissue of the human body 
and has unique nano- and micro-structures. 
During natural tooth development, enamel for-
mation (known as amelogenesis) is a highly 
orchestrated process involving the deposition of 
inorganic apatite in a manner that is controlled 
precisely by ameloblasts. For enamel regenera-
tion, inorganic precursors are stabilized by phos-
phoproteins and then mineralize, to form 
orientated apatite crystals.

An interesting study conducted by Shao 
et al. showed the stabilized calcium phosphates 
cluster with a removable small organic mol-
ecule, triethylamine, to establish a crystalline-
amorphous mineralization frontier, and induce 
the growth of HAP.  Notably, the newly grown 
HAP layer can integrate into the native enamel. 
This provides the potential of a new approach 
for treating mineral that has been lost by enamel 
erosion [52].

In addition to small molecules, phosphopep-
tides guide the crystallization of calcium phos-
phate. These have been used in dental products 
for enamel remineralization. In the laboratory, 
they can regrow enamel crystals in a controlled 
shape and direction. By adding a leucine-rich 
amelogenin peptide, a dense, structural orien-
tated enamel-like apatite layer could be formed 
on the enamel surfaces, in alignment with the 
enamel rods [53].
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P11-4 is another promising peptide for enamel 
regeneration. This peptide has previously been 
shown to be biocompatible in a phase I clinical 
trial. It can modulate mineral behavior in situ 
during enamel regeneration [54, 55].

3.2  Biomaterials for Dentine-Pulp 
Complex Regeneration

Organic biomaterials, including both natural and 
synthesized polymers, have been used to fabri-
cate scaffolds for regenerating the dentine-pulp 
complex. Fujiwara and co-workers transplanted 
alginate scaffolds to deliver DPSCs in  vivo to 
induce the subcutaneous formation of dentine- 
like tissues [56, 57].

Chitosan and hyaluronic acid derived scaf-
folds have also been shown to support DPSC 
growth and differentiation. Moreover, a carboxy-
methyl cellulose/chitosan composite scaffold has 
been shown to improve the adhesion and prolif-
eration of pulp cells [58]. Other naturally derived 
proteins, including fibrin, silk, and collagen, have 
been extensively used for dentine-pulp tissue 
engineering [59, 60]. The addition of growth fac-
tors, such as bFGF, could significantly enhance 
pulp cell proliferation and vascularity [61].

On the other hand, synthetic polymers, such 
as polylactide-co-glycolide and polylactic acid 
(PLA), are used for dental pulp tissue engineer-
ing. SHED cells have been seeded into tooth 
slice/PLA biodegradable scaffolds, and the 
regenerated tissues from this recapture the archi-
tecture and cellularity of native dental pulp [62]. 
Similarly, Huang et al. used PLGA scaffolds con-
taining a mixture of dental stem cells, DPSCs and 
SCAP, and this formed dental pulp- and dentine- 
like tissues in the root canal of tooth roots [34].

To facilitate dentine regeneration, inorganic 
materials have been used to induce dental stem 
cell differentiation. One such example is the 
use of porous hydroxyapatite/beta-tricalcium 
phosphate seeded with DPSCs. This led to the 
formation of a dentine-like hard tissue and 
adjacent odontoblast-like cells when it was 
transplanted into the dorsal space of immuno-
deficient mice [63].

Bioactive glass, another widely used inor-
ganic scaffold, has been reported to support 
DPSC growth and osteogenic gene expression. 
Implantation of such cell-scaffold constructs 
in vivo can form bone-like calcified tissue [64].

Composite scaffolds synthesized from organic 
and inorganic components can induce the regen-
eration of dental pulp and dentine. For instance, 
PLGA/TCP scaffolds promote the proliferation 
and osteogenic differentiation of DPSCs. When 
seeded with rat tooth bud cells, these PLGA/TCP 
scaffolds produce tissues that resemble dentine 
and pulp [65]. Hybrid scaffolds of mineral triox-
ide aggregate/PCL (MTA/PCL) have also been 
used to enhance HDPC adhesion, proliferation, 
and osteogenesis [66].

3.3  Biomaterials Applied 
for Periodontal Regeneration

Scaffold biomaterials are also suitable for the 
regeneration of periodontal tissues (Fig.  2). 
Polymeric materials, such as collagen [67], gela-
tin [68, 69], and chitosan [70], have relatively 
low mechanical strength, and seem appropriate 
for PDL regeneration. On the other hand, inor-
ganic materials, such as hydroxyapatite (HA) 
[71, 72], tricalcium phosphate (TCP) [73, 74], 
biphasic calcium phosphate (BCP) [75, 76], and 
bioactive glass (BG) [77, 78] are used commonly 
used to repair cementum and alveolar bone 
defects due to their relatively high mechanical 
strength.

Importantly, composite scaffolds made up 
of both polymers and inorganic components 
are promising candidates for the regeneration 
of the cementum–PDL–alveolar bone complex 
[79–81].

Surface modifications of functional scaffolds 
may be beneficial for periodontal regeneration. 
Recently, a chitosan-based scaffold modified 
with a tri-layer porous structure has been shown 
to achieve simultaneous healing of bone, gin-
giva, and PDL regeneration in three porous 
compartments [70]. Also, HA bioceramics with 
a micro- nano- hybrid surface (mnHA) can pro-
mote osteogenic/cementogenic differentiation of 

N. Cheng et al.



95

human PLSCs, in a manner superior to unmodi-
fied HA bioceramics [82].

Scaffolds can also be used for drug delivery. 
As one example, ibuprofen (IBU) is clinically 
approved for the treatment of postoperative pain 
after periodontal surgery. A recent study reported 
success in developing a functionalized poly-ε- 
caprolactone scaffold with IBU, to enhance its 
anti-inflammatory effects and promote periodon-
tal healing [83].

Growth factors also enhance outcomes. 
These can be delivered by scaffold biomateri-
als, for example, when treating periodontal 
diseases. A biodegradable gelatin/β-tricalcium 
phosphate sponge has been used to deliver 
recombinant human fibroblast growth fac-
tor-2  in a dog model of buccal gingival reces-
sion defects. Complete root coverage of newly 
formed cementum-PDL- alveolar bone tissues 
was achieved [81].

Another study demonstrated spatially deliv-
ered growth factors, such as amelogenin, BMP-2, 
and connective tissue growth factor, with a 3D 
printed multiphase scaffold. Interestingly, all 
three growth factors were time-released at each 
phase from each compartment, which yielded 
cementum-PDL-alveolar bone when seeded with 
DPSCs [84].

3.4  Biomaterials for Whole Tooth 
Regeneration

To advance the concept of whole tooth regenera-
tion, either a decellularized tooth or a tooth- 
shaped scaffold can be seeded with dental cells 
alone or with growth factors. Several studies have 
been conducted with the goal being to form bio-
engineered teeth of comparable size and histo-
logical structure to natural teeth, with 
well-organized dentine and enamel-like tissues, 
for use in in vivo transplantation [85–87].

In other studies, tooth bud constructs were 
grown from GelMA hydrogel containing postnatal 
dental cells. These showed key features involved 
in natural tooth development, such as the forma-
tion of a dental epithelial stem cell niche, transient 
amplifying cells, and mineralization of dental tis-
sue [88]. Another similar example is the use of 
biodegradable PGA/PLGA scaffolds seeded with 
4-day-old postnatal rat tooth bud cells, to repeat-
edly generate bioengineered whole tooth tissues 
[89]. Mao’s group has incorporated two growth 
factors, SDF-1 and BMP-7, into tooth-shaped 
scaffolds to induce host multi-lineage cell recruit-
ment, and to achieve regeneration of an entire 
anatomically shaped tooth. They referred to this 
translatable process as cell homing [90, 91].

PULB / DENTINE
REGENERATION

PERIODONTAL
REGENERATION

Pulpectomy

Damaged Periodontium

PDLSCs/Scalfolding

Regenerated Periodontium

DPSCs/Scalfolding
Regenerated Dentine/Pulp Complex

Fig. 2 Schematic representation of biomaterials-based regenerative approaches in dentistry
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4  Bioengineered Tooth Germ- 
Based Methods 
for Functional Tooth 
Replacement

Autologous transplantation of a tooth germ, such 
as that from an impacted third molar, into an 
edentulous area, has been investigated in clinical 

practice. This approach is limited by feasibility, 
and by problems such as pulp necrosis and tooth 
ankylosis.

A bioengineered tooth germ provides a more 
promising method (Fig. 3). Takashi’s group first 
introduced this bioengineered tooth germ trans-
plantation technique in 2007. They incubated dis-
sociated cells from epithelia and mesenchymal 
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Fig. 3 Bioengineered tooth germ-based methods for 
functional tooth replacement. (a) Schematic drawing of 
the process of bioengineered tooth germ. Phase-contrast 
images (b), photos and micro-CT images (c), and histo-

logical analysis (d) of bioengineered tooth germ on differ-
ent days. (e) Photos and micro-CT images of bioengineered 
tooth germs cultured in a size-control device. Reprinted 
with permission from [50]
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tissues and used a 3D organ-germ culture method 
[92]. After transplantation into the subcutaneous 
space of a rodent, the bioengineered tooth germ 
developed into a functional tooth unit. It estab-
lished an adequate supply of nerves and blood 
vessels, and exhibited mechanical properties that 
were similar to a natural tooth [92]. An erupted 
tooth from a bioengineered tooth germ can also 
respond in the normal way to orthodontic treat-
ment, which indicates that they have proper peri-
odontal ligament function [50, 93].

The bioengineered tooth germ technique has 
also been evaluated in a large animal model. In 
dogs, these transplanted tooth germs created 
teeth that eventually erupted in the oral cavity 
and came into function [51]. Numerous efforts 
have been made to optimize methods of recon-
structing a tooth germ for whole tooth regenera-
tion. Such attempts include the combination of 
epithelial tissues with mesenchymal tissues, or 
epithelial cells with mesenchymal cells, to pro-
mote tooth germ formation [50].

5  Conclusion and Future 
Perspectives

In summary, with the development and recent 
advances in stem cell and biomaterial research, 
considerable progress has been achieved toward 
the goal of tooth engineering and whole tooth 
regeneration. Rationally designed scaffolds 
together with advanced culture methods provide 
a suitable environment for the development of 
stem cells, including DSCs and iPSCs, to form 
different parts of the tooth, or even a whole tooth.

Despite the impressive progress in the field, 
several major obstacles remain before the con-
cept of an engineered tooth can be applied in 
clinical practice. The first challenge is how to 
achieve the correct type, size, shape, and color 
of the original teeth, in order to achieve both 
an esthetic outcome and a functional occlu-
sion. Previous studies have reported the use of 
a three- dimensional size- and shape-controlled 
scaffold device to guide the generation of bio-
engineered tooth unit as it forms, before its 
transplantation into the oral cavity [50]. Future 
efforts should be placed on ways to control the 

various aspects of tooth parameters, to meet the 
objective of restoring the missing tooth faithfully 
and accurately. Current attempts include induc-
ible scaffolds [94], 3D printing biotechnologies 
[95], and computer- aided design/computer-aided 
manufacturing [96]. Other works are focusing 
on regulating morphogenesis-related genes, and 
cytokines that are involved in tooth eruption 
and movement [97], to apply these approaches 
to regulate the morphology of the regenerated 
tooth. Further work is needed around how well 
the bioengineered enamel responds to the loads 
and acid attacks that it will experience in the oral 
cavity, and whether it behaves in the same man-
ner as natural dental enamel.

A second obstacle is how to achieve the full 
function of the regenerated tooth with vascu-
larization, innervation, and supporting tissues. 
Similar to a naturally growing tooth, a success-
ful transplanted bioengineered tooth germ should 
develop into an intact viable tooth, and be sup-
ported by proper vascularization and innerva-
tion, to provide the necessary nutrients and 
 metabolites, and the sensory response to various 
stimuli. It must also show similar features in how 
it responds to infection and inflammation. The 
vascularization and innervation of a regenerated 
tooth make it unique when compared to a dental 
implant or a denture restoration. The latter are 
inert. They also lack the connective tissues that 
provide mechanical resistance against fracture.

Moreover, periodontal supporting tissues, 
including the periodontal ligament and/or bone 
tissue, are essential for the proper functional inte-
gration of a transplanted tooth within the host 
jaw. Recent progress has been made to gener-
ate highly vascularized and innervated dental 
pulp, such as mixing cells with a microstructural 
hydrogel [98], or adding bone marrow-derived 
cells [99]. Interestingly, a light sheet microscopy- 
based 3D imaging method has been reported to 
visualize the vasculature and innervation of the 
dental pulp. This provides remarkable insights 
that can help progress endodontic regeneration 
and whole tooth regeneration therapies [100]. 
Further work on whole tooth regeneration should 
always explore whether there has been simulta-
neous growth of vessels, nerves, and supporting 
periodontal tissues.
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A third challenge is how to maintain oral 
health and prevent the failure of the regenerated 
tooth. Common and well-known causes of tooth 
loss are microbial diseases such as dental caries 
and periodontitis. Dental care of patients remains 
challenging, especially for those who suffer from 
systemic disorders including hematologic condi-
tions, cardiovascular diseases, cancer, endocrine 
and neurologic disorders, and radiation-induced 
damage to the oral tissues [101]. Therefore, oral 
hygiene should be improved, and further main-
tenance should be conducted on a regular basis 
to prevent the failure of a bioengineered tooth. 
One promising strategy has involved the study 
of natural salivary defenses and the oral micro-
biota as an ecosystem, which needs to be main-
tained for a symbiotic relationship with the oral 
microflora [102, 103]. The long-term success of 
a regenerated whole tooth relies on multifaceted 
factors. The future of whole tooth regeneration 
will certainly benefit from improved knowledge 
of stem cell therapy, and advances in bio-scaffold 
engineering.
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1  Introduction

Periodontal diseases are some of the most com-
mon diseases of humanity. According to the 
Global Burden of Disease Study in 2010, severe 
periodontal disease was the sixth most common 
health condition in the world. This disease had a 
worldwide prevalence of 11.2%, and affected 
some 743 million people, with that number 
increasing every year [1, 2].

Damage to the periodontium can occur due to 
trauma, gingivitis, periodontitis, or age-related 
loss of tissue. Destruction of the periodontium 
eventually may result in the loss of teeth and sur-
rounding tissues. The ultimate goal of regenera-
tive periodontal treatment is to prevent tooth loss 

by achieving complete regeneration of the peri-
odontium [3].

Conservative periodontal therapy, which con-
tinues to be used effectively today, encompasses 
measures to control biofilm. It focusses on the 
removal of both supragingival and subgingival 
dental plaque biofilm, the removal of infected 
cementum, and the correction of problematic 
aspects of restorations such as overhangs [4–6]. 
Conservative periodontal treatment and sup-
portive periodontal therapy (SPT) is essential as 
a foundation for any surgical interventions, and 
good control of biofilm must ideally be achieved 
prior to all attempts at periodontal reconstructive 
and regenerative surgery.

Periodontal regeneration can only be achieved 
by creating the appropriate microenvironment for 
the differentiation of specific cell types that con-
stitute the periodontium. Epithelial cells (kera-
tinocytes) and fibroblasts can proliferate faster 
than other cells in the periodontium, and control-
ling the proliferation of fibroblasts and epithelial 
cells poses a major challenge after surgical peri-
odontal treatment [7]. All regenerative treatment 
approaches are based on maintaining a separation 
that controls the tendency of epithelial cells and 
fibroblasts to overgrow during the healing period 
and to give an opportunity for others cells from the 
periodontium to proliferate and differentiate [4].

In recent decades, deficiencies in the meth-
ods and outcomes of traditional surgical treat-
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ment approaches for periodontal disease have 
led researchers to investigate new regenerative 
treatment methods involving tissue engineer-
ing technologies [8]. Tissue engineering is 
defined by Groll et al. as “an interdisciplinary 
field that provides the restoration and function 
of biological units using the principles of engi-
neering and life sciences” [9].

A combination of conservative periodontal 
therapy and new techniques in tissue engineering 
has created a new regenerative direction that is 
the focus of much current periodontal research. 
Amongst the disciplines within dentistry, peri-
odontology has arguably gained the most ben-
efited from advances in tissue engineering. 
Ongoing developments in this field have been 
very promising, and they underpin the success of 
periodontal regeneration methods used in clinical 
treatments [4, 8].

2  Periodontium

The periodontium is a specialized multi-tissue 
structure in the oral cavity. It contains both min-
eralized and soft tissues, and it comprises the 
cementum, gingiva, periodontal ligament and 
alveolar bone. The periodontal apparatus is 
responsible for providing the maxillary and man-
dibular teeth with the necessary support and pro-
tection for their normal functions [10]. Each of 
the four components of the periodontium has its 
own architecture, composition, and differentia-
tion, yet they all work in function together as one 
entity in the oral cavity [11].

Gingiva
This is the most superficial part of the periodon-
tium, and it includes the free gingiva, the attached 
gingiva and the interdental gingiva. This soft tis-
sue overlies the alveolar bone. Its epithelial layer 
lines the sulcus of teeth and is the first barrier that 
prevents microbial invasion of the underlying 
structures.

Periodontal Ligament
This is a vascular fibrous structure positioned as 
the interface between two hard tissue structures, 
the cementum and alveolar bone. It supports the 

tooth in its socket. The stem cells that are present 
in the periodontal ligament have an astonishing 
ability to differentiate into other cell types, espe-
cially in cases of injury.

Cementum
This is an avascular calcified tissue that covers 
the dentine of the tooth root. It consists of a pri-
mary acellular type and a secondary cellular type. 
The cementum is attached to the alveolar bone 
through periodontal ligament fibers (Sharpey’s 
fibers). Cementoblasts produce the intrinsic col-
lagenous matrix of cementum [10].

Alveolar Bone
Alveolar bone or the alveolar process is the 
mineralized part of the periodontium, that is 
attached to the cementum of the root through 
the Sharpey’s fibers of the periodontal liga-
ment [12].

Many different factors that can cause destruc-
tion and loss of the periodontium. These include 
both systemic, developmental, and acquired dis-
eases (genetic, endocrine, connective tissue dis-
eases, acquired immunodeficiency, neoplasms) 
as well as oral diseases (periodontal diseases 
and oral malignancies). Periodontal destruction 
can also be caused by non-disease factors such 
as traumatic occlusal forces. Since these vari-
ous conditions and diseases can cause the overall 
oral health of patients to deteriorate, a corrective 
approach or therapeutic intervention is necessary 
to stop the process of damage, limit its extent, 
and maximize the health status of the affected 
area [13].

3  Nature of Periodontal 
Healing and Regeneration

“Periodontal regeneration” is the concept where 
materials and procedures are used to induce 
reconstruction of a part or the whole of the peri-
odontal tissues [14]. It involves complex biologi-
cal cooperation, where different cells and 
bioactive proteins are responsible for interacting, 
with the goal being to reproduce the previous 
normal function and architecture of the tissues. In 
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an ideal scenario, coordination of the four com-
partments would give rise to a connection 
between the new cementum and new alveolar 
bone through Sharpey’s fibers, giving a func-
tional periodontal ligament [15].

A true visualization of the repaired tissue can 
only be achieved at the histological level, where 
all the periodontal structures can be viewed. 
At the  clinical level, comparing probing and 
attachment levels before and after treatment can 
provide an indication of treatment outcomes. 
Conventional intraoral radiography for evaluat-
ing bone fill in the defect sites is not considered 
reliable, since a certain amount of mineraliza-
tion needs to occur before it can be visible on 
a radiograph. Methods such as digital subtrac-
tion radiology, cone beam volumetric tomog-
raphy, and computer-assisted densitometric 
image analysis can provide more information 
on changes to bone. In some cases, re-entry sur-
gery to the treated site is used to visualize the 
healing, however even this method cannot show 
fully what type of outcome has occurred [12].

Periodontal regeneration is the ultimate out-
come of any periodontal therapy. Conventional 
surgical and non-surgical periodontal therapy 
debrides the root surface to prepare it for the heal-
ing process. There are usually two main paths for 
this healing—either by regeneration, where com-
plete renewal of the tissue function and structure 
takes place or by repair, which results in compro-
mised clinical outcomes [10]. At the microscopic 
level, the repair is the most common and default 
outcome with conventional surgical and non-sur-
gical periodontal therapy.

Successful reconstruction of the lost tissue 
requires collaborative efforts from progenitor 
cells in order to deposit new tissue and allow this 
to mature. Some of these events require careful 
coordination, for example, growth of alveolar 
bone should occur in a coronal direction towards 
the soft tissue, with no adjacent bony part at the 
other end. This is a unique situation for bone that 
is not found elsewhere in the body [11].

The healing of periodontal wounds is a com-
plicated process, for many reasons, including the 
proximity to an avascular tooth surface, and the 
potential ingress of pathogenic microorganisms 
into the surgical site [11]. It is also challenging 

because the goal is to form new attachment, but 
there is a loss in the regulatory messages needed 
to direct this process [16].

During the normal healing process, as can be 
shown in surgically induced bone defect models 
in rats, bone formation starts at the bony part of 
the wound, and after that gradual thickening and 
mineralization of cementum can be observed 
around the apex of the tooth. Periodontal liga-
ment fibers are the last to integrate into both 
cementum and bone [17].

Like any other wound in the body, in a peri-
odontal wound a fibrin clot forms between the 
wound edges. In a periodontal wound, this clot 
forms between the wound margin and the root 
surface. It is replaced later by granulation tissue, 
and hopefully by a new connective tissue attach-
ment. However, as the clot sits between a hard 
tissue (the root) and a soft tissue, microscopic 
movements of these create tensile forces, which 
can readily displace the clot. Rapid migration of 
epithelium causes space to becomes epithelial-
ized. The net result is that the root surface has a 
long junctional epithelium (LJE) on its surface, 
rather than periodontal ligament fibers. The out-
come of an LJE is the most common form of 
repair in periodontal defects after open or closed 
periodontal debridement. The epithelium has 
the highest migration rate, so will always domi-
nate in the wound healing sequence if it is not 
excluded. This is why in periodontal regenera-
tion, the epithelium must be excluded. If the clot 
can be maintained in a stable position against the 
root, it is more likely that a new connective tissue 
attachment will emerge on the root surface [18].

Ideally, the outcome of periodontal healing 
is to reconstruct the periodontium, and elimi-
nate periodontal pockets (Fig. 1). Reconstruction 
involves restoring the proper anatomical and 
functional relationships between the junctional 
epithelium, connective tissue, the periodontal 
ligament, the cementum, and the bone. Any lost 
tissue should be replaced. This is especially chal-
lenging in terms of the alveolar bone [12].

In 1976, Melcher et  al. proposed the tissue 
compartment hypothesis [19]. According to this, 
there is a “first mover” advantage, so the type of 
cell which is the pioneer at the defect area will 
determine the outcome. Therefore, there is usu-
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ally one or a combination of four possible heal-
ing outcomes that can occur after conventional 
periodontal treatments:

• Long Junctional Epithelium, where epithelial 
cells are the first dominators.

• Recession, where new connective tissue 
attachment is formed apically to the cemento- 
enamel junction (CEJ) but without regenera-
tion of periodontal ligament.

• Ankylosis, where the ligament is lost and there 
is the union of bone and tooth, with resultant 
tooth resorption.

• Recurrence of the pocket is also a possibility 
in cases of repair [20].

4  Regenerative Capacity 
of Periodontal Ligament 
Cells

Various experiments have revealed that neither 
osteoblasts nor gingival connective tissue cells 
have the ability to produce new connective tis-
sue attachment and ankylosis will result in the 
areas where the periodontal ligament does not 
exist. As the periodontal ligament contains mes-
enchymal stem cells and periodontal stem cells, 
it should have the ability to produce other cell 
lineages. This regenerative capacity is regulated 
by several growth factors, including fibroblast 
growth factor, transforming growth factor-β, 
insulin growth factors 1 and 2, platelet-derived 
growth factor, and bone morphogenic proteins. 

These can activate cells to divide. Signals from 
growth factors and cytokines drive the differen-
tiation of stem cells [21].

Mesenchymal cells of the periodontal liga-
ment are of particular interest as they express 
high levels of markers for bone, cementum, 
and fibroblasts. When grown in culture in vari-
ous conditioned media, periodontal ligament 
mesenchymal cells show elevated levels of 
markers for an osteoblastic lineage (RUNX2, 
ALP, OPN and COL1), a cementoblastic lin-
eage (CEMP1, CAP), and increased content of 
both fibronectin and collagen. These extracel-
lular matrix components increase the ability of 
the cells to attach. They also regulate how the 
cells interact with other cells and tissues in the 
periodontium [22].

5  Types of Periodontal Defects

Achieving periodontal regeneration for bone 
defects of various shapes is one of the most 
important challenges of surgical periodontal ther-
apy. The approach used for reconstructive peri-
odontal management varies according to the type 
of tissue that has been lost. Periodontal defects 
can be classified as soft tissue defects, hard tissue 
defects, or a combination of both [24].

Osseous (hard tissue) defects are classified 
according to the level of the periodontal pocket 
base in reference to the alveolar crest, into either 
suprabony defects (supracrestal) or infrabony 
defects (subcrestal).

osteoblasts

fibroblasts

cementoblasts

Mesenchymal
stem cells

differentiation

proliferation

Fig. 1 Periodontal 
ligament cells 
differentiation and 
regenerative 
capacity [23]
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The latter includes;

 (A) Intrabony defects are classified according to 
the number of remaining osseous walls (one, 
two, or three-wall defects). The lesser the 
number of residual walls, the more difficult 
it is to get bone fill to restore the defect. 
Some defects have less walls remaining cor-
onally than at the basal part. These are 
termed “combination intrabony defects.”

 (B) Craters. These occur frequently in the man-
dibular posterior segment. The buccolingual 
concave shape of bone resorption involves 
two neighboring teeth, or the septum 
between the buccal and lingual walls is 
resorbed. When the osseous defect is 
between the roots of multirooted teeth, these 
are known as inter-radicular defects.

Glickman et  al. classified osseous defects 
according to their vertical and horizontal dimen-
sions. Later, a classification of the vertical 
dimension of furcation defects was introduced 
[25]. Hamp et al. classified horizontal bone loss 
numerically, where Class I has less than 3  mm 
loss of periodontal tissue; Class II has more than 
3  mm loss of periodontal tissue, but the probe 
cannot go through the defect, and Class III is a 
through-and-through horizontal loss of tissue 
[26]. This classification is still one of the most 
commonly used in clinical practice [25].

Soft tissue defects can present as gingival 
recession, where the gingival margins have 
become apical to the CEJ. It can affect the total 
width of the attached gingiva, on one tooth or 
many teeth. Classically, marginal soft tissue 
recession has been classified descriptively as 
shallow or deep, or wide or narrow. In 1985, 
Miller et  al. proposed four categories for gin-
gival recession, in relation to the mucogingival 
relationship and the alveolar bone status. Class I 
refers to recessions in which the gingival margin 
is coronal to the mucogingival margin. In Class 
II, the gingival margin reaches the mucogingival 
margin or beyond, with no bony defect. Class III 
is when the gingival margin is at the mucogin-
gival margin, and is accompanied by interproxi-

mal alveolar bone loss and/or tooth malposition, 
while Class IV describes severe alveolar bone 
loss and/or considerable tooth malposition [27]. 
This classification, although very popular, is 
currently seen as inadequate, as some clinical 
cases do not belong to either Class I nor II (e.g., 
when interproximal bone loss occurs while the 
gingival margin is still coronal to the mucogin-
gival margin). Another drawback of this classifi-
cation is that it ignores the issue of the recession 
on the palate, which can be of significance to 
clinical management [27].

A newer classification of the gingival reces-
sion that was adopted by the World Workshop of 
Periodontology, classifies the gingival recession 
with respect to clinical attachment loss at the inter-
proximal area. In Type 1, there is no attachment 
loss interproximal, and the interproximal CEJ 
cannot be seen. In both Type 2 and Type 3, there 
is the loss of interproximal attachment (from the 
CEJ to the most apical point of the pocket at both 
the mesial and distal sides) and is compared to the 
buccal attachment loss (from the CEJ to the most 
apical point of the pocket at the buccal side). If it 
is less than or equal to the buccal attachment loss, 
then it is classified as Type 2, and if it is higher 
it comes under Type 3 gingival recession. This 
classification is seen as treatment directed and can 
be combined with assessment of other gingival 
parameters, such as the width of keratinized gin-
giva and the gingival phenotype or biotype [28].

6  Current Surgical Treatment 
Protocols in Regenerative 
Periodontology

Periodontitis results from the host response to the 
accumulation of dental plaque on the roots of the 
teeth. In a susceptible patient, long- standing 
inflammation of the supporting structures of the 
teeth results in loss of alveolar bone. Subsequently, 
apical migration of the soft tissue can manifest as 
gingival recession, with loss of interdental 
papilla.

Comprehensive treatment of advanced peri-
odontitis involves the regeneration of both hard 

Regenerative Approaches in Periodontics



108

and soft tissue components of the periodontium. 
As discussed earlier, non-surgical periodon-
tal therapies (NSPT) remain the cornerstone of 
periodontal treatment, and the majority of cases 
are treated with NSPT.  Periodontitis is initially 
treated with NSPT (phase I) either as a prepara-
tory phase for further treatment or as a defini-
tive treatment. The decision to move the patient 
towards either surgical periodontal therapy 
(phase II) or maintenance therapy (also known as 
supportive periodontal treatment (SPT)) (phase 
IV) is made following re-evaluation of the clini-
cal situation (Fig. 2). However, a portion of cases 
in advanced stages do not respond to NSPT and 
will require surgical periodontal therapy [29].

7  Team of the Periodontist 
and the General Dental 
Practitioner

Around the world, in many countries, there is an 
aging population. Many older patients have 
retained a significant portion of their natural 

teeth, and this has resulted in an increased 
demand for comprehensive periodontal treat-
ment. Advanced periodontitis is best treated by a 
shared approach, wherein both the general den-
tist and the periodontist work together towards 
improving and maintaining the periodontal 
health of the patient [30]. The general dentist 
screens and identifies cases of advanced peri-
odontitis, and refers them to a periodontist. They 
also coordinate the patient’s care and provide 
their routine restorative and preventive oral 
health care. By the general dentist explaining the 
various available treatment options, pointing out 
the advantages and disadvantages, the patient is 
able to make their own choices based on evi-
dence [29, 30]. The periodontist carries out 
active and comprehensive periodontal treatment, 
whereas the general dentist maintains the treated 
periodontium by providing supporting periodon-
tal treatment.

7.1  Indications for Surgical 
Periodontal Therapies

 1. The presence of advanced stages of periodon-
titis. In the current classification of periodon-
titis, this would translate into stage III and 
stage IV, grade C periodontitis [31].

 2. Patients not responding to NSPT, as evidenced 
by the presence of multiple residual periodon-
tal pockets ≥6 mm, would be ideal candidates 
for surgical periodontal therapy [32]. The 
decision to use surgical techniques for a 
patient is dependent on the response of the 
patient towards NSPT at the re-evaluation 
visit.

 3. The presence of bone defects, including 
intrabony defects (three-wall defects) and cra-
ters that would benefit from the use of regen-
erative bone grafts or membranes (regenerative 
periodontal surgery) [33].

 4. The presence of bony contours or abnormali-
ties that need re-contouring to establish an 
ideal periodontal architecture (resective peri-
odontal surgery) [34].

Emergency phase

Phase I therapy: Etiotrophic phase

Phase IV therapy: Maintenance Phase

Phase III therapy:
Restorative Phase

Phase II therapy:
Surgical Phase

Phase IV therapy: Maintenance Phase

Fig. 2 Flow chart of comprehensive periodontal treat-
ment divided into four phases. Phase I therapy involves 
the removal of all aetiologic factors. Following re- 
evaluation, patients with a healthy periodontium are 
placed in the maintenance phase. Patients not responding 
adequately to phase I therapy are treated with surgical 
periodontal therapy
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7.2  Contraindications for Surgical 
Periodontal Therapies

 1. Poor oral hygiene or patients in whom mainte-
nance of optimal oral hygiene is difficult.

 2. The presence of risk factors including uncon-
trolled diabetes mellitus (≥7% HbA1C), 
and continued use of tobacco (smoking ≥20 
cigarettes/day), since these are known to 
impair healing and to result in poor surgical 
outcomes.

The main goals of surgical therapy are to: 
enhance accessibility to root deposits for root 
debridement and scaling, reduce or eliminate 
pockets by resection of the pocket wall, expose 
the diseased zone to perform regenerative tech-
niques, and gain access for resection of periodon-
tal defects [29–32].

8  Periodontal Flaps

As discussed above, periodontal surgical treat-
ment is applied where preventive periodontal 
treatment is not sufficient. It aims to completely 
eliminate the cause of the disease and to ensure 
as much regeneration of the destroyed tissue as 
possible. Periodontal flaps can be designed in dif-
ferent ways to provide access to the periodontal 
defect region.

“A periodontal flap is a section of mucosa and/
or gingiva surgically separated from the under-

lying tissues to provide access and visibility to 
the bone and root surface” [35]. Periodontal 
flaps are classified according to the exposure 
of bone, after flap reflection, into either partial 
thickness flaps or full-thickness flaps. Flaps can 
also be classified based on their placement after 
the operation, whether displaced (coronally, api-
cally or laterally) or undisplaced. Also, accord-
ing to the management of the interdental papilla, 
flaps can be classified as conventional flaps or 
papilla preservation flaps [32]. Table 1 lists the 
major features of the main types of periodontal 
flaps.

Various techniques and methods have been 
utilized in surgical periodontal procedures, 
including the modified Widman flap, the papilla 
preservation flap, and various modifications of 
these [32].

9  Classification of Periodontal 
Surgical Procedures

Periodontal surgerical procedures are broadly 
classified into resective and regenerative peri-
odontal surgical procedures.

9.1  Resective Periodontal Surgical 
Procedures

Resective periodontal surgery involves eliminat-
ing bony irregularities, to create a stable peri-

Table 1 Various classifications of periodontal flaps and their main features [32]

Based on Flap type
1 Bone exposure Full-thickness flaps/Mucoperiosteal 

flaps
all the soft tissue, including the 
periosteum, is reflected to expose the 
underlying bone

Partial thickness flaps/Mucosal flaps/Split 
thickness flap
includes only the epithelium and a layer of the 
underlying connective tissue. The bone remains 
covered by a layer of connective tissue, including 
the periosteum

2 Placement of the 
flap after surgery

Displaced flaps: after the completion of 
the surgery, flaps are moved either 
coronally or apically

Undisplaced flaps: after completion of the surgery, 
flaps are placed back in the same position and 
sutured

3 Management of 
the papilla

Conventional flaps are used when the 
interdental spaces are too narrow. In this 
procedure, the papilla is split into two 
(labial and lingual) portions

Papilla preservation flaps are indicated when 
there are wide interdental spaces. One papilla is 
incorporated into either the buccal and lingual flaps. 
This flap is commonly used whenever regenerative 
periodontal products are used
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odontal architecture that will assist the patient in 
maintaining their oral hygiene. Essentially, this 
approach sacrifices some bone for the creation of 
a stable periodontal architecture. In recent 
decades, the scientific community has realized 
the importance of regenerating and conserving 
bone. Therefore, resective periodontal surgical 
approaches have become less popular, and today 
increased emphasis is directed towards regenerat-
ing bone [33–35].

9.2  Regenerative Periodontal 
Surgerical Procedures

Regenerative periodontal therapy aims to recon-
struct and reconstitute the tooth-supporting struc-
tures that have been lost through periodontitis or 
because of other causes. Regenerative periodon-
tal procedures involve the use of various regen-
erative materials and techniques for the 
regeneration of the lost portions of the periodon-
tium. The most commonly used products in peri-
odontal regeneration are bone grafts and barrier 
membranes. Each of these materials has certain 
distinct advantages and disadvantages [33–35].

10  Regeneration of Bone 
and Bone Grafts

After the placement of bone grafts into osseous 
defects, several steps of healing follow. The pro-
cess finally culminates in the complete integra-
tion of the bone graft into the surrounding native 
bone, with the goal being that the new bone dis-
plays similar structural and biochemical proper-
ties to the native bone. Bone regeneration requires 
three main components including cells (osteo-
blasts), a scaffold (which provides the structural 
framework for the development of clotting, matu-
ration, remodelling, and for the recreation of the 
Haversian canal systems), and signals (such as 
from bone morphogenic proteins and other sig-
nals that can induce the formation of bone) [36].

The regenerative potential of a bone graft is 
based on the properties of osteogenesis, osteoin-
duction, and osteoconduction.

• Osteogenesis is the formation of bone by 
osteoblasts.

• Osteoinduction is the process by which pro-
teins and cellular signalling molecules present 
in the graft will induce neighbouring mesen-
chymal stem cells to differentiate into osteo-
blasts and thereby produce bone.

• Osteoconduction is the presence of a 
matrix/scaffold that helps with the organization 
of the population of cells in the scaffold and the 
creation of a system similar to native bone.

Apart from these three main criteria for ideal 
bone grafts, other relevant criteria include: the 
ease with which the graft can be procured, its 
cost, its biocompatibility (e.g., being free from 
antigenic properties that would evoke an inflam-
matory response), and the provision for an ade-
quate amount of the graft. Table 2 lists the various 
criteria for an ideal bone graft. However, an ideal 
bone graft will likely never exist, and any bone 
graft will be a compromise in terms of its various 
properties. The selection of the bone graft to be 
used by the clinician will be based on the circum-
stances and needs of the individual case [37].

11  Classification of Bone Grafts

Bone grafts are classified based on their source, 
as follows: autografts, allografts, xenografts and 
alloplastic materials [38].

Table 2 Features of an ideal bone graft [36, 37]

An ideal bone graft should
1 Have osteogenic potential, meaning it should 

contain some osteoblasts that can directly produce 
bone.

2 Have a scaffold framework (structural framework 
for the development, maturation, and remodelling of 
tissue).

3 Have signals for the induction of mesenchymal stem 
cells to differentiate into osteoblasts.

4 Be biocompatible, and unable to elicit an 
inflammatory immunological response.

5 Be free from any virus or prion-related infection.
6 Be economical.
7 Be available in sufficient quantity to fill or replace 

the lost portion of the bone.
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11.1  Autografts

Autogenous bone grafting involves harvesting 
bone grafts from a donor site, and then using this 
bone fill the bone defect within the same indi-
vidual from whom the graft was taken, thereby 
reducing the concerns of allergenicity. 
Autogenous bone grafting is predictable and is 
considered to be the gold standard because it has 
the three essential criteria: osteogenic cells, 
osteoinductive growth factors, and a scaffold for 
the growth of cells. Autogenous grafting materi-
als include cortical bone, cancellous bone, and 
bone marrow transpirates [37]. Among these, 
cancellous and bone marrow transpirates are con-
sidered to be more osteogenic due to their higher 
osteogenic potential and vascularity. Iliac crest, 
tibia, fibula, and ribs are the most favoured extra- 
oral sites, whereas the symphysis of the mandi-
ble, tori/exostoses, the retromolar pad, healing 
wounds, extraction sites, and the region of the 
maxillary tuberosity are the most common intra-
oral sites [38].

With autogenous bone grafts, the main disad-
vantages are the necessity of a second surgical 
site and the limited amount of bone that can be 
harvested. In patients with immunocompromised 
conditions or elderly patients, the creation of a 
second surgical site may result in considerable 
donor site morbidity and further complications, 
including postoperative infections. Autografts 
also need to be done by an experienced clinician 
who is capable of harvesting from the donor tis-
sue while causing minimal damage to that site. 
Although autogenous bone is inexpensive as it is 
retrieved from the same patient, there are addi-
tional expenses because of the additional effort 
required by the surgeon. Such factors make auto-
grafts less appealing than other options [38, 39].

11.2  Allografts

Allografts are grafts taken from the same species, 
i.e., from humans, however, the donor is geneti-
cally different from the recipient [39]. All 
allografts carry a risk of blood-borne virus trans-
mission, which is eliminated by rigorous screen-

ing and testing of potential cadavers for such 
transmissible diseases. There are three main 
types of allografts: (1) frozen, (2) freeze-dried 
bone allograft (FDBA) and (3) demineralized 
freeze-dried bone allograft (DFDBA). Fresh 
unprocessed bone and frozen bone from cadavers 
are not used due to the chance of spreading an 
infection.

FDBAs contain the mineralized skeleton for 
the population of native cells. FDBAs require 
a long period for neovascularization of the 
mineralized skeleton and conversion into new 
bone. This mineralized framework, without any 
growth factors, makes FDBAs osteoconductive, 
but not osteoinductive. The majority of peri-
odontal defects treated with FDBA have shown 
complete bone fill or more than 50% bone 
fill [40]. A mixture of autogenous grafts and 
recombinant human bone morphogenetic pro-
tein 2 (rhBMP2) with FDBA provides improved 
results with complete regeneration of bone 
defects [40, 41].

DFDBAs or demineralized bone matrix 
(DBM) has the inorganic content removed, 
retaining the organic portion and its osteoinduc-
tive properties. The DBM or a DFDBA contains 
bone morphogenic proteins (BMPs). These 
are acidic polypeptides from the transform-
ing growth factor-β family, and they initiate 
the differentiation of mesenchymal stem cells 
into osteoblasts. Higher levels of BMPs in the 
graft favours increased oxygen tension, thereby 
helping in the production of bone [41]. To date, 
DFDBAs are the only bone graft material that 
has been shown to provide complete regen-
eration using histological methods [42]. The 
American Association of Tissue Banks (AATB) 
is a scientific organization that provides guide-
lines for standard setting and the use of donated 
human tissues. The majority of nations have 
developed their own tissue bank associations 
following the guidelines of the AATB.  The 
British Association for Tissue Banking for the 
United Kingdom and Australian Tissue Banking 
Association for Australia are examples of some 
of the tissue banks that are now involved in reg-
ulating harvesting and processing of allografts 
[42–44].
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11.3  Xenografts

Bone grafts transferred from other species, 
including animals, to humans are known as xeno-
grafts. Commonly used products come from 
cows, pigs, or from natural marine coral [44]. 
Tissue banks procure bone grafts from animals, 
and process them using a battery of intense phys-
ical and chemical purification methods to remove 
components that may be antigenic, and also com-
ponents that may spread infection, such as prions 
[43]. Testing of donor animals for bovine spongi-
form encephalopathy reduces the risk of disease 
transmission from bone grafts. Additionally, 
removal of the entire organic portion virtually 
eliminates the chances of prion-related infec-
tions, since prions are proteinaceous in nature. 
The remaining inorganic portion of the bone 
serves as a scaffold, within which neovascular-
ization takes place [39].

Bio-Oss®, manufactured by Geistlich, is one 
of the most commonly used xenograft materi-
als of bovine origin. Bovine bone has an inor-
ganic structure that is similar to that of human 
bone, thus favouring its osteoconductive activity. 
Additionally, inorganic bovine bone has a high 
degree of porosity, thus increasing the chances 
of osteoconductivity and angiogenesis. Other 
similar products are available from various 
manufacturers.

The combination of P-15, a synthetic cell- 
binding peptide, with a bovine-derived bone 
graft, has been shown to provide improved clini-
cal results when compared to DFDBA alone in 
the treatment of human periodontal intrabony 
defects [45]. Biocoral, on the other hand, con-
tains calcium carbonate derived from natural 
coral and is this material is resorbable. Biocoral 
has a large amount of porosity, and it does not 
cause fibrous encapsulation, thus giving it high 
osteoconductivity [46].

11.4  Alloplasts

These are synthetic or semi-synthetic inorganic 
bone graft materials. Hydroxyapatite, calcium 
phosphate, β-tricalcium phosphate, and bioactive 

glasses are the most commonly used alloplastic 
materials [43, 44]. Alloplasts are often combined 
with growth factors or antimicrobial agents to 
improve their efficacy. The addition of autografts 
in small quantities to alloplasts provides a mix-
ture with osteoinductive potential. However, this 
approach involves the harvesting of autografts, 
with the possibility of complications as discussed 
earlier.

Alloplasts with active additive agents have 
two major functions: the alloplast itself acts as 
a replacement material, while the added active 
agent helps induce bone formation, or prevents 
secondary infection [47, 48].

Bone grafts are also classified based on their 
regenerative potential, as outlined in Table 3.

12  Guided Tissue Regeneration

Periodontitis causes the loss of both the hard 
and the soft tissue of the periodontium 
(Fig.  3a). Any periodontal surgical procedure 
involves the removal of the diseased pocket 
epithelium, resulting in a surgical wound. The 

Table 3 Classification of bone grafts based on their 
regenerative potential [43, 44]

1.  Osteogenic/
osteoprolifera-
tive bone grafts

Possess osteoblasts, thus having 
the highest amount of regenerative 
potential. These would be 
considered as the gold standard 
among bone grafts

2.  Osteoinductive 
bone grafts

Possess certain molecules, which 
could induce neighbouring 
mesenchymal stem cells to convert 
into osteoblasts and thereby lay 
down bone. For example, bone 
morphogenic proteins have the 
ability to stimulate mesenchymal 
stem cells to convert them to 
osteoblasts and produce bone

3.  Osteoconductive 
bone grafts

Provide a meshwork for the 
formation of bone. These grafts 
are dense and non-resorbable. 
They act as a scaffold wherein 
bone from the adjacent area can 
form new bone. However, the 
majority of osteoconductive grafts 
are non-resorbable, so the use of 
these grafts for implant site 
development is not recommended
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surgical wound can contribute four types of 
cells for possible repair/regeneration: epithe-
lial cells, connective tissue cells, alveolar bone 
cells, and cells of the periodontal ligament 
(Fig. 3b) [49].

As discussed earlier, the repopulation of the 
defect by epithelial cells and fibroblasts results 
in the formation of an LJE, which constitutes 
repair rather than regeneration. The LJE situ-
ation remains susceptible to the recurrence of 
periodontitis. The population of the surgical 
site by alveolar bone cells results in ankylosis, 
which subsequently leads to replacement resorp-
tion, tooth mobility, and finally tooth loss. On the 
other hand, repopulation of the defect by cells of 
the periodontal ligament can result in the forma-

tion of new periodontal ligament, new bone, and 
new cementum.

Since the migratory rate of epithelial and con-
nective tissue cells is faster than that of cells of 
the periodontal ligament, periodontal regen-
eration requires specific methods to prevent the 
migration of the epithelial and connective tissue 
cells into the periodontal defect, otherwise, it will 
heal by repair and not by regeneration as desired 
[49, 50].

The concept of isolating/preventing epithe-
lial, connective tissue cells and osteoblasts (all 
of which are non-desirable cells for regeneration) 
by means of a barrier membrane, and at the same 
time guiding the periodontal ligament cells into 
the defect, results in the formation of new peri-

Placement of a barrier membrane excludes
gingival cells, connective tissue cells and
alveolar bone cells that contribute to long
junctional epithelium and ankyloses, that
constitutes repair.

Membrane also allows the selective
repopulation of the surgical defect by cells
of the periodontal ligament that can lay
down new cementum, new periodontal
ligament and new bone, that constitutes
regeneration.

2

1

3

4

4

2

1

1– epithelial cells
2 – connective tissue cells
3 – alveolar bone cells
4 – cells from periodonatal
ligament

3

Four groups of cells populate
the surgical defect following
resection of the diseased
pocket epithelium

a b

c

Fig. 3 (a) Periodontitis 
results in loss of 
supporting tissues of the 
periodontium. (b) 
Surgical excision or 
removal of the diseased 
pocket epithelium 
results in the 
repopulation of the 
surgical area by four 
groups of cells: (1) 
epithelial cells, (2) 
connective tissue cells, 
(3) alveolar bone cells, 
and (4) cells from 
periodontal ligament. (c) 
Placement of the barrier 
membrane, leading to 
cell exclusion and 
selective repopulation of 
the surgical defect
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odontal ligament, new cementum and new bone 
(Fig. 3c). This concept is known as “guided tissue 
regeneration” or GTR [50, 51].

12.1  Barrier Membranes

Various regenerative barrier membranes are used 
for the purposes of periodontal regeneration. The 
ideal barrier membrane should possess various 
properties including being nontoxic, non- 
carcinogenic, non-antigenic, and sterile. The 
membrane should be able to maintain space, so 
that it can withstand the forces of suturing, and 
the weight of the overlying flap, so that under 
normal function including masticatory forces it 
does not collapse into the periodontal defect. At 
the same time, the membrane should be suffi-
ciently flexible and easy to use, so that the clini-
cian can mould and shape the membrane to 
adapted to the particular architecture of the peri-
odontal defect that is being treated. Systematic 
reviews have shown that the use of barrier mem-
branes and bone grafts results in improved results 
compared to open flap debridement alone [51].

Membranes should be bioresorbable, as this 
eliminates the need for a second stage surgical 
procedure to remove the membrane. In cases 
where they are non-resorbable, they should be 
easily retrievable. Additionally, membranes 
should have a long shelf life, and they should be 
inexpensive. Currently, the ideal barrier mem-
brane does not exist, and the existing membranes 
that are available on the market represent a com-
promise of these various properties.

Barrier membranes are classified into either 
non-resorbable and resorbable types [52]. 
Expanded polytetrafluoroethylene (ePTFE) was 
used for the earliest work in guided tissue regen-
eration. Reinforcement of these membranes with 
a mesh or exoskeleton of very thin titanium, 
greatly improved their mechanical strength, and 
their ability to preserve the space at the surgical 
site. However, such non-resorbable membranes 
need to be removed after the initial healing period, 
necessitating additional surgical procedure, 
trauma to the tissues, and additional expenses to 
the patient [52].

Among the resorbable membranes, colla-
gen membranes have been studied extensively. 
These are biocompatible, and also somewhat 
hemostatic in nature. They possess chemostatic 
properties, allowing them to induce the migra-
tion of host cells and to facilitate primary wound 
closure. This reduces the chances of membrane 
exposure and the associated secondary infection 
of the surgical site. Their hemostatic properties 
promote the establishment of a clot and improve 
the overall stability of the wound site. However, 
collagen membranes are delicate, and they lack 
mechanical strength and therefore can collapse 
into the defect. Hence, placement of bone grafts 
beneath a collagen membrane provides improved 
clinical outcomes [53].

There are many disadvantages of using mem-
branes for periodontal regeneration. Exposure 
of the membranes leads to localized infection 
which causes failure of the procedure. Exposed 
membranes have been shown to harbour sig-
nificantly higher levels of Aggregatibacter 
actinomycetemcomitans, a bacterial species 
that produces potent leukotoxins, resulting in 
worse clinical outcomes. Membranes must be 
placed in areas with sufficient soft tissue, to 
ensure complete coverage of the membrane. In 
larger defects, placement of membranes without 
underlying bone grafts may result in the col-
lapse of the membrane [54].

As well as these available materials for peri-
odontal regeneration, enamel matrix proteins 
have become an important addition to the arma-
mentarium for guided tissue regeneration in 
recent years. Before the formation of cementum, 
a thin layer of enamel matrix proteins, known 
as amelogenins, is deposited onto the root sur-
face. This layer of enamel matrix proteins plays 
a vital role in the formation of cementum, as they 
initiate differentiation of periodontal ligament 
cells into cementoblasts. Following the isolation 
of enamel matrix proteins from various animal 
and human sources, they have been investigated 
extensively. The use of enamel matrix proteins 
or amelogenins enhances the formation of peri-
odontal tissues in osseous defects. Enamel matrix 
proteins have been widely used alone and combi-
nation with other materials [55].
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13  Periodontal Plastic Surgery

“Periodontal (and peri-implant) plastic surgery 
encompasses the surgical procedures performed 
to prevent or correct anatomical, developmental, 
traumatic or disease-induced defects of the mas-
ticatory mucosa (gingiva), lining mucosa (alveo-
lar mucosa) or bone” [56]. Clinicians need to 
consider the thickness of the gingival tissue dur-
ing the planning of periodontal plastic surgeries, 
taking into account a phenomenon termed as 
“periodontal phenotype,” previously known as 
the periodontal biotype [57].

Patients with thin friable gingival tissue, a min-
imal amount of attached gingiva, thin underlying 
alveolar bone and long, narrow, conical crowns 
are known as having “thin periodontal phenotype.” 
This tissue is more prone to gingival recession and 
interdental papilla loss, which results in poorer 
clinical outcomes after periodontal operations.

Patients with thick fibrotic gingival tissue, 
wide zones of attached gingiva, thick underlying 
alveolar bone and short-wide crowns are consid-
ered to have a “thick periodontal phenotype.” This 
gingival tissue type is resistant to gingival reces-
sion and provides better clinical outcomes follow-
ing periodontal plastic surgical procedures [58]. 
Placement of soft tissue grafts can convert a thin 
periodontal phenotype to a thick periodontal phe-

notype [59]. Figure  4 lists the major differences 
between thin and thick periodontal phenotype.

Soft tissue defects include gingival recession, 
interdental papilla loss, and mucogingival defor-
mities. These defects can be treated, with several 
options available including autografts, allografts, 
and xenografts.

Autografts include a lateral pedicle flap, free 
gingival grafts, and sub-epithelial connective tis-
sue grafts. Free gingival grafts are easier to har-
vest, however, they result in a colour mismatch 
between the grafted site and the adjacent tissues. 
Sub-epithelial connective tissue grafts are con-
sidered as the gold standard among soft tissue 
grafts [60].

For the treatment of periodontal soft tissue 
defects, gingival tissue can be harvested from 
the hard palate [61]. However, these procedures 
are technique sensitive and can result in a num-
ber of postoperative complications including 
pain, bleeding from the palate, exposure of the 
underlying bone and its necrosis, paresthesia, 
and permanent anesthesia due to damage to the 
greater palatine nerve [62]. Periodontal dressings 
are placed in the palate to protect the donor site 
and held in place by an acrylic stent that must be 
worn by the patient during the immediate postop-
erative period to retain the dressing. Additionally, 
in some individuals, autografts harvested from 

Thick periodontal phenotype Thin periodontal phenotype

• Thin frible gingival tissues
• Long, narrow, conical
 crowns
• Minimal amount of
 attached gingiva
• Thin underlying alveolar
 bone
• Prone to gingival recesion
 and interdental papilla
 loss

• Thick fibrotic gingival
 tissues
• Short, wide crowns
• Adequate amount of
 attached gingiva
• Thick underlying alveolar
 bone
• Resistant to gingival
 recession and interdental
 papilla loss

Fig. 4 Differences 
between thick and thin 
periodontal phenotypes 
[61] (Courtesy of Dr. 
Aya Alali and Dr. Salah 
Mortaja from the 
University of 
Queensland School of 
Dentistry, Australia)

Regenerative Approaches in Periodontics



116

the palate do not have an adequate thickness of 
tissue.

Because the majority of these complications 
are related to the creation of a second surgical 

site while harvesting the graft, various techniques 
have been developed to avoid the need for a sec-
ond surgical site. Such options include allografts 
and xenografts. Table 4 lists the various soft tis-

Table 4 Various soft tissue grafts, their sources, advantages, and disadvantages [63]

Name of the 
graft

Type of 
graft Source Advantages Disadvantages

Lateral pedicle 
flap

Autograft Gingiva from adjacent 
teeth

Technique sensitive Adjacent area may have an 
inadequate amount of tissue, so the 
technique can be used in very 
limited instances

Sub-epithelial 
connective 
tissue grafts

Autograft Palatal mucosa, rarely 
from retromolar pad and 
adjacent edentulous site

Considered as the 
gold standard 
among soft tissue 
grafts.
Can be harvested 
from the palate, so 
is economical

Creates a second surgical site with 
related possible complications 
including: impaired wound healing, 
severe pain, necrosis of the bone, 
profuse bleeding from the palate, 
paresthesia, and permanent 
anesthesia of the palate

Free gingival/
epithelial 
grafts

Autograft Palatal mucosa, rarely 
from retromolar pad and 
adjacent edentulous site

Can be harvested 
from the palate, so 
is economical

Similar disadvantages associated 
with harvesting donor graft from the 
second surgical site, as mentioned 
above.
Mismatch in the color between the 
grafted area and normal gingival 
tissue.
Donor site heals by secondary 
intention, so donor site is painful for 
long period

Alloderm® 
regenerative 
tissue matrix

Allograft Tissue banks obtain 
tissue from the skin of 
donated human 
cadavers. Following 
thorough processing, 
antigenicity is removed 
to prevent transmission 
of virus and infections

Will be useful in 
multiple recession 
defects wherein 
more quantity is 
essential.
Correction of cancer 
surgeries.
Correction and 
repair of burn 
injuries.
Used instead of 
autografts

Expensive

MucomatrixX® Xenograft Consists of collagen and 
elastin derived from 
animal tissue, to remove 
all antigenic properties

Provides a stable 
three-dimensional 
matrix consisting of 
collagen and elastin

Expensive

Mucograft® 
collagen 
matrix

Xenograft
Porcine 
origin

Consists of pure porcine 
collagen, following 
sterilization and 
processing, to remove 
prion-related infections

The product 
contains pure 
collagen

Expensive

Platelet-rich 
fibrin (PRF)

Autologous PRF is obtained by 
autologous means and is 
compressed as a 
membrane

Preparation is easy 
with a simple 
centrifuge machine 
and is inexpensive.
Contains growth 
factors that assist in 
the regeneration

PRF membranes are thin, so suturing 
may lead to tear of the membrane
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sue graft options, with their relevant advantages 
and disadvantages [63].

14  Concept of Periodontal 
Tissue Engineering

As discussed in the introduction, the periodon-
tium and the tooth form a highly developed func-
tional structure [64, 65]. Periodontal diseases 
(such as gingivitis and periodontitis) are one of 
the most common inflammatory diseases seen in 
adults, and they cause high financial costs for 
their direct treatment [2].

Advance periodontitis can cause numerous 
problems such as increased mobility and loss 
of teeth, aesthetic problems, halitosis, and loss 
of masticatory efficiency, leading to changes 
in the diet and in food selection. When one 
takes into consideration the cumulative effect 
of untreated periodontitis on systemic health 
conditions, such as diabetes, periodontal dis-
ease is the oral disease that has potentially the 
most negative impact on the quality of life of an 
individual [66].

In line with developments in technology and 
science, periodontal treatment has also changed 
over time. In the early stages of periodontology, 
non-surgical and surgical treatment was directed 
towards removing the biofilm and the tissue that 
was thought to be infected. Subsequent histologi-
cal examinations of these interventions led to a 
better understanding of periodontal regeneration. 
It soon became apparent that traditional closed 
debridement allowed epithelial cells to migrate to 
the root surface, reaching this before other cell 
types, and thus providing by creating a long junc-
tional epithelium. Using this traditional approach 
meant that full regeneration of periodontal tis-
sues could not be achieved [67].

Once the concept of guided tissue regeneration 
(GTR) had been developed, and begin to be used 
more widely as a surgical procedure for regen-
eration of the periodontium, it was realized that 
preventing epithelial cell migration using barrier 
membranes was only one of the first parts of the 
overall solution. Later work showed the impor-
tance of bone substitutes, root surface deminer-

alization procedures, and the need to combine 
tissue regeneration protocols with periodontal 
treatment [68]. The sequential development of 
the concepts is shown in Fig. 5.

The term periodontology and tissue engineer-
ing were used together for the first time about 20 
years ago [68, 69]. Modern periodontal tissue 
engineering targets the treatment of damaged 
periodontium using cells, bioactive molecules, 
and scaffolds together, in various combinations 
to achieve periodontal regeneration [65].

14.1  Stem Cells and Cell Sheet 
Technology

The concept of tissue engineering for periodontal 
regeneration can be classified into scaffold-free 
or scaffold-based approaches, depending on 
whether biomaterials are used or not. In the 
scaffold- free concept, cells can be placed directly 
into a periodontal defect without a cell carrier. 
This regenerative approach, which includes a 
single stem cell type or a combination of stem 
cell types, is called “cell sheet” technology [8, 
70–72].

Iwaka et  al. stated that according to the cell 
sheet engineering principle, at 37 °C cells adhere 
to and proliferate on the surface of a temperature- 
sensitive polymer comfortably, because the 
polymer is anhydrous and compact at this tem-
perature. At temperatures below 32 °C, layers of 
cells with extracellular matrix proteins are spon-
taneously separated from the temperature-sensi-
tive polymer [73]. This approach to release the 
cell sheets from the culture flask without the need 
to use any enzymes or other chemicals opened up 
a broader research field.

Periodontal ligament stem cells (PDLSCs), 
bone marrow-derived mesenchymal stem cells 
(MSCs), dental pulp stem cells (DPSCs) and 
fat- derived stem cells (ADSCs) have been inves-
tigated to determine their ability to induce peri-
odontal regeneration [70–72]. There are now 
several studies showing promising results for 
the application of cell sheets in various in vivo 
models. Raju et  al. recently reported successful 
in vivo periodontal regeneration, in a large peri-
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odontal defect, fabricating a three-dimensional 
cell sheet, including a bone-ligament component, 
by layering together periodontal ligament cells 
and osteoblast-like cells [74].

Despite the enormous promise of the cell sheet 
approach, the use of robotic systems for sterile 
cell culture in the transplantation of allogeneic 
frozen cells significantly increases the cost of 
cell therapies, limiting the widespread use of this 
technology [73, 75].

14.2  Biomaterials for Periodontal 
Tissue Engineering

In periodontal tissue engineering, various bioma-
terials with different targets can be used alone or 
in combinations. As discussed earlier, while those 
materials with relatively high mechanical strength, 
such as hydroxyapatite (HA), are used for filling 

defects in cases involving the regeneration of 
alveolar bone and cementum, softer polymeric 
materials, such as collagen, which have relatively 
low mechanical strength, are used for periodontal 
ligament and gingiva regeneration [8].

Ceramic biomaterials are used particularly 
in hard tissue engineering, due to their similar 
structures and chemical composition. HA, cal-
cium phosphate (CaP), calcium sulfate [9], and 
bioactive glass (BG) are the most extensively 
researched bioceramics in periodontal regenera-
tion [69].

HA was one of the first biomaterials used in 
periodontal tissue engineering. It can be derived 
from natural bovine bone or used as a pure syn-
thetic material [76]. Besides their advantages 
such as slow degradation, and their ability to 
stimulate and enhance the proliferation of osteo-
blasts, bioceramics also have disadvantages, such 
as fragility and low bioactivity [69, 76].

1950

-Elimination of bacterial plaque
-Resective surgery
-Grafting materials Root surface

conditioning

1st generation GTR
membranes (i.e.
non-resorbable)

3rd generation GTR
membranes (i.e.
bioguiding)

2nd generation
GTR membranes
(i.e. resorbable)

First additively
manufactured
scaffold applied
in human

Bioactive
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(e.g EMD)
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Cell sheet
technology
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Fused deposition modeled tissue
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  techniques
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Fig. 5 Reflection on historical developments in tissue 
engineering and additive manufacturing to periodontal 
regenerative therapy. In the past 20 years, applications in 

the periodontology field of tissue engineering have 
focused on enabling regeneration [69]
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Polymers used in periodontal tissue engineer-
ing are divided into two groups: synthetic poly-
mers and natural polymers. Synthetic polymers 
such as polylactic acid (PLA), polycaprolactone 
(PCL), copolymer poly lactic-co-glycolic acid 
(PLGA) and polyglycolic acid (PGA) have prop-
erties that be adjusted readily, and they can be 
manufactured with impeccable repeatability. 
Nevertheless, during the printing process of syn-
thetic polymers, they pass through stages that are 
inherently harmful to the viability of cells, such 
as high temperature. These procedures com-
plicate attempts to combine cells and polymers 
[69]. Natural polymers include biomaterials such 
as albumin, hyaluronic acid, cellulose, chitosan, 
and collagen [76].

These various biomaterials can be altered 
or unified into composite materials to create a 
suitable microenvironment and used in scaf-
folding systems to induce periodontal regenera-
tion. However, complete imitation of the unique 
architecture of the periodontium remains chal-
lenging, even with currently available bioma-
terials, and this area still requires much further 
research [8].

14.3  Scaffolds

The ideal scaffold used in tissue engineering 
should prevent the collapse of the site during 
wound healing; it should promote the ingrowth 
of cells and blood vessels, and be easy to man-
age. The main aspects of scaffolds include their 
morphology (including porosity), mechanical 
strength, and chemical composition. The lat-
ter affects their rate of degradation [4, 77–79]. 
Manufacturing technologies, such as three- 
dimensional (3D) printing, provide precise 
control over the architectural and dimensional 
aspects of scaffolds, to ensure that they are con-
ducive for reproducing the unique structure of 
periodontium [80].

Scaffolds for use in periodontal regenera-
tion are inspired by guided tissue regeneration. 
Specially designed biomaterial scaffolds protect 
the surgical site and promote the formation of 
periodontal tissues during healing [3].

Scaffolds for periodontal tissue engineering 
can be monophasic or multiphasic. In mono-
phasic scaffolds, the cells are encapsulated in 
various hydrogels, or they are planted on carrier 
scaffolds and then placed in periodontal defects. 
During wound healing, monophasic scaffolds 
play a protective role in maintaining the shape of 
the periodontal defect, and transporting the nec-
essary cells as a carrier. Another role of mono-
phasic scaffolds in periodontal regeneration is 
to protect the wound area against the challenge 
of bacterial infection from the oral environment, 
for example, by releasing antibacterial agents. 
Furthermore, monophasic scaffolds can be used 
to deliver growth factors to the defect region [3, 
77]. Although monophasic scaffold technology is 
theoretically a simple concept, such scaffolds can 
be utilized for many purposes, by using different 
combinations of biomaterials and cell types [14].

The periodontium has a unique layout and 
contains many different structures, cells, and 
tissues. In order to perform periodontal regen-
eration successfully, each sub-tissue group that 
constitutes the periodontium must create coordi-
nated sub-regenerations within a certain sequence 
(Fig. 6). One of the most important developments 
in periodontal tissue engineering is to emulate 
this complex regeneration system, by designing 
multiphasic scaffolds, each representing a differ-
ent periodontium tissue [14].

In periodontal regeneration, multiphasic scaf-
folds mainly target the regeneration of soft-hard 
tissue interfaces, that is, between the alveolar 
bone and periodontal ligament, and between the 
periodontal ligament and the cementum. Thus 
far, biphasic and triphasic scaffolds have been 
introduced to periodontal tissue engineering [77].

Park et  al. reported the usage of a biphasic 
scaffold, produced with polyglycolic acid for 
the bone phase and polycaprolactone for the 
periodontal ligament phase [81]. Following this 
study, the same technique was tested in vivo in 
a periodontal defect model. Perpendicularly 
oriented microchannels guided the periodontal 
fibers [82].

Lee et al. fabricated a scaffold from a mixture 
of PCL and hydroxyapatite (90%/10%), and used 
this to create a triphasic scaffold. These three 
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compartments consisted of 100 μm, 600 μm and 
300 μm microchannel architecture, representing 
the cementum-dentine interface, the periodon-
tal ligament, and the alveolar bone respectively. 
In this study, distinctive tissue phenotypes were 
formed after 4  weeks of separate in  vitro incu-
bation with periodontal ligament stem cells 
(PDLSCs), alveolar bone stem cells (ABSCs) or 
dental pulp stem cells (DPSCs). PDLSCs made 
up tissues that were rich in collagen I, while 
mineralized tissues were produced by DPSCs, 
PDLSCs, and ABSCs. This approach is a promis-
ing strategy for complete periodontal regenera-
tion involving different tissue types [83].

14.4  Growth Factors

Growth factors are proteins that direct cellular 
behaviour in the relevant tissue, during physio-
logical remodelling. In order to fulfill their duties, 
they must be released to the region at specific 
times and in sufficient doses. They can be deliv-
ered to the site directly, from cells, or transported 
there by a carrier. To date, growth factors that 
have been used for periodontal regeneration 

include bone morphogenic proteins, enamel 
matrix derivatives, vascular endothelial growth 
factor, platelet-derived growth factor, transform-
ing growth factor and fibroblast growth factor 
[65].

Enamal Matrix Derivatives
The main component of Enamal Matrix 
Derivative (EMD) is amelogenin. Amelogenin 
is a unique extracellular matrix protein that 
directs mineralization of the enamel. It stimu-
lates new bone formation and wound healing, 
when used under appropriate physiological con-
ditions. There are studies showing that EMD 
can mimic odontogenesis and promote the stim-
ulation of cementoblasts on the root surface [4, 
55, 84].

The largest controversy around EMD is 
regarding the gel structure of the material, and 
whether or not it will remain in the wound envi-
ronment after surgery. However, immunohisto-
chemical evaluations have shown that EMD does 
continue to stay on the root surface for some 
4 weeks after application. EMD is commercially 
available for clinical usage (Emdogain®) in more 
than 100 countries [84, 85].
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+

Fig. 6 Different approaches used in modern periodontal tissue engineering. Various combinations of cells, biomaterials 
and bioactive molecules can be the key to achieve complex periodontal regeneration in the future [8]
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Bone Morphogenic Proteins
Bone Morphogenic Proteins (BMPs) cover more 
than 20 growth and differentiation factors. These 
proteins are also members of the TGF-β super-
family [11]. BMPs, along with their receptors, 
have been proven to exist in periodontal tissues. 
Due to the potential use of BMPs to improve 
periodontal wound healing and regeneration, 
most research has been done on BMP-2, BMP-7, 
and BMP-3. The United States, Food and Drug 
Administration (FDA) approved the use of 
BMP-2 for maxillary sinus augmentation and 
localized ridge augmentation. Animals studies 
using BMP-2  in alveolar ridge augmentation 
have provided promising results [65].

Fibroblast Growth Factor-2
Fibroblast Growth Factor-2 (FGF-2) has been 
investigated for periodontal treatment due to its 
angiogenic and mitogenic effects in wound heal-
ing. FGF-2 increases the proliferation of fibro-
blasts. Additionally, it increases the release of 
osteoblast differentiation factors, thus accelerat-
ing bone formation. This protein has been 
approved for use in Asia and in the USA for peri-
odontal clinical research [86].

Platelet-Derived Growth Factor
Platelet-Derived Growth Factor (PDGF) is argu-
ably the most well-researched growth factor in 
dentistry and it plays an important role in wound 
healing. PDGF is chemotactic for periodontal 
ligament cells, causing them to migrate into the 
defect area. Additionally, PDGF enhances fibro-
blast proliferation and collagen synthesis. PDGF 
has several isotypes (AA, AB, BB). Recombinant 
human PDGF isotype BB (rh PDGF-BB) is avail-
able commercially in the United States for use in 
periodontal therapy [4, 87].

15  Soft Tissue Engineering

The simultaneous exposure of the root surface in 
the oral cavity and the apical relocation of the 
gingival margin from the cemento-enamel junc-
tion constitutes gingival recession. In most cases, 
there is resorption of buccal alveolar bone. While 

GTR techniques were used initially to treat gingi-
val recession, it became clear that this approach 
had numerous limitations in thin phenotype cases 
and in Miller type 1 situations [88, 89].

As discussed earlier, the total renewal of the 
periodontium involves the regeneration of both 
soft and hard tissues. Surgical applications that 
aim to achieve only the regeneration of soft tis-
sues can be performed for cases of gingival 
recession and mucogingival defects where there 
are keratinized tissue deficiencies [88, 90], to 
address problems with aesthetics and cervical 
dentinal hypersensitivity due to the exposure of 
the root surface in the oral cavity [89]. For muco-
gingival surgical procedures, autogenous grafts 
(free gingival grafts and connective tissue grafts) 
remain the “gold standard,” even though both 
have drawbacks including the necessity for a sec-
ondary surgical procedure at the donor site a risk 
of postoperative complications such as paraes-
thesia and hemorrhage, and the limited amount 
of material that can be harvested.

There is a wide range of biomaterials on the 
market, designed for use with different technolo-
gies for mucogingival applications. These bio-
materials may be allogenic (e.g., AlloDerm®), 
xenogeneic (e.g., Mucograft®), or tissue engi-
neering materials (e.g., living cell constructs). 
Only Alloderm and Mucograft have been exam-
ined extensively. Both have been relatively suc-
cessful as alternatives to autogenous grafts for 
mucogingival surgery [90].

In past years, various biomaterials have been 
used in periodontal regenerative medicine as a 
connective tissue scaffold, involving various tis-
sue culturing techniques and tissue engineering 
approaches. Recent tissue engineering research 
has investigated the possibility of using synthetic 
biomaterials with live-cell constructs as an alter-
native to autografts for mucogingival surgery 
[91]. However, the performance of live cell con-
structs has not yet been fully explored in human 
trials. Live cell constructs have been assumed 
to improve the wound environment through 
wound coverage, growth factor interactions, and 
enhanced matrix accumulation [92], however 
such mechanism remains largely speculative at 
present.
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16  Challenges in Periodontal 
Regenerative Therapies

One of the most thought-provoking points regard-
ing clinical applications of regenerative peri-
odontal medicine is the various limitations. To 
achieve optimal outcomes, every clinician should 
appreciate the challenges, contraindications, and 
limitations related to the technique being used, 
and the patient and site that the technique is being 
used on [11].

16.1  Variables Influencing 
Periodontal Regeneration

Predictable regeneration of periodontal tissues 
remains as a major challenge. Anatomically, the 
periodontium is a combination of hard and soft tis-
sues. The hard tissue compartment consists of 
alveolar bone and root cementum, whereas the soft 
tissue compartment consists of the periodontal 
ligament and the gingiva [14]. A range of regen-
erative approaches have been developed to regen-
erate the periodontium, including GTR, bioactive 
molecules, bone grafts, soft tissue grafts, and tis-
sue engineering. The results of these diverse appli-
cations are still not predictable [93–97].

On the other hand, the progress of periodontal 
regenerative medicine has been increasing year by 
year, with many recently invented materials and 
techniques. All bioactive materials also need pro-
genitor cells to fulfill their purpose. The various pro-
genitor cells (pre-fibroblasts, pre- cementoblasts, 
and pre-osteoblasts) must first migrate to the defect 
site, proliferate, and then mature into functional 
periodontium tissues, in the correct sequence. The 
success of this depends on the presence of suitable 
growth factors and the control of the progenitor cell 
gene expression [98, 99].

From this standpoint, it can be concluded that 
periodontal regeneration depends on the follow-
ing variables:

 (a) A sufficient supply of suitable progenitor 
cells, with the ability for polarization into the 
required mature tissue-forming phenotypes 
(fibroblasts, cementoblasts, and osteoblasts).

 (b) An adequate cavity or space for regeneration 
of the tissues to take place, which is main-
tained by a physiological or therapeutically 
placed biomaterial.

 (c) The proper signals to coordinate cellular 
polarization and tissue maturation [11].

In addition to these variables, patient factors 
(systemic factors, personal habits), selecting 
the appropriate surgical technique, local factors 
(tooth type and defect type) and the surgeon’s 
experience also influence the outcomes. All these 
variables must be considered together during 
the planning of periodontal regeneration therapy 
[100].

16.2  Patient-Related Factors

Patient-related variables that affect the outcome 
of periodontal regenerative approaches include 
oral hygiene habits, systemic conditions, and 
smoking. As well, variables such as age, genetics, 
and stress have been suggested to have negative 
effects on periodontal regenerative therapy, but 
there is not sufficient scientific data at present to 
support this.

During the first few weeks after initial peri-
odontal therapy, observing a patient’s compliance 
and motivation in regards to changing personal 
habits is highly informative [100]. If the patient 
manages to perform satisfactory oral hygiene, 
this provides some optimism, since poor plaque 
control will hinder all regenerative periodontal 
processes. Many studies have demonstrated the 
value of professional maintenance and high stan-
dards of plaque control, both for non- surgical 
conservative periodontal approaches, as well as 
periodontal surgery, to maintain gains in clinical 
attachment and to reduce probing depths over the 
long term [100, 101].

Smoking is a substantial modifying factor 
for periodontal disease [102]. It impairs wound 
healing after surgical therapy and after non-
surgical treatment [103, 104]. During wound 
healing, smoking reduces fibroblast cell attach-
ment and blood flow through the tissues [105]. 
Smokers have worse periodontal inflammatory 
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conditions compared to non-smokers [106–108]. 
Furthermore, smoking causes worse clinical out-
comes from regenerative periodontal treatment 
[102, 109], with less gain of alveolar bone in 
periodontal defects [110–114].

Other patient factors include systemic health. 
It is now recognized that there is a complex inter-
play between oral health, periodontal health, and 
systemic health. The concept of “periodontal 
medicine” is well researched, with various asso-
ciations (mostly due to common risk factors) 
between periodontal health and 57 different sys-
temic conditions (including in descending order of 
importance diabetes mellitus, pregnancy, rheuma-
toid arthritis, respiratory diseases, cardiovascular 
diseases, psoriasis, and chronic kidney diseases). 
The periodontium can be an important aspect of 
the total body burden of infection [115], however, 
effects of periodontal treatment on the progression 
of these systemic conditions has yet to be clearly 
documented. One notable exception is diabetes 
mellitus, which has a bidirectional relationship 
with uncontrolled periodontitis. There is a higher 
prevalence and greater severity of periodontal dis-
ease in poorly controlled diabetic patients than in 
individuals without diabetes [116–118].

16.3  Surgical Technique

Periodontal intrabony defects vary in topography 
from wide to narrow and very deep to shallow. 
Most surgical periodontal protocols are effective 
in the treatment of intrabony 1, 2 and 3 wall 
defects or a combination of them [33]. Appropriate 
surgical techniques and materials selection are 
important. Surgical approaches that use a papilla 
preservation flap design, and suture techniques 
that ensure tissue integrity, stability, and primary 
closure of tissues, are associated with better 
regenerative results [119–121]. In 2019, a meta- 
analysis reported that papilla preservation flaps 
improve the clinical outcome of regeneration 
procedures and should be considered a surgical 
pre-requisite [122].

The selection of the correct material in peri-
odontal regenerative therapy is equally as impor-
tant as choosing the correct surgical technique. 

However, even with the proper material, com-
plications can still occur, such as membrane 
exposure after surgical intervention. Exposure 
of the membrane negatively affects the outcome 
of regenerative surgical procedures, especially 
when it is related to a non-resorbable membrane.

This has led to the design of modified surgi-
cal approaches to maintain interdental periodon-
tal tissues and reduce the chances of membrane 
exposure [123, 124]. Cortellini et al. demonstrated 
that the prevalence of membrane exposure could 
be decreased with the utilization of specifically 
designed flaps that protect the interdental tissues by 
using the modified papilla preservation technique 
[119, 121, 125]. Numerous studies have dem-
onstrated that membranes that become exposed 
to the oral area are readily infected with bacte-
ria, and this bacterial contamination (whether of 
non-resorbable or resorbable membranes) lowers 
attachment gains in intrabony defects [126–130].

Better periodontal regenerative results can 
be achieved if the patient is worked up with a 
meticulous pre-surgical examination, to explore 
the anatomy of the defect, the interdental space, 
and determine which type of material is going to 
be used [131]. A multicenter randomized study 
has shown that shallow and deep bone defects 
are likely to give similar regenerative outcomes 
[132]. However, each patient has their unique 
characteristics, and each defect is unique. No one 
periodontal regenerative protocol can address all 
possible defects by itself. Consequently, there 
must be a clinical decision pathway that leads 
the surgeon to select the best surgical approach 
for periodontal regeneration of each individual 
defect [33, 34].

16.4  Local Factors

The defect and the tooth condition have an impor-
tant impact on the success of periodontal regen-
eration locally. These aspects should be evaluated 
clinically and radiographically.

Defect Factors
The predictability of periodontal regenerative 
therapy is influenced by the local anatomy and 
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the nature of the periodontal defect. Tonetti et al. 
showed that intrabony periodontal defects deeper 
than 3 mm show superior probing attachment and 
alveolar bone gain, than shallow defects after 
GTR [133]. Tonetti et  al. also reported that the 
morphology of the defect can influence the 
results, with greater regeneration of deep, narrow 
defects with more remaining bone walls [133, 
134]. In a different study, Tonetti et  al. showed 
that better regeneration was achieved in non- 
smokers and for intrabony defects with three 
walls [135].

Tooth Factors
Endodontic status and tooth mobility are potential 
factors of interest. Ehnevid et  al. demonstrated 
that inadequately treated and endodontically 
compromised teeth respond less favorably to 
periodontal regenerative approaches [136, 137]. 
On the other hand, when performed precisely, 
endodontic therapy does not impact the healing 
outcome and the long-term results when treating 
deep intrabony periodontal defects with regen-
erative protocols [138].

According to a multicenter clinical trial, 
greater tooth mobility is related to worse clinical 
outcomes for periodontal regenerative protocols 
[120]. In particularly, Miller grade III mobility 
adversely affects the outcomes. However, teeth 
with mobility lower than 1 mm horizontally can 
successfully be treated with periodontal regen-
erative protocols [139].

Aside from these various factors, there is one 
further very important factor that has a strong 
impact on the outcomes of regenerative therapy: 
operator experience. Predictable clinical out-
comes require meticulous diagnosis and treat-
ment, hence the clinical skills of the operator 
influence the success of periodontal regenerative 
treatments [131, 140].

17  Future of Regenerative 
Periodontics: What Is Next?

Current developments in the field of regenerative 
periodontology are exciting. While many tech-
niques in tissue engineering have produced 

promising results from in vitro and in vivo stud-
ies, few methods have been applied to humans. In 
2015, Rasperini et  al. reported the first human 
case of surgical treatment of a periodontal defect 
with a 3D printed scaffold. A customized 3D 
laser sintered approach was used in the produc-
tion of this scaffold, which incorporated PCL and 
a combination of HA powders. The scaffold was 
used to treat a very large periodontal defect. It did 
not cause any inflammatory reaction in the first 
6 months. However, due to exposure of the scaf-
fold after 12 months, it was found to be clinically 
inadequate [141].

One of the most important developments 
in biological fabrication is the production of a 
whole tissue or organ by utilizing bioprinting 
techniques. The goal of biological printing is to 
build a particular tissue or a whole organ by using 
the living cells of the individual, placed in an 
extracellular matrix environment. Improvements 
in biological printing have led to progress in 
some branches of medicine, whereas the bio-
logical production of oral tissues using the same 
method is still in its early stages.

Raveendran et  al. reported an optimization 
study involving the 3D bioprinting of periodon-
tal ligament cells, where a gelatin methacry-
loyl hydrogel (GelMA) was used as the carrier. 
Various parameters such as the concentration 
of the hydrogel, the printing pressure, and the 
 aperture of the needle used for printing influ-
enced the resolution and dimensional stability of 
the bioprinting process [80].

Gene therapy, on the other hand, had led to 
new approaches to treat hereditary dental dis-
eases [4]. Gene therapy usually involves placing 
relevant genes in an individual’s cells to achieve 
an increase in the release of a specific growth 
factor. Gene therapy can be performed by two 
methods. In the first method, the gene vector is 
placed directly into the target region (in vivo). 
Alternatively, in a second approach, the selected 
cells are harvested, expanded, and then geneti-
cally transduced, for example, using an adenovi-
rus vector or another vector (ex vivo) [142].

Although gene therapy is a promising method, 
it is debatable whether the use of adenovirus for 
this purpose is safe [143]. Variations in immune 
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responses to gene therapy may also expose prob-
lems. However, the approach of stimulating the 
genes of the cells towards targeted tissue regen-
eration may emerge as a very important treatment 
alternative in the future, not only in periodontol-
ogy, but in other disciplines [4, 143].

As discussed earlier, the combined use of 
growth factors and 3D scaffolds with biologi-
cal materials for periodontal regeneration is one 
of the most important developments in tissue 
engineering. However, the biomolecules used in 
the production of growth factors are expensive, 
and the production of 3D scaffolds is a highly 
demanding process. Furthermore, even the use 
of a low dose of biomolecules can cause side 
effects in some individuals. These reasons make 
it difficult for innovative regenerative treat-
ment protocols to be accessible for everyday 
clinical usage [75]. However, various research 
groups from all around the world are working 
to make these protocols more user-friendly for 
clinicians.

18  Conclusion

The ultimate goal of periodontal regenerative 
medicine is to prevent tooth loss by reproducing 
the supporting tissue of the tooth. Regenerative 
treatment with the combination of available sur-
gical techniques and materials is generally lim-
ited to defined types of periodontal defects. 
Periodontium regeneration must rest on a solid 
biological rationale, histological evidence, as 
well as evidence of achieving the desired clinical 
outcomes [144].

Recent developments have combined cells, 
appropriate biomaterials, and growth factors for 
periodontal regeneration. There have been many 
other positive developments in the regeneration 
of complex alveolar bone defects. Techniques 
for the production and design of scaffolds are 
becoming more predictable [3].

It is an extremely difficult task to completely 
renew periodontal tissues, both functionally and 
morphologically. Current scientific studies state 
that any single regenerative approach is unlikely 
to be successful for every purpose. A key point 

is that migration of soft tissue into the periodon-
tal defect should be prevented, and appropriate 
pioneering signals should be released. Therefore, 
the use of multiple layer manufacturing systems 
for tissue engineering seems to hold the greatest 
promise [145].

Any regenerative approaches must ensure 
effective control of local infections caused by 
microbial pathogens during healing. Therefore, a 
suitable strategy must consider how best to limit 
bacterial growth, [4] and ensure that patient’s 
maintain good levels of plaque control. Clinical 
improvements after regenerative therapy can be 
maintained for a long period of time, in most 
treated areas, if patients do not smoke and con-
tinue to maintain high standards of oral hygiene 
[89]. A further factor that influences outcomes is 
the surgeon’s ability to choose and then apply the 
best surgical technique, based on patient-specific 
and region-specific criteria.

New periodontal regenerative approaches 
seem promising for the transition to clinical prac-
tice in the not too distant future. Each method 
that has been successful in in vitro approaches, 
however, needs to be tested extensively in  vivo 
in animal models and then in human clinical tri-
als. Any biological products that are to be used in 
daily treatments must be free of pathogens and 
of high quality and meet the required regulatory 
approvals.
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Regeneration for Implant 
Dentistry
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1  Guided Bone Regeneration

The concept of incorporating titanium implants 
into a prepared socket, that can then integrate 
with the surrounding bone, has revolutionised the 
concept of oral rehabilitation, and this has led to 
numerous treatment modalities for patients 
affected by complete or partial edentulism. Prior 
to implant placement, bone width and height, and 
the location of surrounding nerves and blood ves-
sels must be examined, to ensure a healthy envi-
ronment for osteogenesis around the implant. For 
rigid fixation of the implant, the dimensions of 
the surrounding bone are critical. In a number of 
conditions, these dimensions are inadequate, for 
example because of periodontal diseases or ana-
tomical discrepancies. To rectify the problem, 
many studies have been carried out over the past 
three decades, although each approach has its 
own pros and cons.

The strategies that have been proposed include 
inlay/onlay bone graft techniques, distraction 
osteogenesis, and guided bone regeneration, 
with the common aim of establishing sufficient 
bone volume around the implant, thereby re- 
establishing bone integrity to sustain an adequate 
functional load and to regain aesthetics. Amongst 
all the methods that have been used to increase 

bone dimensions, guided bone regeneration 
(GBR) is the most commonly used method for 
the reconstruction of alveolar bone. The basic 
principle of this method is to selectively allow 
osteoprogenitor cells (stem cells) to differentiate 
into osteoblasts, controlling the local environ-
ment using a membrane, to promote osteogenesis 
under a controlled environment [1].

The ideal properties required in a barrier 
membrane are high biocompatibility, positive 
cell occlusivity, controlled space maintenance, 
and adequate mechanical and physical sustain-
ability. The long term stability and success of an 
implant increases when GBR is used [2]. Short- 
term studies reveal implant placement with GBR 
or without GBR show similar success in bone 
growth around the implant (both horizontally and 
vertically).

GBR provides a positive support for implants 
to integrate at a desired site, although the major 
challenge here is to overcome the challenges of 
native bone, such as the configuration of the 
residual bone and the severity of bone loss in the 
specific individual [3]. Regaining bone dimen-
sion is possible by using advanced techniques 
and materials to initiate bone growth right from 
the molecular level. Attaining a good bone height 
and then maintaining the same is the more diffi-
cult part of the whole process. Any bone defect 
≥4 mm normally requires the use of an autolo-
gous bone block graft to regain the lost bone 
height.
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Several techniques lack long-term clinical 
documentation, making it challenging to com-
pare the effectiveness of individual techniques, 
due to the frequent combination with particulate 
bone and the use of non-resorbable/absorbable 
membranes. Clinically, it is convenient to place a 
resorbable membrane for GBR and secure its 
positive outcomes, hence many studies have 
focussed on the benefits of the resorbable mem-
brane technique. Technically, non-resorbable 
membranes tend to give a superior outcome in 
regaining bone. Such non-resorbable membranes 
have to be removed once its purpose is served, 
thereby complicating the overall process with a 
second surgical procedure [1].

1.1  Membranes

The membrane is the most important part of the 
GBR technique as it holds the material in place, 
allows the bone to grow, prevents contamination 
of the site, and supports osteogenesis at the site. 
The membranes used for GBR can be classified as 
either non-resorbable or resorbable, based on their 
properties. Expanded- polytetrafluoroethylene 
(e-PTFE) membranes were the first generation 
technology for membranes used clinically in the 
GBR technique [4]. Key characteristics are low 
immunogenicity, resistance to enzymatic degra-
dation by the host tissue or microbes, and a syn-
thetic porous polymer structure.

Membranes can be reinforced with a titanium 
mesh to provide the necessary physical and 
mechanical properties to support the space, and 
enough flexibility to adapted over an irregular 
bony defect. The major disadvantage of the GBR 
technique is progressive soft tissue complications 
due to premature membrane exposure, that 
increases tension on the flaps and reduces vascu-
lar perfusion, eventually causing the whole sys-
tem to fail [4]. Membrane exposure often leads to 
infection of the adjacent tissues and the need for 
the membrane’s removal, which hampers the out-
come of bone regeneration.

Alternative approaches have been proposed to 
manage membrane exposure, with an intention 
being to attain the best outcomes, although the 

results vary [5–7]. The most important drawback 
of this technique using non-resorbable mem-
branes is the need for an additional surgical stage 
to remove the membrane. This additional surgery 
increases the morbidity and subjects the patient 
to further possible complications such as pain 
and infection. Absorbable membranes have been 
proposed to overcome such drawbacks.

Membranes manufactured from native colla-
gen exhibit functional tissue integration, reduce 
the foreign body reaction, and increase vasculari-
sation and biodegradation. The elimination of 
second-stage surgery, better cost-effectiveness, 
and decreased patient morbidity are the most 
well-known advantages of the use of collagen- 
based membranes [8]. In the case of a mucosal 
dehiscence and early exposure, the membrane 
induces epithelialisation and secondary wound 
closure. These reduce morbidity and avoid the 
need for any further surgical intervention.

On the other hand, the major drawback of 
membranes manufactured from native collagen 
are their poor mechanical properties, and their 
rapid degradation, which drives a natural loss of 
barrier function. In recent years, the development 
of multilayer collagen-based membranes (or 
techniques) [9, 10] has aimed to increase the life- 
span of these membranes, slowing their reabsorp-
tion rate, to retain the membrane in the body for 
a longer period to enhance bone regeneration.

Synthetic resorbable membranes can be manu-
factured from aliphatic polyesters such as polylac-
tic acid, polyglycolic acid and their copolymers. 
These have been proposed to overcome the disad-
vantages of e-PTFE and collagen- based mem-
branes [11–13]. Such new materials also offer the 
possibility of increasing the life- span of the mem-
brane, improving its mechanical properties, and 
incorporating a drug delivery system [14]. 
However, the use of these membranes is frequently 
associated with inflammatory foreign body reac-
tions due to their degradation products [15].

1.2  Bone Graft Substitutes

Autologous bone has been considered the gold 
standard for bone regeneration, due to its osteo-
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genic, osteoinductive, and osteoconductive prop-
erties [16]. However, the amount of bone tissue 
that can be harvested intraorally at any oral site 
(i.e. symphysis and mandibular ramus) or extra- 
oral site (i.e. iliac crest, calvarium) is often insuf-
ficient for treating large bone defects, especially 
when these are bilateral, as is usually the case. 
Moreover, morbidity, pain, and discomfort from 
the donor site, and unpredictable graft resorption 
are the most important limitations of the use of 
autogenous grafts [17, 18]. Bone grafts substi-
tutes have been developed to augment or replace 
bone autografts in bone augmentation proce-
dures. These different alternative materials 
include allografts, xenografts and alloplastic bio-
materials [19–21].

Allografts are tissue obtained from the same 
species. Samples are treated to reduce their anti-
genicity and infectivity using freeze-drying and 
irradiation methods. Such products have been 
commercialised by licensed tissue banks, and 
their availability depends on a particular coun-
try’s regulations, donor intents, and ethical 
regulations.

Xenografts are tissue obtained from a differ-
ent species (e.g. bovine, equine, and swine). A 
different protocol is applied to generate a 
collagen- rich residual scaffold, by using com-
plete or partial thermo-chemical removal of the 
organic material. Synthetic bone substitutes 
(alloplastic materials) are biomaterials synthe-
sised from different components that are mostly 
inorganic in origin [22]. They are classified 
according to their porosity, structure, and perfor-
mance. Biomaterials such as calcium phosphate, 
bioactive glass, tricalcium phosphate and cal-
cium sulphate aim to replace the inorganic com-
ponent of bones, to mimic its mechanical and 
biological properties [23].

The clinical application or combination of dif-
ferent materials used in bone regeneration must 
consider the type of bone defect, the vascular 
supply, and the amount of tissue to be regener-
ated [24]. The graft properties must include bio-
materials with excellent mechanical properties, 
to maintain the space, and induce angiogenic 
growth factors to facilitate the proliferation of 
new blood vessels from the periphery to reach the 

inner core of the graft. The biomaterials ideally 
should have osteogenic properties, to invoke de 
novo bone formation [25]. To meet these require-
ments, it is commonplace to combine different 
biomaterials with various proteins and growth 
factors, such as platelet-rich plasma, to increase 
osteoinductivity of graft materials.

1.3  Bioactive Molecules

1.3.1  Bone Morphogenetic Proteins
The use of biological activate molecules that are 
partially responsible for regenerating bone for-
mation was initially described by Urist [26], and 
subsequently named as bone morphogenetic pro-
teins (BMPs) [27]. These constitute a large family 
of regulatory factors that are related to the trans-
forming growth factor-β (TGF-β) superfamily, 
with the ability to initiate de novo endochondral 
bone formation by stimulating undifferentiated 
pluripotent cells to differentiate into cartilage-
forming and bone-forming cells [28].

Only a small number of BMPs (BMP-2, BMP- 
4, BMP-6, BMP-7, and BMP-14) seem to have 
osteoinductive functions [29, 30]. Some current 
commercially available products combine a col-
lagen matrix with a BMP (BMP-2 and BMP-7) 
synthesised using recombinant DNA technology. 
Such factors have been shown to enhance the for-
mation of new cementum, new alveolar bone and 
new periodontal ligament [31]. It has also been 
hypothesised that lower concentrations of 
rhBMP-2 can boost initial chondrification, while 
higher concentrations are supposed to enhance 
osteogenesis [32].

The role of the vehicle in tailoring the deliv-
ery of BMPs has historically been underesti-
mated. More recently, attention has focussed on 
improving controlled delivery systems to match 
the biological timing for bone tissue regenera-
tion. The main drawback of using a collagen car-
rier is its rapid degradation, leading into an early 
boost of BMP release. This molecule has also 
been related to the formation of seromas, which 
are a sterile accumulation of serum within the 
tissue [33–35]. Due to the ability to predictably 
promote osteogenesis using BMP, there is an 
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ongoing need for studies to optimising dose, 
delivery technologies, and conditions for stimu-
lation of bone growth [36].

1.3.2  Growth Differentiation Factor 5 
(GDF-5)

This molecule is US FDA approved for peri-
odontal regeneration, alveolar bone regenera-
tion, and sinus augmentation. GDF-5 is a 
member of the TGF-β/BMP superfamily [37] 
that plays a critical role in mesenchymal cell 
differentiation and in morphogenesis of skeletal 
tissue. For periodontal regeneration, GDF-5 
stimulates periodontal ligament cell prolifera-
tion, osteoblast differentiation (in the early 
stages), and extracellular matrix synthesis, by 
both cell types [38]. For implant site develop-
ment, GDF-5 has been demonstrated in vivo to 
induce bone in ectopic muscle pouches, by 
improving mineralised tissue formation [39]. 
GDF-5 has been proven effective when used in 
high concentrations (800 μg) for sinus lift pro-
cedures. By the 12th week of the follow-up, it 
has shown good growth of bone with adequate 
density [40]. In combination with 𝛽-TCP, it 
could enhance bone formation, comparable to 
what happens with an autologous bone graft 
[41]. However, the ideal carrier and quantity to 
be delivered to achieve optimal bioactivity are 
unclear, hence the need for further research.

1.3.3  Teriparatide (Human 
Recombinant Parathyroid 
Hormone)

The US FDA has approved parathyroid hormone 
(PTH) to treat osteoporosis. It causes osteoblast- 
like behaviour, with increased osteoprotegerin 
expression [42]. This polypeptide (34 amino 
acids) has been tested in animal models, where it 
shows bone formation in extraction sockets, 
maintaining the three-dimensional aspects of 
alveolar bone [43]. Although PTH has shown a 
positive short-term effect on bone formation, the 
delivery route needed to maintain sufficient tis-
sue levels needs more work to make this accept-
able for patients.

1.3.4  Hemoderivates: Platelet-Fibrin 
(PRF), Platelet-Rich Plasma 
(PRP), and Leukocyte-Platelet- 
Rich Fibrin

Hemoderivates are preparations obtained via 
blood plasma fractionation through centrifuga-
tion after peripheral phlebotomy. Their empiri-
cal utilisation for improving tissue healing in a 
wide range of clinical applications has been 
reported in the literature since the early 1950s 
[44]. Advantages such as an autologous origin 
and ready availability via relatively simple 
chairside extraction methods have generated 
considerable interest in both the clinical setting 
and more recently in regenerative medicine 
(Fig. 1) [45, 46].

The action of these preparations relies on the 
secretion of a cocktail of proteins from the 
platelet-α-granules. Growth factors such as 
insulin- like growth factor-1 (IGF-I), platelet- 
derived growth factor (PDGF), vascular endothe-
lial growth factor (VEGF), fibroblast growth 
factor (FGF), epidermal growth factor (EGF), 
platelet-derived epidermal growth factor (PDGF) 
and fibrin matrix proteins are found in these prep-
arations at concentrations greater than those in 
blood, which is why they can contribute directly 
to accelerating tissue regeneration [47, 48]. 
Hemoderivates have been clinically used as a 
substitute for connective tissue [49], as a graft 
material in sinus lifts [50] and in guided bone 
regeneration [51, 52]. Although the application 
of blood concentrates for boosting regeneration 
is an attractive approach, the mechanisms respon-
sible for evoking specific biological outputs 
remain to be elucidated.

2  Posterior Mandible Bone 
Regeneration

Regeneration of bone in the posterior region of 
the mandible is one of the most challenging pro-
cedures, since this region has minimal blood 
flow, is distracted by muscle movements, and is 
burdened by occlusal loading. The structural fea-
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tures of this region such as thicker cortical bone 
and the presence of the inferior alveolar foramen 
which serves as the entry point for nerves and 
blood vessels are major reasons causing failure in 
achieving horizontal and vertical bone regenera-
tion. These factors influence implant placement 
as clinicians tend to place shorter implants and 
restore those with a broader crown, giving an 
abnormal crown to root ratio. The same region is 
difficult to access for oral hygiene, and implant 
failures compromise the whole treatment plan.

Different techniques have been proposed for 
vertical ridge augmentation, including block 
bone grafting, distraction osteogenesis and 
guided bone regeneration. The use of an autoge-
nous block bone graft is still considered the ‘gold 
standard’ method, but such grafts may not be 

stable over long periods of follow-up, and this 
could compromise dental implant success. 
Additionally, the amount of bone tissue required 
frequently requires that for bilateral reconstruc-
tions an extra-oral donor site (such as the iliac 
crest) is used, which increases the overall mor-
bidity of the procedure and reduces its accept-
ability for patients. The crucial period for an 
autologous bone block graft is within the first 
year, and after this point, the situation stabilises. 
As a result, clinicians are tempted to over-graft 
the surgical site, to compensate for the loss of 
hard tissue within the first year after grafting. To 
address these issues, the use of alternative materi-
als has been proposed, however, a lack of evi-
dence, especially for extended period of 
follow-up, limit their use.
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Fig. 1 (Left) An inlay bone block graft from the ascend-
ing mandibular ramus that has been fixed in the pre- 
maxilla. Platelet-rich plasma (PRP) was prepared from 
peripheral blood (liquid and membrane) to improve soft 

tissue adaptation. (Right) A general overview of fresh and 
anticoagulant blood protocols, protein content, and the 
physical properties of the fibrin network produced by cen-
trifugation. Based on the work of author TF
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2.1  Bone Block Grafting

In cases of severe ridge atrophy large defects 
(>7  mm), guided bone regeneration (GBR) or 
onlay/inlay bone grafts are used to re-establish 
volumetric posterior mandibular dimensions. 
However, bone blocks give outcomes that are not 
very predictable. This may be associated with the 
composition of the mandibular bone itself, when 
compared with the maxilla (dense trabecular 
bone with a thick cortical layer).

Bone microarchitecture (bone quality) is 
determined by the combination of factors associ-
ated with trabecular morphology and porosity. 
The usual primary sources for autologous bone 
blocks are the iliac crest, tibia, and calvarium. 
Intraorally, the body and the ramus of the man-
dible are used frequently to harvest uni-cortical 
blocks of living bone tissue that can be fixed into 
crestal and buccal bone defects. The mean gain 
when using bone block techniques is 
3.47  ±  0.41  mm (95% CI 2.67 to 4.27  mm), 
regardless of the donor site [25]. Complications 
of the block grafting technique are sensory disor-
ders at the donor site, especially in the mandibu-
lar symphysis region, suture dehiscence, graft 
exposure and graft contamination. If the bone 
block is not properly stabilised by titanium 
screws, this leads to the fibrotic encapsulation 
and tissue sequestration.

2.2  Distraction Osteogenesis (DO)

Distraction osteogenesis (DO) was first described 
in the early 1900s, and used by Ilizarov in more 
than 15,000 patients [53]. DO gains its regenera-
tive capabilities by the separation of two bone 
segments during the bone healing process, allow-
ing bone to grow longitudinally. Bone segment 
separation is achieved using a titanium distractor 
that is fixed in place using screws. It was not until 
McCarthy reported the successful application of 
DO in the mandible [54] that this technique was 
used as an alternative treatment for vertical bony 
defects. DO is associated with intra-operative 
and post-operative complications that are related 
primarily to the vector of distraction [55].

The DO procedure starts with a bone osteot-
omy and installation of the distractor. This is fol-
lowed by a latency stage during which the 
distractor device remains static without activa-
tion, to allow osteogenic cells in the osteotomized 
location to proliferate. Later, the activation phase 
begins. The bone segment moves through a pre-
determined linear path (the distraction vector) 
towards the desired position, to fil the defect. The 
device is activated once or twice a day at a rate of 
0.5–1  mm/day. Finally, there is a consolidation 
stage without any activation, to allow the bone to 
mature and mineralise fully. In a second surgical 
procedure, the distractor device is removed, and 
dental implants are placed. DO can provide an 
average gain of 6.84 ± 0.61 mm (95% CI 5.64–
8.05 mm) [25]. Complications of DO include lin-
gual vector inclination and loosening of the 
distractor.

2.3  Guided Bone Regeneration

Guided bone regeneration (GBR) is one of the 
most common methods used to reconstruct alve-
olar bone deficiencies [56, 57]. Since a mem-
brane is an essential component of this technique, 
different materials have been used as membranes, 
with the goal of providing suitable mechanical 
and physical properties to maintain space. The 
membrane must be sufficiently rigid, to with-
stand the compression of the overlying soft tissue 
of the posterior mandible. Membranes can be 
resorbable or non-resorbable. They should also 
possess a degree of plasticity so they can be 
adapted to irregular bone defects. Membranes 
also need biocompatibility, and the ability to 
occlude the migration of cells.

Titanium mesh structures have excellent 
mechanical properties and are used to prevent 
membrane collapse, so that they provide the 
required level of space maintenance. These 
meshes can be bent, adapted, and contoured to 
match the surgical site. Rough cut edges of the 
mesh may cause mucosal irritation, leading to 
early exposure of the membrane with subse-
quent infection. Adding different biomaterials 
such as PTFE and collagen into the titanium 
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mesh can reduce such difficulties [23]. The 
average gain for GBR with of PTFE occlusive 
membranes, when used in the posterior mandi-
ble, is 3.83 ± 0.49 mm (95% CI 2.85–4.80 mm) 
[25]. Outcomes vary according to the type of 
 membrane used, and the type of bone defects 
being treated.

Experimental GBR approaches with promis-
ing results have been reported with the inclusion 
of bioactive molecules such as fibrinogen [58], 
PRP [59] and PDGF-BB [60], or the incorpora-
tion of cell seeding strategies including MSCs 

[61–65] or autologous osteoblasts [66]. These 
results are summarised in Table 1.

3  Sinus Floor Elevation 
for Bone Regeneration

Dental implants offer an effective way to replace 
missing teeth. Adequate bone depth is essential to 
integrate an implant and functionalise it in the oral 
cavity. The available bone dimension is often com-
promised in the posterior region of the maxilla, 

Table 1 Regenerative biomaterials for Implant Dentistry

Bio 
material Group Origin Advantages Disadvantages
Membranes Natural 

polymer
•  Collagen and 

extracellular 
matrix

•  Chitosan
•  Alginate

•  Human
•  Bovine
•  Porcine

•  Reduce immunogenicity
•  Resorbable
•  Tailor degradability
•  Carrier for drug delivery 

or bioactive molecules
•  Low complication 

membrane exposure

•  Reduced mechanical 
properties

•  Poor space 
maintenance properties 
due to increased 
resorbable property

•  Possible cross- 
contamination between 
species

Synthetic 
polymer

•  Aliphatic (PCL, PLA, PGA) •  Biocompatibility
•  Manufacturing 

standardisation
•  Tailor mechanical 

properties
•  Bioactive molecule 

carries
•  Blend with 

complementary 
substitutes and cells

•  Tailor specific 
degradation time

•  3D Printability

•  Lack of self- 
osteoinductivity 
capacities

•  Some acidic 
by-products upon 
degradation are 
reported

•  Regulatory approvals 
need in some countries

•  Needs for long-term 
studies

•  Manufacturing cost

•  Polytetrafluoroethylene (PTFE) •  Bio inert polymer with 
low degradability

•  Selective permeable 
barrier

•  Regenerative 
compartmentalisation

•  Non-resorbable
•  Complications related 

to early membrane 
exposure

•  Reduce mechanical 
properties

Metal •  Titanium and titanium alloys
•  Cobalt-Chromium alloys

•  Excellent mechanical 
properties

•  Reduce immunogenicity
•  Space maintenance
•  3D Printability

•  Non-resorbable 
biomaterials

•  Complication related 
to early exposure 
difficult to treat

•  Lack of self- 
osteoinductivity 
capacities

•  Need for screw 
fixation

(continued)
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because of pneumatisation of the maxilla by the 
maxillary sinus. This problem increases when the 
duration of edentulism is longer, due to alveolar 
bone resorption over time once teeth are lost. Bone 
loss in the posterior maxilla can be treated using the 
patient’s own bone (autogenous bone grafts), bio-
materials, a combination of both, or a technique that 
uses a blood clot as a foundation to hold the upcom-
ing graft, to eventually increase the bone height.

3.1  Techniques of Sinus 
Augmentation (Sinus Lift)

In 1980, an innovative technique to re-establish 
the dimensions of the posterior maxilla was 

described in which a buccal window was made 
in the posterior maxillary bone, that allowed 
careful elevation of the sinus epithelium, to cre-
ate a space for placing particulate bone from the 
iliac crest [67]. After a healing period of 
6 months, dental implants may be placed. The 
technique was subsequently described in detail 
by Tatum [68], including different variables 
within the technique such as tissue incisions, 
bone access, types of biomaterials used, and the 
combination of sinus augmentation for implant 
placement as a one-stage or two-stage tech-
nique. The lateral window sinus lift is now a 
widely used technique. It is considered reliable, 
especially when used with the autologous bone 
(≥50%).

Table 1 (continued)

Bio 
material Group Origin Advantages Disadvantages
Alloplastic Inorganic •  Calcium phosphate

•  Hydroxyapatite
•  Calcium sulphate
•  Bio-glass

•  Biocompatibility
•  Osteoinductivity
•  Favourable to tailor 

particle size, porosity 
and surface modification

•  Reduced mechanical 
properties

•  High solubility may 
hamper ions release at 
the longer term

Xenograft Natural 
tissue

•  Fresh-frozen, 
freeze-dried, 
demineralised 
freeze-dried bone 
block or particles

•  Bovine
•  Porcine
•  Equine

•  Biocompatibility
•  Osteoconductivity
•  Resorbable
•  Low immunogenicity
•  Availability
•  Favourable tailor of 

particle size and 
dimensions

•  CAD-CAM custom

•  Possible cross- 
contamination between 
species

•  Regulatory issues in 
some countries

•  Variable predictability
•  Needs for screw 

fixation (blocks)
•  Needs for long-term 

studies
Allograft Natural 

tissue
•  Fresh-frozen, 

freeze-dried, 
demineralised 
freeze-dried bone 
block or particles

•  Human •  Biocompatibility
•  Osteoconductivity, low 

osteoinductivity
•  Resorbable
•  Low immunogenicity
•  Favourable tailor of 

particle size and 
dimensions

•  CAD-CAM custom

•  Possible 
cross-contamination

•  Reduced availability 
for insufficient donor 
schemes and ethical 
issue in some countries

•  Need for screw 
fixation (blocks)

Autologous Live 
natural 
tissue

•  Particulate. Blocks •  Patient’s 
own 
tissue

•  Osteoconductivity
•  Osteoinductivity
•  Osteogenic
•  High predictability when 

combined with other 
biomaterials

•  Considered the gold 
standard

•  High morbidity and 
discomfort from donor 
site

•  Reduced availability: 
intraoral from Chin/
Mandible body (≈5 cc)

•  Extra-oral: 
Tibia(≈25 cc), 
Calvarias (≈30 cc), 
Iliac Crest (≈70 cc)
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To provide a minimally invasive approach, a 
one-stage technique is advised for sinus eleva-
tion. Summers [69] described the use of concave 
tipped osteotomes via a crestal approach, to 
advance a mass of bone beyond the level of the 
original sinus floor. This hydrostatic pressure 
elevates the sinus epithelium, resulting in the cre-
ation of a space that is filled with a bone graft 
material, with the subsequent insertion of a den-
tal implant. This requires a minimal height of 
6 mm between the floor of the sinus and the crest 
of the residual alveolar bone, to ensure dental 
implant stability. For cases with less than 6 mm 
of residual bone, a two-stage technique has been 
proposed, with the first surgery to increase bone 
quantity, and then dental implant placement 6 
months later [70].

Although the trans-alveolar technique has 
many advantages, the amount of bone height that 
is gained is usually less when compared to the 
lateral window technique. Moreover, in the event 
of complications such sinus membrane perfora-
tion, the resolution requires the lateral window 
approach. Additionally, the anatomical macro 
and microstructural characteristics of the poste-
rior maxillary bone make it difficult to achieve 
dental implant stability whenever the bone is less 
than 3 mm in thickness [71].

3.2  Sinus Lift Outcomes

Although the sinus lift technique is a predictable 
procedure for increasing the amount of bone in 
the posterior maxilla (>90%) [72], there is insuf-
ficient evidence whether sinus lift procedures in 
bone with a residual height between 4 and 9 mm 
are more or less successful than alternative pro-
cedures such as the placement of short implants 
(5–8.5 mm in length) for reducing prosthesis or 
implant failure [24]. Most studies comparing 
these techniques have focussed on complications 
and the amount of regenerated bone, but without 
taking into consideration the implications for 
long-term implant survival (at >10  years). 
Complications of sinus lifts will in turn affect the 
success of dental implants. The survival rate of 
implants placed into the sinus cavity is 95% at 

52.7  months of follow-up. The more common 
complications are epistaxis (3.4%) and thicken-
ing of the Schneiderian membrane (14.8%) [73].

4  Bone Tissue Engineering 
(BTE)

In the last decade, tissue-engineered strategies 
have emerged as promising solutions for the 
reconstruction of different types of oral, maxil-
lofacial, and periodontal tissues. The ability to 
offer a safe and standard technique with predict-
able results to partially or completely edentulous 
patients requiring prosthetic implant solutions is 
the tissue engineering chimera of the future.

Bone Tissue Engineering (BTE) involves the 
application of biomaterials (scaffolds), cells, 
and bioactive molecules (such as grown factors, 
hormones, and peptides), to promote regenera-
tion of lost bone tissue. In the conventional tis-
sue engineering paradigm, combinations of cells 
and bioactive molecules are seeded onto three-
dimensional biomaterial scaffolds to promote an 
implantable ‘osteogenic’ scaffold.

The BTE concept aims to mimic natural tissue 
characteristics, by using a scaffold that closely 
substitutes for extracellular matrix, and provides 
structural stability, allowing for vascularisation 
of the site from the surrounding tissue. The new 
blood vessels bring in oxygen and nutrients nec-
essary for cell proliferation. The concept pro-
motes morphogenetic signalling, to direct cells to 
the most phenotypically desirable type. The scaf-
fold is typically enriched with progenitor cells 
(such as MSCs), or bioactive molecules such as 
growth factors and peptides. Furthermore, the 
construct is degradable, leaving the new tissue 
behind.

4.1  Biomaterials

4.1.1  Osteoinductive Materials
These materials induce bone formation [74]. 
Natural and synthetic materials such as hydroxy-
apatite (HA) and calcium phosphate (CaP) have 
been used in a variety of forms including ceram-
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ics [75], cements [76], and coatings [77]. 
Calcium phosphates and apatites can be derived 
from natural sources such as marine coral [78]. 
Adding such materials onto scaffolds can 
increase their bioactivity, to induce ectopic bone 
formation [79, 80].

It has been hypothesised that the biomaterial 
surface can absorb and present osteoinductive 
factors to the surrounding tissue, and can also 
release the calcium and phosphate ions which act 
on undifferentiated cells to evoke bone-cell phe-
notype differentiation [74]. A major drawback is 
poor mechanical properties, which impair their 
clinical application for the regeneration of sites 
under considerable mechanical loads (such as 
femur, tibia, and mandible) [81].

Bioactive glasses (BGs) are a group of 
silica- based osteoconductive and osteoinduc-
tive glass biomaterials containing SiO2-CaO-
P2O5 networks. BGs have good biocompatibility 
when used in bone and in soft tissue. They 
stimulate osteogenesis by triggering cellular 
proliferation and osteogenic differentiation 
[82]. However, their poor mechanical proper-
ties make them difficult to use clinically for 
large bone defects where there is significant 
mechanical loading.

4.1.2  Polymers
Polymers of two or more monomeric structures, 
such as polylactide-co-glycolide (PLGA), can 
show a desirable degradation rate. PLGA bioma-
terials form acidic by-products upon degradation, 
and this may result in tissue necrosis over the 
long term [83]. On the other hand, polycaprolac-
tone (PCL) is a biodegradable polyester that is 
non-toxic and tissue compatible. It has a longer 
degradation time (2–3 years) and has been used 
widely in resorbable sutures, as well as in scaf-
folds for regenerative therapy and for drug deliv-
ery. It degrades by hydrolysis of its aliphatic ester 
linkage under physiological conditions [84]. It 
has recently been used for 3D printing, to pro-
duce highly porous resorbable custom 3D printed 
scaffolds for regeneration of large volume alveo-
lar bone defects, with the aid of CT-scan data 
from the patient [85].

4.1.3  Collagen-Based Composite 
Scaffolds

Pure collagen scaffolds have insufficient mechan-
ical properties to be applied as core materials for 
bone regeneration. Moreover, biomaterials made 
from pure collagen lack sufficient bioactivity to 
stimulate cells to infiltrate during bone formation 
[86]. The incorporation of a bioactive component 
improves the mechanical strength, bioactivity, 
and osteogenesis by increasing dimensional sta-
bility and the surface area for cell attachment, 
and has shown promising results [87].

Two methods are used widely to fabricate 
collagen/bioceramic composite scaffolds: an 
immersion method (co-precipitation) [88] and 
a suspension method (direct mixing) [89]. 
Collagen/HA composite biomaterial scaffolds 
have been investigated intensely, followed by 
β-Tricalcium Phosphate (β-TCP). These inor-
ganic materials not only improves cellular adhe-
sion but also accelerate cell differentiation and 
proliferation [90]. The ratio of collagen to the 
inorganic material can be altered to tailor the deg-
radation rate of the scaffold to the clinical situa-
tion [91].

4.2  Cells

An essential requirement for the cells used in tis-
sue engineering is that they have sufficient plas-
ticity to be modified by the local microenvironment 
provided by the scaffold and the surrounding tis-
sue. In the past, the usual approach has been to 
incorporate stem cells, that can then differentiate 
into multiple cell lineages. Mesenchymal stem 
cells (MSCs) are non-hematopoietic stem cells 
that were initially isolated from bone marrow. 
They have a morphology similar to fibroblasts, 
and can readily be found in adulty bone marrow. 
They can be grown in plastic culture flasks, are 
self-renewable, and can differentiate into osteo-
blasts, adipocytes, or chondrocytes in vitro [92].

The use of MSCs to repair bone defects could 
involve implanted cells alone injected into the 
site, or used in combination with a scaffold. For 
maxillofacial applications, MSCs are typically 
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derived from bone marrow concentrates and then 
expanded. They are used in combination with 
scaffolds containing β-TCP or synthetic hydroxy-
apatite, or with decellularized bone powders or 
granules, or they are embedded in hemoderivates 
(i.e. platelet-rich plasma/fibrin) [93–95].

A significant regulatory issue exists in many 
countries (especially in Europe) for the use of 
MSCs. From the translational point of view, a 
chairside strategy would be ideal for reducing the 
possible risks associated with cross- contamination 
or with immunogenicity of allogeneic cells. Even 
when autologous MSCs are used, the amount 
recovered, even from the iliac crests, is too small 
in most cases to accomplish the reconstruction 
of significant bone defects. Thus, human studies 
on the reconstruction of complex bone defects 
have proposed the different strategies of tissue 
engineering.

Earlier attempts have followed the guided 
bone regeneration approach [96–98]. From the 
tissue engineering perspective, these studies have 
demonstrated the need for space maintenance to 
evoke guide bone regeneration, and this necessi-
tates the use of non-resorbable membranes to iso-
late the bone chamber from the surrounding soft 
tissue. The addition of bioactive molecules to 
stimulate bone regeneration can provide addi-
tional advantages over the normal processes of 
bone healing [99, 100]. Custom-made scaffolds 
and personalised bone graft substitutes can 
reduce operative time and increase predictability 
[101, 102]. Poly d, l-lactide meshes (made using 
a box design) have demonstrated promising 
results for 3D bone reconstruction in totally 
edentulous patients with severe resorption [103].

4.3  Protein Corona on Biomaterial 
Surfaces

Previous literature has focussed on the potential of 
nanoparticle biomaterials that that would replace 
the bone material to form new bone, while in 
recent years, the biomaterials that interact with 
blood and the adjacent tissue to form native bone 
have attracted attention [104]. After surgical 

implantation, biomaterials are exposed to various 
physiological fluids, such as blood. Many of the 
proteins found in blood (e.g. albumin, fibrinogen, 
fibronectin, vitronectin, gamma- globulins) may be 
bound onto the surface of the biomaterial [105].

Depending on factors such as size, surface 
charge, fluid composition, and physicochemical 
properties, the surface of the biomaterial may 
create a complex interface that has loosely bound 
proteins, and this is termed the protein corona 
[106]. Proteins present at high concentrations 
bind first and are then replaced gradually by pro-
teins that bind with higher affinity. This is known 
as the Vroman effect [107].

The protein corona is responsible for further 
recruitment and adhesion of pro-inflammatory 
cells. Blood clot formation defines the provi-
sional matrix around the biomaterial, and the 
type of tissue that ultimately will form on the sur-
face [108, 109]. The variable rates of success or 
failure in cases reported in the literature can be 
explained in part by variations in the macro, 
micro, and physicochemical composition of 
materials used for guided bone regeneration and 
for dental implantology, as each will have a dif-
ferent protein corona (Fig. 2).

The incorporation of hemoderivates (i.e. PRP, 
PRF, L-PRF) as co-adjuvant for bone regenera-
tion [45, 46, 110] uses blood components that 
have been separated by centrifugation/time, to 
alter the amount and type of plasma proteins, giv-
ing a specific protein corona around bone graft 
materials. Optimising the protein corona on the 
biomaterial surface provides a new way to con-
trol osseointegration of dental implants at the 
molecular level, and the same concept could be 
used in bone tissue engineering. The field is in its 
infancy, and a substantial amount of research 
must be conducted to understand how to optimise 
the corona for bone regeneration.

5  Peri-Implantitis

Ever since Branemark [111] introduced the con-
cept of osseointegration, oral rehabilitation treat-
ment planning for tooth replacement has shifted 
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from dentures that rely on undercuts and salivary 
cohesion for retention, to crowns, bridges or 
dentures that are stabilised or supported by den-
tal implants, being held in place by special con-
nectors. The concept of an implant-retained 
prosthesis has increased the outcomes that can 
be achieved in terms of the restoration of masti-
catory and phonetic functions and aesthetics in 
edentulous patients. The long-term success for 
an implant-supported or implant-stabilised pros-
thesis is in many patients similar to the longevity 
of the natural dentition, on the proviso that 
healthy soft tissues are maintained around the 
dental implants. This is a challenge because of 
the continuous presence of high levels of bacte-
ria in the oral cavity, creating problems with the 
control of bacterial plaque. Prolonged accumula-
tion of dental plaque biofilm leads to inflamma-
tory conditions that hampers the long-term 
survival of the implants and the associated dental 
prostheses [112].

The first inflammatory stage is known as peri- 
implant mucositis. This resembles gingivitis, and 
inflammation is restricted to the tissues around 
the dental implant, but there is no loss of the adja-
cent bone. If not treated, in a susceptible patient 
this condition may progress to a more severe con-

dition known as peri-implantitis, where bone loss 
occurs, and may threaten the longevity of the 
dental implant [113]. Although bone loss around 
dental implants may also be caused by overload 
[114], in most cases, bone loss is due to the host 
response to the accumulation of dental plaque, 
and the accompanying peri-implant inflamma-
tion [115].

The treatment of peri-implant bone defects is 
complex because of the topography of the implant 
surface as well as the three-dimensional shape of 
the defect. Relevant variables include the type of 
bone defect, its location and extent, the patient’s 
medical background, and the quality of support-
ive periodontal care as well as the patient’s own 
habits of oral hygiene. At the present time, there 
is no ‘gold standard’ treatment for peri- 
implantitis, and the published evidence does not 
suggest whether surgical or non-surgical inter-
vention is the most effective [116].

A foundation of current treatment approaches 
involves decontamination of the implant surface, 
using hand or powered instruments. This debride-
ment may be accompanied by, in some cases, the 
use of topical antimicrobial agents, or the local or 
systemic administration of antibiotics. Because 
of the complexity of the defects that are encoun-
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tered, in many cases open surgical debridement is 
necessary. Despite this, the extent of improve-
ment in probing attachment level (PAL) and 
probing pocket depth (PPD) in sites that have lost 
more than 50% of the supporting bone is rather 
limited [117]. The use of particle beams, and 
pulsed middle infrared lasers such as the Er: YAG 
laser, have attracted interest because these meth-
ods can potentially reach better into the threads 
of dental implants, then can traditional methods 
such as using plastic curettes. Reported outcomes 
of treatment for mechanical debridement alone 
vary considerably [118–120].

The treatment of peri-implant bony defects 
using guided bone regeneration has been 
reported. Such techniques include a membrane 
combined with a bovine-derived xenograft or 
with resorbable nano-crystalline hydroxyapatite. 
The GBR approach seems to provide greater 
improvement in PAL and PPD after 4 years of 
follow-up [121]. There are mixed results reported 
in terms of whether an occlusive membrane is 
included or not. In one study, bone regeneration 
associated with the inclusion or exclusion of a 
membrane was evaluated in 38 patients, where 
29 implants were treated with a bone substitute 
and a membrane, while 36 implants were treated 
with only a bone substitute. After 1 year of fol-
low-up, there were no statistically significant 
differences between the two interventions, and 
both therapies achieved a bone gain of around 
1.5  mm [122]. Known complications include 
barrier membrane exposure and subsequent 
infection at the site [123].

Although effective at-home plaque control, 
regular post-operative maintenance for support-
ive periodontal therapy, and reduction of risk fac-
tors such as smoking are always advised to 
patients, these foundation for the success of sur-
gical treatment may not always in practice be 
achieved. This may explain why surgical treat-
ments based on the concept of bone regeneration 
may not always be effective in the long run. In 
response to this, resective modalities such 
implantoplasty have been developed, to eliminate 
the areas that are difficult to debride, and these 
seem able to cause a significant reduction in BOP 
and PD [124], LB it at the cost of weakening the 

implant fixture itself. Such approaches may only 
be widely acceptable in cases without strong aes-
thetic requirements, such as over-dentures or 
where hybrid prostheses are being worn.

Further studies are needed to explore the rea-
sons for discrepancies in the outcomes of surgical 
treatments for bone defects around dental 
implants, to better explain the considerable vari-
ability that is seen clinically. A better understand-
ing of those factors that determine the success or 
failure of regenerative surgical methods used in 
the treatment of peri-implant defects would bet-
ter inform the selection of methods for specific 
clinical scenarios, following the principle of per-
sonalised medicine.

6  Conclusions and Future 
Direction

Bone and soft tissue reconstruction have been 
developed in parallel to dental implants in the 
rehabilitation of edentulous patients. It is well 
reported in the literature that, in many cases, there 
is a need to perform some kind of regenerative 
procedure associate with fixture placement. This 
is related to the preceding destruction resorption 
of the alveolar bone. Autologous bone is still con-
sidered the gold standard in bone regeneration 
due to its capacity for osteoconduction, osteo-
induction and osteogenicity. A limited amount 
of bone volume from donor sites (either intra or 
extra-oral) and the morbidity at the donor site 
limits the applicability of autogenous bone graft-
ing in the clinical setting. On the other hand, the 
use of different biomaterials and membranes for 
bone regeneration can give useful outcomes, and 
the approach can be customised to the situation 
of the individual site. Variability in the nature of 
the bone defect and in the systemic background 
of the patient, as well as in the particular surgical 
skills from operator, makes it difficult to compare 
success rates between different techniques.

In recent years, a better understanding of what 
is happening at the molecular level during bone 
regeneration has renewed interest in the treat-
ment of bone defects of the jaws using regenera-
tive approaches. At the present time, the ideal 
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biomaterial and technique remain to be eluci-
dated, however many promising avenues of 
research are being explored, including the use of 
various composite scaffolds, and the use of par-
ticular blood extracts to alter the protein corona. 
More clinical trials are needed to compare the 
available techniques, to better inform the selec-
tion of different types of autogenous bone graft 
substitutes, and the clinical decision around 
whether or not to use a membrane barrier. Future 
research must clarify at the molecular level what 
are the mechanisms to induce three-dimensional 
reconstruction of alveolar bone.
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1  Bone Remodeling 
and Regeneration Through 
Tissue Engineering

Bone is a dynamic tissue that undergoes remodel-
ing all the time. Bone tissue has an intrinsic abil-
ity to repair small defects and some fractures. 
However, if bone defects exceed the critical size 
(which depends on the location and anatomy, 
usually >2 cm in humans) [1], the body usually 
cannot repair them unaided.

In defect situations, the bone needs to be 
reconstructed, to providing it with the necessary 
mechanical integrity and o aid rehabilitation. 
Current clinical treatments of large bone defects 
using bone grafts, including autografts and 
allografts, have considerable limitations [2, 3]. 

Autografts require a second operation to harvest 
bone from other sites in the body. Associated 
complications may include donor site morbidity, 
intraoperative morbidity, and prolonged hospital-
ization. Limitations also include an inadequate 
quantity of donor bone and difficulties in shaping 
the graft to the correct shape to restore complex 
3-dimensional defects. The use of allografts is 
associated with the potential transmission of 
infection and with host immune responses.

Recently, engineered bone scaffolds have 
been receiving increasing attention as alterna-
tives to conventional bone grafts [4]. For bone 
tissue engineering, three factors are crucial for 
the long-term success: osteogenic cells to pro-
duce the bone matrix, biomaterials, or scaffolds 
with suitable mechanical properties, to provide 
the desired microenvironment, and biomolecular 
cues such as growth factors to attract osteogenic 
cells and/or modify their functions. In the follow-
ing part, those key factors for bone tissue engi-
neering are discussed in detail.

2  Cell Sources for Bone 
Regeneration

Mesenchymal Stem Cells (MSCs)
MSCs have long been recognized for their poten-
tial use because they can differentiate and form 
bone during the natural bone development pro-
cess. MSCs have been defined through the 
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expression of various markers (i.e., negative for 
CD34, CD45, CD14, CD11a, CD19, and 
HLA-DR, and positive for STRO-1, CD29, 
CD73, CD90, CD105, CD106, CD166, CD146, 
and CD44) [5, 6]. The high proliferative potential 
of MSCs, combined with their ability to with-
stand freezing conditions, allows for their expan-
sion in  vitro, to obtain clinically relevant cell 
numbers.

Dental Stem Cells (DSCs)
In addition to MSCs, various DSCs such as den-
tal pulp stem cells (DPSCs), stem cells from the 
human exfoliated deciduous tooth (SHED), den-
tal follicle stem cells (DFSCs) and periodontal 
ligament stem cells (PDLSCs) have been used for 
bone tissue engineering due to their ease of har-
vesting and high proliferation rate [7, 8].

DPSCs express typical MSC biomarkers, such 
as CD90, CD29, CD73, CD44, and CD105 [9, 
10], and they differentiate into odontoblast-like 
cells [11]. In vivo transplantation of such DPSCs 
into nude rats generates living fibrous lamellar 
bone tissues containing osteocytes [12].

Induced Pluripotent Stem Cells (iPSCs)
The generation of iPSCs was first reported by the 
Yamanaka group and others in 2006. This 
approach involves directly introducing specific 
reprogramming genes (Oct4, Sox2, cMyc, and 
Klf4) into somatic cells to give them pluripotent 
abilities [13]. iPSCs have been induced into 
osteoblast-like cells [14, 15] for bone 
regeneration.

Other Cells
Other stem cells such as adipose-derived stem 
cells [16], and peripheral blood-derived stem 
cells [17] are also used for bone and cartilage 
repair.

3  Biomaterials for Bone 
Regeneration

Bioceramics
Bone contains an inorganic component of car-
bonated apatite minerals. Bioceramics are a class 

of inorganic biomaterials which have similar 
composition to the mineral parts of natural bone. 
Calcium phosphates such as β-tricalcium phos-
phate and hydroxyapatite are the most common 
types of bioactive ceramics used for bone tissue 
engineering. They are widely used in clinical 
practice as bone cements or as coatings on 
implants [18].

Bioactive glass is another important type of 
bioceramic. It is composed of silicates, calcium, 
and phosphate [19]. Compared to hydroxyapatite, 
bioactive glass is reported to have a faster bone 
regeneration rate in  vivo as a bone graft [20]. 
Recently, the capacity of releasing bioactive ions 
such as Ca2+, Si4+, Mg2+, Cu2+, Sr2+, Li+, and Ag+ 
from bioceramics has been receiving interest [21].

Polymers
Various naturally derived and synthetic polymers 
are used for bone tissue engineering. Natural 
polymers, such as collagen, gelatine, and alginate 
exhibit several desirable characteristics such as 
good biocompatibility, degradability, and cell 
attachment. Collagen is the main protein compo-
nent of natural bone. These biopolymers contain 
aminoacid sequences (specifically, the adhesion 
ligand arginine–glycine–aspartic acid (RGD)) to 
which cells readily attach. For natural polymers, 
concerns exist over their immunogenicity and 
their relatively weak mechanical properties.

Synthetic polymers such as polycaprolactone, 
polylactic acid (PLA), polyglycolic acid (PGA), 
copolymers of PLA and PGA (PLGA) offer a 
versatile alternative. PCL is a popular polymer 
for use in bone tissue engineering systems. It has 
high mechanical strength and is included in the 
list of US Food and Drug Administration (FDA) 
approved products. Synthetic polymers usually 
lack features that promote cell adhesion, and they 
undergo very slow hydrolytic degradation 
in  vivo. A combination with natural polymers 
such as a surface coating can address this particu-
lar concern for synthetic polymers.

Composites and Hybrids
Composites are an increasingly important class 
of biomaterials used for bone tissue engineering, 
owing to their ability to combine the strength of 
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both bioceramics and polymers. Inorganic- 
organic composites aiming to “mimic” the com-
posite nature of native bone combine the 
toughness of a polymer phase with the compres-
sive strength of an inorganic phase, to generate 
bioactive materials with improved mechanical 
properties and degradation profiles. These com-
posites and hybrid usually include a biodegrad-
able polymer phase, in which bioceramic particles 
are incorporated as fillers. Tissue-engineered 
porous PEO layered polymer-magnesium sys-
tem, for example, is emerging and are showing 
promising [22].

3.1  Growth Factors for Bone 
Regeneration

Bone is a dynamic tissue that constantly under-
goes remodeling, with a coupled process of bone 
formation by osteoblasts and resorption by 
osteoclasts. When bone defects occur, a bone 
healing process is triggered. Osteoblasts differ-
entiate and are activated to form new bone. 
During this process, growth factors particularly 
bone morphogenetic proteins (BMP) [23] are 
expressed to promote the differentiation of 
osteoblasts and to enhance the bone-forming 
activity [24]. Preclinical and clinical studies 
have shown that BMP-2 has a strong osteoinduc-
tive ability, and can be utilized in therapeutic 
interventions for bone defects, non-union frac-
tures, spinal fusion, osteoporosis, and root canal 
surgery [23, 25]. Recombinant human BMP-2 
(rhBMP-2) has been approved by the US FDA 
for clinical use [26].

In addition to BMPs, fibroblast growth factors 
(FGFs) and vascular endothelial growth factor 
(VEGF) are also important in bone tissue engi-
neering. VEGF is an angiogenic protein that reg-
ulates endothelial cell proliferation. FGFs are 
group of proteins that induce angiogenesis 
through endothelial and osteoblast cell prolifera-
tion. The design of scaffolds with the localized 
release of growth factors has attracted significant 
attention, due to the potential for dose reduction, 
a controlled release pattern, and lower side effects 
compared to systemic delivery. Various advanced 

fabrication techniques such as 3D printing, 
electro- spinning, and electro-spraying are used 
for growth factor and drug delivery to enhance 
bone growth when scaffolds are used [1].

4  Regenerative Approaches 
for Jaw Discrepancies

A jaw size discrepancy is commonly seen in orth-
odontic patients and can cause a mild to a severe 
malocclusion. The latter usually requires a multi- 
disciplinary treatment plan including orthodontic 
treatment and orthognathic surgery. 
Conventionally, orthodontic treatment is used to 
compensate for the size difference between jaws 
in moderate cases, and to de-compensate the 
inclined teeth to facilitate orthognathic surgery in 
severe cases.

As shown in Fig. 1, in the past, when there is 
no skeletal discrepancy, no treatment or simple 
orthodontic treatment is needed for an ideal 
occlusion. When there exists q moderate level of 
jaw discrepancy, orthodontic treatment can cam-
ouflage the skeletal difference via the reposition-
ing of teeth. When severe skeletal problems are 
identified in patients, usually a combination of 
orthodontic and orthognathic treatment is 
planned. At this point, there is not much tissue 
regeneration involved to correct the jaw 
discrepancy.

As is now well accepted, orthodontic tooth 
movement relies on alveolar bone remodeling, 
which is initiated by force. This bone remodeling 
process involves both osteoblastic and osteoclas-
tic activities. With the understanding of this pro-
cess and the development of bone tissue 
engineering, the treatment efficacy of orthodon-
tic approaches for dealing with jaw discrepancies 
has been greatly improved.

Unlike moderate jaw discrepancy, when a 
severe discrepancy exists, this indicates that a 
large volume of bone is needed. Besides grafting, 
bone tissue engineering techniques have been 
used widely in this field. In this section, first, tis-
sue engineering techniques that further devel-
oped the capacity of conventional orthodontic 
treatment will be introduced. This part addresses 
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moderate jaw discrepancies. Secondly, bone tis-
sue engineering technique advancements for 
treating severe skeletal jaw discrepancies will be 
discussed. Currently, with the aid of rapidly 
developing tissue engineering techniques, less 
invasive procedures should be possible for treat-
ing jaw discrepancies in the future (Fig. 1).

4.1  Orthodontic Treatment Tissue 
Engineering Approaches 
for Jaw Discrepancies

Modern orthodontics has adopted so many tissue 
engineering techniques that the capacity of ortho-
dontists to correct jaw discrepancy has been 
expanded considerably. The border between 
camouflage orthodontic treatment and surgical 
treatment has been pushed outwardly (Fig.  1, 
lower panel). Implant anchorage, maxillary 
expansion, micro-osteoperforation, and corticot-
omy are de facto common surgical techniques 
that expand the capacity of traditional orthodon-
tic appliances to enable faster tooth movement. 
These also allow clinicians to move teeth across a 
longer distance. While most clinicians may not 
instantly relate these techniques to tissue engi-
neering, they all rely heavily on the bone remod-
eling capabilities of alveolar bone [27] and/or 

jaw bone. This section focuses on tissue engi-
neering techniques adopted by orthodontists, and 
experimental approaches for orthodontic 
treatment.

4.1.1  Osteoclastic Activity 
Accelerates Orthodontic Tooth 
Movement Rate

Surgically facilitated orthodontic treatment is 
performed widely in modern orthodontic prac-
tice. Liou and coworkers showed that orthogna-
thic surgery could create a window period of up 
to 3 months for active osteoclast activity and 
alveolar bone metabolism, which resulted in 
accelerated tooth movement [28]. A regional 
acceleration phenomenon relates to an active 
osteosis response around a corticotomy site. 
Cortical bone is regarded as the main resistance 
during tooth movement, and the cortical layer is 
removed in front of the tooth along the track of its 
movement. After corticotomy, the accelerating 
effect persists for the first 3 months. This effect is 
not caused by the removal of resistance, but 
rather by the activation of resorption and forma-
tion processes in the alveolar bone itself. To initi-
ate a burst of acceleration, a corticotomy requires 
a full-thickness gingival and mucosa flap to pro-
vide direct access to the surgical site. As such, a 
conventional corticotomy is relatively complex, 
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with postoperative complications such as pain 
and discomfort. A series of minimally invasive 
modifications are now available, including corti-
cision, piezocision, micro-osteoperforation, and 
discision [29]. A tissue flap is avoided in all these 
modified versions, and this reduces soft tissue 
reaction.

In general, corticotomy is suitable for many 
types of tooth movement. Its application is lim-
ited to patients who take anti-inflammatory medi-
cines (e.g., corticosteroids, non-steroidal 
anti-inflammatory agents) and bisphosphonates, 
as these interfere with bone remodeling [30, 31]. 
There is a delicate balance between the choice of 
a corticotomy to maintain a satisfactory accelera-
tion of tooth movement, and the risk of harm to 
the individual. More research is needed in this 
field, as inconsistent results have been found in 
animals versus patients. A recent animal study 
indicated that even remote corticotomy can effec-
tively accelerate tooth movement [32]. A review 
of clinical studies has pointed out that strong 
clinical evidence is lacking, mostly due to poorly 
designed studies [33].

Micro-osteoperforation has been used in both 
animal and clinical studies, with little or no com-
plications. As micro-osteoperforation avoids 
raising a flap, irritation and tissue swelling are 
minimized. Most patients tolerate this procedure 
very well [34, 35]. In one study, three micro- 
osteoperforations were performed on the buccal 
side of the target canine. There was no significant 
acceleration of tooth movement observed, which 
may reflect the low frequency of the procedure. A 
higher frequency may be needed to achieve an 
obvious acceleration [36]. A 2020 systematic 
review and meta-analysis concluded that micro- 
osteoperforation was not effective in enhancing 
orthodontic tooth movement [37].

4.1.2  Osseointegration Enables 
Definite Anchorage 
in Orthodontic Treatment

A mini-screw implant used in orthodontic treat-
ment provides stable anchorage, reduces the need 
for patient compliance, and avoids unfavorable 
tooth movement. Osseointegration, as first intro-
duced by Branemark in the 1960s, serves as the 

biological basis for the min-screw implants used 
as orthodontic anchorage. The application of 
mini-screw implants has changed the manage-
ment of many cases from extraction to non- 
extraction, and from surgical cases to extraction 
cases. OTM facilitated by these implants is com-
parable to what occurs with conventional anchor-
age [38, 39].

4.1.3  Intramembranous 
Osteogenesis Corrects Jaw 
Discrepancy

Maxillary expansion is to address a discrepancy 
between the upper and lower jaws in the trans-
verse plane. Usually in such cases, the width of 
the maxilla is below normal, while the width of 
the mandible is within the normal range. 
Correction of mandibular width is sometimes 
carried out at the same time as the expansion of 
maxilla. The optimal age to undergo expansion is 
in the teenage years, from 13 to 15 years old. The 
mechanism behind the maxillary expansion is the 
same as distraction osteogenesis (DO) (as 
described in the next section). Patients with skel-
etal jaw discrepancy also can benefit from the 
surgically facilitated maxillary expansion, e.g., 
for mature adult patients.

4.1.4  Factors Regulating Orthodontic 
Tooth Movement

It is well accepted that a continuous light force 
can provide an optimal rate of tooth movement 
with minimum tissue damage, e.g., root resorp-
tion. Current research on tooth movement indi-
cates that it involves three separate but interacting 
osteosis activities: resorption, formation, and 
remodeling. Bone resorption is regarded as rate- 
limiting aspect for tooth movement rate [40], and 
animal studies have proved a direct relationship 
with bone resorption via osteoclast activation 
[41, 42]. The sympathetic nervous system regu-
lates bone remodeling (including osteoblast 
mediated bone formation and osteoclast- mediated 
bone resorption) through β-2 adrenergic recep-
tors (Adrb2) [43].

A number of chemicals and drugs have been 
studied for possible use in accelerating the rate of 
orthodontic tooth movement [44, 45], e.g., hydro-
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gen sulfide [46, 47], triptolide [48], and aspero-
saponin [49]. On the other hand, resveratrol has 
been found to reduce the rate of orthodontic tooth 
movement [50].

Low level laser therapy has been proposed to 
accelerate orthodontic tooth movement, with 
most studies using near-infrared gallium–alumi-
num–arsenic (GaAlAs) diode lasers for photobi-
omodulation [51–53]. Low level laser therapy 
increases IL-1β secretion and faster tooth move-
ment is observed [53]. A 2014 systematic review 
and meta-analysis concluded that low level laser 
therapy accelerated tooth movement, with a mod-
erate level of evidence. Further research is needed 
to optimize this technique so that it becomes a 
part of the normal routine [54]. In 2020, a triple- 
blind, split-mouth, randomized controlled trial 
found no accelerating effect on tooth movement 
[55]. This may be due to sub-optimal laser param-
eters being used.

4.2  Orthodontic/Orthopedic 
Treatment Tissue Engineering 
Approaches for Jaw 
Discrepancies

Depending on the type of discrepancy, jaw cor-
rection sometime requires orthopedic interven-
tion with additional orthodontic treatment. For 
instance, in an adult patient with a palatal cleft, 
dentition compensation (including changes to the 
alveolar bone) always exists. In order to achieve 
the mastication function, orthodontic treatment is 
needed to correct the malocclusion (a de- 
compensation), before treatment of the jaw 
discrepancy.

Most cases of jaw discrepancy are well com-
pensated with teeth, alveolar bone and soft tis-
sues, which results in a normal facial appearance, 
progressing to moderate asymmetry and/or mal-
occlusion. Only a small proportion of patients 
with a moderate to severe jaw discrepancy pres-
ent with an obviously asymmetric facial appear-
ance and severe malocclusion [56]. This latter 
situation is seen commonly in cases of cleft pal-
ate, or of benign tumors that progressively dis-
rupt bone (e.g., aggressive giant cell lesions, or 

ameloblastoma). On the other hand, trauma in the 
maxillofacial area, especially cases of TMJ 
trauma in young patients, often result in a severe 
jaw discrepancy.

Conventionally, there are two types of treat-
ment approaches. Distraction osteogenesis (DO) 
was proposed in 1989 [57], and was first applied 
in maxillofacial cases in 1998 [58]. DO has now 
become a standard procedure for elongating the 
jawbone and the expanding maxilla. DO uses the 
patient’s own bone formation capacity to increase 
the bone volume. Its application in the maxillofa-
cial area is limited by the complex and irregular 
shapes of the facial bones in individual cases. 
Each person has a unique facial contour. Another 
issue is damage to accompanying nerves, since 
this can impact significantly on the quality of the 
newly formed bone [59].

4.2.1  DO in the Maxilla
Distraction osteogenesis as a treatment for skel-
etal deformities relies on achieving an increase in 
bone volume. It avoids or reduces the need for 
bone grafting, and the surgery is less invasive. 
Because this technique can expand bone in any 
direction, it has often been used for correcting 
jaw discrepancies in cases of congenital or 
acquired deformities, where the bone volume 
deficit is large.

In DO, an osteotomy separates the bone, the 
two parts are then fixed a distraction device, after 
which a gradual distraction period allows intra-
membranous bone formation to occur. In this 
process, mesenchymal stem cells from the bone 
marrow differentiate into osteoblasts to form 
neo-callus. Bone formation follows the “tension- 
stress principle,” as proposed by Ilizarov [60]. 
Neovascularization is critically required for suc-
cessful bone formation in this process and for this 
reason, systemic factors that impair neovascular-
ization also affect bone regeneration at the DO 
site [61].

Midface deficiency is common in cleft patients 
due to unavoidable scar tissue formation during 
surgical closure of clefts at an early age. When 
the growth of the maxillofacial complex ends, a 
severe crossbite and maxillary hypoplasia are 
often the end result, with a low bone volume. A 

Y. He et al.



157

simple maxillary advancement (Le Fort I) is not 
enough. DO can provide reliable advancement of 
the maxilla with substantial bone deposition. 
Results are stable 12  months after treatment. 
Using a rigid external distraction device, it is pos-
sible to perform a stable advancement of the 
maxilla in both the horizontal and vertical planes.

4.2.2  DO in the Mandible
In bone tissue, the areas with the highest meta-
bolic activity receive the richest sympathetic 
innervation [62]. Bone cells express neuronal 
signal receptors, which mediate neuro-osteogenic 
interactions [63]. The sympathetic nervous sys-
tem regulates the bone remodeling process [43, 
64, 65], stimulating osteoclastic activity via β-2 
adrenergic receptors (Adrb2). In Adrb2 knockout 
animals, tooth movement is significantly reduced.

Nerve integrity has an impact on bone remod-
eling. In sagittal DO of the mandible, there is a 
risk that DO surgery procedures may injure or 
transect the inferior dental nerve. If this occurs, 
there would be a reduction in new bone forma-
tion following DO [59]. In the mandible, the 
approach of using DO is limited to cases where 
correction in the transverse dimension is required, 
such as in hypoplasia of the mandible [66].

4.3  Bone Tissue Engineering 
for the Maxillofacial Region

Besides auto-transplantation, heterogeneric 
osteogenesis has been explored extensively for 
bone tissue engineering. Bone tissue grafting [67, 
68] and the implantation of synthetic bone substi-
tutes have been the two main approaches used for 
the treatment of jaw discrepancies. A recently 
review suggested that using allogenic bone chips 
could be a safe technique, [69] however this 
approach has limited source material and is not 
likely to achieve the maximum extent of bone 
regeneration capacity. This next section will 
focus on synthetic bone substitutes used in bone 
tissue engineering for the maxillofacial region 
[70, 71].

Bone substitutes include both organic and 
inorganic-metal substitutes. This has been a 

greatly expanding topic within tissue engineering 
over recent decades.

4.3.1  Vascularization in Bone 
Regeneration

Scaffold materials have been applied to repair 
bone defects in the maxillofacial area. When the 
bone defect size exceeds a certain limit, or the 
bone volume needed to correct a jaw discrepancy 
is large, achieving sufficient tissue in -growth 
into the scaffold becomes a major challenge. The 
importance of achieving blood vessel in-growth 
into scaffolds used in bone regeneration is 
acknowledged widely. To promote angiogenesis 
in bone regeneration, many approaches have 
been reported, including the addition of growth 
factors (e.g., VEGF and bFGF) [72, 73], incorpo-
rating blood vessels [74], pre-vascularizing the 
scaffold material with a cell sheet [75], and opti-
mizing the scaffold microstructure [76]. In yet 
another approach, an arteriovenous loop was 
microsurgically created and introduced inside a 
scaffold used to repair a critical size bone defect 
in the mandible. There was a significant blood 
vessel formation inside that scaffold, and more 
bone formation throughout the scaffold [74].

4.3.2  Research Models
To study the bone regeneration capacity of bone 
substitutes used in the maxillofacial region, many 
in  vivo models have been proposed [77, 78]. 
Bone in the maxillofacial area follows intramem-
branous formation, like the bones of the cranium. 
The calvarial bone defect model has become the 
most common critical size defect model used to 
evaluate the bone formation capacity of new 
regeneration techniques and materials used in the 
maxillofacial region. The calvarial model is typi-
cally employed with small animals, e.g., mice 
[73], rats [79], and rabbits [80, 81]. A mandible 
bone defect model is often used with large ani-
mals, e.g., dogs [82, 83], pigs [84], sheep [85] 
and non-human primates [86, 87]. Recently, a 
mandible defect model in small animals has also 
been reported [88]. In the maxilla, the research 
model is usually alveolar bone regeneration of 
clefts [89, 90]. Recently, a rat mandible model 
has been introduced to study clefts [91].
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5  Regenerative Aspects 
in Orthodontic Treatments 
for Periodontal Diseases

Orthodontic tooth movement is not limited to 
biological events within the periodontal liga-
ment. It involves two interacting biological activ-
ities: one involves remodeling of alveolar bone, 
and the other involves remodeling of periodontal 
tissues. Orthodontic intervention, essentially 
applied as a light force, initiates mechano- 
transduction, and triggers a series of osteosis and 
angiogenesis processes that are yet to be under-
stood fully.

The concept of guided orthodontic regenera-
tion has been proposed by Paolone and cowork-
ers [92, 93]. This recognizes the regenerative 
potency of orthodontics in periodontal tissues, 
including both soft and hard tissues. From a tis-
sue engineering standpoint, using orthodontic 
treatment (with light force) appears to be a feasi-

ble approach to tissue regeneration with less 
complications than surgical methods (Fig. 2) [94, 
95]. In this section, the regeneration of periodon-
tal tissue achieved via orthodontic treatment will 
be discussed.

Tissue responses to applied forces vary 
depending on the force type that is used. Take 
alveolar bone, for example. Bone formation can 
be observed under an expansion force, while 
bone resorption occurs when a compression force 
is applied. The periodontium plays a conductor 
role by transferring the applied mechanical forces 
into biological signals, to initiate tissue responses. 
As shown in  vivo, periodontal tissue can be 
reshaped as needed by applying different forces. 
An orthodontic force can regenerate gingival tis-
sue, alveolar bone and periodontium. It can also 
aid periodontal treatment to preserve a tooth.

An insufficient alveolar bone volume is a 
common problem in edentulous ridge areas 
where teeth have been lost. To prepare the 
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Fig. 2 Orthodontic force-initiated tooth movement and 
tissue responses. Orthodontic force is applied to the labial 
side of the tooth crown. The tooth rotates around the cen-
ter of resistance: the crown moves to the lingual side, 
while the root moves to the labial side (a). At the cervical 
level of the root, periodontal tissue on the labial side is 
expanded, while periodontal tissue on the lingual side is 

compressed (b). Expansion stress activates osteoblast pre-
cursors, and bone formation is observed; compression 
stress promotes osteoclast formation via fusion of mono-
nuclear cells, and bone resorption occurs. Usually these 
mononuclear cells migrate in from nearby blood vessels 
(c)
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 periodontal tissue to support an implant, orth-
odontic approaches can be used to increase the 
alveolar crest height prior to implant insertion.

Besides implants, as an alternative treatment 
for a missing tooth, tooth auto-transplantation 
has been undertaken, and this has proved effec-
tive in the long term. An active periodontium has 
been regarded as the most important factor for 
the success of tooth auto-transplantation.

Orthodontic force can create an activated peri-
odontium. In the following part, orthodontic 
application in periodontal tissue regeneration is 
discussed for gingival, alveolar bone and peri-
odontal regeneration.

5.1  Orthodontics Improves 
Periodontal Esthetics: 
Gingival Recession/Black 
Triangle

The etiology of the gingival recession is multi-
factorial. It is generally regarded that growing 
patient can gain spontaneous re-growth of gingi-
val while it is almost impossible to regain 
recessed gingiva in adults. Few studies have 
reported the regain of recessed labial gingiva and 
gingival papilla. The mechanism behind the suc-
cess of gingiva re-growth lies in the dynamically 
remodeling alveolar bone. Orthodontic force or 
surgical procedures (for instance, corticotomy 
introduced in other parts) could activate a series 
of osteosis process including resorption, forma-
tion, and remodeling of the alveolar bone. 
Research has gradually better understood the 
relation between orthodontics and regeneration 
of periodontal tissue reaction. Gingival attach-
ment is determined by supracrestal tissue attach-
ment [96], which is related to the shape of 
alveolar bone, mostly the height. In practice, 
treating recessed gingival tissue can be (partially) 
achieved with orthodontic intervention.

Gingival attachment is determined by the 
alveolar bone. When the front tooth is labially 
positioned, it is not surprising to observe the gin-
gival recession. Hence obvious regain of recessed 
gingiva is seen in repositioning the teeth in the 
center of the alveolar ridge [97–102]. Depending 

on the original position of the recessed tooth and 
the occlusion, common orthodontic approaches 
include torque (incline the crown while maintain 
the position of the root), retracting, and intrusion. 
Orthodontic correction can greatly improve the 
recession grading, which is correlated to the 
treatment prognosis of periodontal plastic sur-
gery [103–107]. Hence in the treatment of the 
gingival recession, the position of the tooth inside 
the alveolar ridge should be prioritized.

As the cause of gingival recession is multifac-
torial, there has not been a systematic treatment 
protocol or guideline. There exists a controversial 
debate in the relation of orthodontic treatment 
and gingival recession. Conclusive research on 
gingival recession is lacking in the literature. Yet 
some evidence showed it is possible to regrow 
gingival when dental plaque is well controlled. A 
multi-disciplinary team management is required 
for the succeed in the treatment of gingival reces-
sion. For instance, under a carefully monitored 
plaque control, orthodontic treatment could sig-
nificantly minimize the recessed area followed 
by gingival reconstructive surgery. This com-
bined strategy shall provide a good prognosis of 
treatment of gingival recession.

5.2  Orthodontics in Prosthesis

The esthetics of labial gingival contour (height, 
width, and symmetry) plays an essential role in 
dentofacial esthetics in the front view. When per-
forming implantation at the anterior maxillary 
region, gingiva usually recesses to a noticeable 
level in the first 3–6 months post-surgery [108–
111]. To prepare alveolar bone and gingival for 
esthetic implant placement [112], orthodontic 
extrusion, a coronal tooth movement, can be per-
formed to activates the osteosis process [93]. As 
a result, the alveolar process will be remodeled at 
the coronal direction (increasing crest height) as 
well as a reduction in periodontal pocket depth 
could be observed [113]. Orthodontic appliance 
can be used to develop implant site, which is not 
restricted by the residual attachment level. The 
efficacy of gingival and alveolar bone regenera-
tion was reported about 70% and 60% [114]. Due 
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to this plastic nature of periodontal tissue with 
force, orthodontic techniques have been adopted 
to grow the periodontal structure prior to an 
implant placement [115–121].

In some cases, to gain biological distance res-
toration, the clinical crown (the part of a tooth 
that is exposed to oral cavity) needs to be elon-
gated. Usually orthodontic extrusion is preferred. 
Conventional orthodontic extrusion creates bone 
apposition at the alveolar crest broadening the 
width of the attached gingival. This tissue regen-
eration is appreciated in implant placement where 
there is lacking enough bone to support the 
implant. On the contrary, in periodontal treat-
ment of crown lengthening, this tissue regenera-
tion becomes undesired. Then gingival fiber 
resection (fiberotomy) and root surface scaling 
are needed to avoid the coronal migration of peri-
odontal tissue [122]. The reason is because that 
alveolar bone grows coronally as the tooth being 
extruded. And periodontal soft tissue attachment 
is determined by biological width. The term has 
been adopted as a clinical term that describes the 
variable dimension of the supracrestal attached 
periodontal tissue in apicocoronal (vertical) 
direction. It has been recently replaced by supra-
crestal tissue attachment. Supracrestal tissue 
attachment is a concise, descriptive definition of 
the histological structure: junctional epithelium 
and supracrestal connective tissue attachment 
[96]. The relation between alveolar bone crest to 
the periodontal attachment remained acknowl-
edged. This concept of attachment centers on the 
important role of alveolar height in periodontal 
treatment.

5.3  Orthodontics Helps 
Reconstruct Periodontium

Missing tooth brings functional and esthetic 
issues. Prosthetic implant is commonly used to 
resolve the problem. Yet it lacks periodontal liga-
ment which provides individuals with a physio-
logic proprioception and sensory reflection. In 
growing patients, implants fail to provide physi-
ologic eruption which results with an unleveled 

gingival margin. Tooth auto-transplantation can 
be a good alternative as the tooth comes with 
viable periodontal ligament which enables a high 
successful rate [123]. Ankylosis and root resorp-
tion are common complications. Orthodontic 
treatment (force) activates physiological tissue 
response. Upon distortion of collagen fibers 
within periodontal ligament, mechanical strain 
transduces to cells inside ligament and 
 neighboring tissues. Macrophages response early 
and appear in periodontal ligament when orth-
odontic  force is applied. They then response 
to   mechanotransductively released cytokines. 
Proinflammatory and angiogenic cytokines are 
produced by macrophages under compression 
strain, which alter the microenvironment of peri-
odontal ligament [124]. These cytokines are 
influential to the survival of periodontal ligament. 
Bone lining cells in periodontal ligament play an 
important role in tooth movement and osteoclas-
togenesis in response to mechanical force [125]. 
Short term application of orthodontic force on 
donor’s tooth can activate the periodontal liga-
ment with upregulated expression of inflamma-
tion, osteoclastogenesis. After transplantation, 
donor tooth activated by orthodontic force 
showed higher tissue regenerative potency than 
normal tooth. Genes relating to periodontal liga-
ment regeneration, cell proliferation, osteoblasto-
genesis, and osteoclastogenesis are highly 
expressed in orthodontically activated donor 
tooth in the first-week post-transplantation. 
Osteoclastogenic gene expression in orthodonti-
cally activated donor tooth is reduced to signifi-
cant lower level than that in normal donor tooth 
in the fourth-week post-transplantation. This 
consisted of histologic observation where root 
resorption was less and inflammatory activity 
subsided in 4 weeks [126].

The vitality of periodontal ligament is a key 
factor in the prognosis of transplanted teeth 
[127]. Hypofunctional, un-occluded, teeth have 
narrow periodontal ligament. Donor teeth with 
functional periodontal ligament survived much 
better than unerupted or partially erupted teeth 
[128]. They survive longer, have less complica-
tions, e.g., root resorption. This updates previous 
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belief that unerupted or partially erupted teeth are 
preferable in tooth transplantation as they have 
wide periapical foramen and higher chance to 
maintain the vitality of pulp. The application of 
orthodontic force also increases the survival 
chance of transplanted tooth [127]. Early orth-
odontic force engagement (within 4 weeks post- 
transplantation) could reduce the incidence of 
ankylosis [128].

5.4  Orthodontic Application 
in Periodontal Treatment

Orthodontic force creates stress of periodontal 
tissue and receives a complicate set of signaling 
responses including osteoclastogenic and angio-
genic activation. The former results in alveolar 
bone change and the latter may impact on the 
alteration in the gingival tissue and periodontal 
fiber. Orthodontic tooth movement can create 
periodontal tissue, which benefits perio- 
restorative patients. As discussed in the previous 
section “Orthodontics in prosthesis,” increased 
amount of soft and hard tissue is generated dur-
ing extrusion. In perio-restorative patients, these 
excessive tissues could be used in periodontal 
regenerative surgery [94].

Aggressive periodontitis featured by disrup-
tion in periodontal tissue, extrusion of front teeth, 
and loss of teeth leaves esthetics and mastication 
disabilities [129]. In chronic periodontitis, with 
loss of periodontal tissue, crown/root proportion 
becomes large, which creates a greater unfavor-
able force to remained periodontium under nor-
mal mastication compared a healthy tooth. 
Orthodontic tooth intrusion is performed to cor-
rect the crown/root proportion [130]. In both 
aggressive and chronic periodontitis, there is 
tooth loss and space remained, which compro-
mises mastication efficiency. To restore these 
spaces, orthodontic treatment is often applied to 
re-arrange remained teeth and space for a bal-
anced and periodontal tissue-friendly restoration.

Zasciurinskiene and colleagues concluded 
that no evidence indicate either beneficial or 

deteriorating role of orthodontic treatment to 
periodontally compromised dentition [131]. A 
recent clinical study demonstrated that under 
strict plaque control periodontal assessment of 
aggressive periodontitis was similar to that of the 
orthodontic patient who has healthy periodontal 
tissue [129]. There have been a few case reports 
of orthodontic treatment on periodontitis [132].

6  Regenerative Approaches 
for Temporomandibular 
Joint Disorders (TMD)

During basic daily functions (i.e., speaking, swal-
lowing, and eating), the temporomandibular joint 
(TMJ) plays an extremely important role in coor-
dinating the jaw movements. The TMJ is 
described as a bilateral synovial joint formed by 
fibrocartilaginous articular surfaces of the man-
dibular condyle and glenoid fossa, muscles, liga-
ments, and the articular disc [133]. It is estimated 
that 10–40% of the population are affected by 
temporomandibular joint disorders (TMD), with 
a predominance among young adults under 
45 years of age [134].

The main signs and symptoms of TMDs 
include limited mouth opening, mandibular devi-
ation during the opening, displacement, clicking, 
locking, and muscle pain during mandibular 
movements. TMJ pathologies that require clini-
cal treatment are internal derangement, degener-
ative joint disease, and ankylosis [133, 134].

Three categories are described for the clinical 
treatment of TMJ pathologies: non-invasive, 
minimally invasive, and invasive. When in an 
advanced stage of degenerative disease, the total 
alloplastic reconstruction of the TMJ is consid-
ered the treatment of choice. To possibly elimi-
nate the need for total TMJ replacement, tissue 
engineering may provide a functional and perma-
nent biological replacement of the TMJ struc-
tures [135–139]. Figure  3 shows a general 
overview of main TMJ pathologies, current ther-
apies, and the tissue engineering approach of the 
different TMJ structures.
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6.1  Tissue Engineering of the TMJ

Many tissues of the body, after an injury, exhibit 
an ability to repair themselves, however, some 
tissues have little or no ability to self-repair. 
Among these, the TMJ tissues can be included. 
Given an advanced pathological process of the 
TMJ (i.e., osteoarthritis), coupled with limited 

repair capacity of the TMJ tissues (i.e., fibrocarti-
lage, cartilage, bone), the current treatment 
options for clinicians and surgeons, in order to 
maintain normal function and eliminate the 
patient’s pain, are limited and considered semi- 
permanent [133, 134, 137–139].

To overcome the current obstacles, tissue 
engineering may provide permanent, biomimetic 

Tissue Engineering Approach

Tissue Engineering of the Temporomandibular joint

TMJ pathologies

Current therapies

Internal derangement
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Degenerative joint
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• physical, myofunctional,
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Fig. 3 Overview of 
main TMJ pathologies, 
current therapies, and 
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approach of the different 
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replacement tissue for the TMJ [136–138]. Thus, 
scientists have used the tissue engineering para-
digm [139]. The first step is to characterize the 
native and healthy tissues, providing parameters 
for the appropriate design using the concepts of 
tissue engineering. Considering the tissues to be 
regenerated and its characteristics and properties, 
the parameters obtained will guide the optimal 
selection of cells, of scaffold materials (extracel-
lular matrix), of proper growth factors and, in 
specific tissues, the necessity of biomechanical 
stimulation (mainly for the articular disc), mak-
ing it possible to obtain an implantable biomi-
metic tissue [135–139]. Table  1 describes the 
main cell sources, scaffold materials, and growth 
factors used to tissue engineer the TMJ disc, the 
condylar cartilage, and the mandibular condyle.

Over the past decade, advances in the field of 
biomaterials science, tissue engineering, and 
stem cell therapies have led to the development 
of less invasive and alternative treatments for dis-
eased joint tissues [133, 136, 137, 139]. Cell- 
based therapies involving expansion and 
transplantation of stem cells combined with dif-
ferent scaffold materials and growth factors have 
been shown regenerative capabilities to repair 
diseased TMJ tissues [140, 141]. Also, cell-free 
scaffolds have been used for TMJ cartilage regen-
eration, for fibrocartilage (disc) regeneration, and 
for osteochondral regeneration with regenerative 
capabilities in animal models [142–144].

Two methods have been extensively described 
in the literature for bone tissue engineering and 
for TMJ tissue engineering: (a) in situ tissue 
engineering, which consists of using cell-free 
scaffolds to attract local cells (cell homing) that 
will guide the regeneration process; (b) and scaf-

folds seeded with competent cells to guide the 
regeneration process [145].

Preclinical studies using small and large ani-
mals using different cell sources, combined with 
scaffolds made of a wide range of materials and 
enriched with a variety of growth factors have 
been described to regenerate the TMJ disc, the 
condylar cartilage and the mandibular condyle 
with promising outcomes [136, 146]. Some clini-
cal trials [147] have demonstrated the efficacy of 
autologous or allogeneic MSCs in cartilage repair 
[148] (Table 2).

Table 1 Most used biomaterials, stem cells, and growth 
factors for bone tissue engineering

Stem cells Biomaterials
Growth 
factors

Mesenchymal stem cells Bioceramics BMPs
Dental stem cells Polymers FGFs
iPSC Hybrid VEGF
Adipose-derived stem cells, 
peripheral blood-derived 
stem cells

Composites Others

Table 2 Main cell sources, scaffold materials, and 
growth factors used to tissue engineer the TMJ disc, con-
dylar cartilage, and the mandibular condyle

Temporomandibular joint structure

TMJ disc
Condylar 
cartilage

Mandibular 
condyle

Cell 
sources

Costal 
chondrocytes; 
primary disc 
cells; 
multipotent 
MSCs; 
umbilical cord 
matrix stem 
cells; 
pluripotent 
ESCs

Primary 
cartilage 
cells; 
multipotent 
hUCMSCs

Mature 
osteoblasts 
and 
chondrocytes; 
bone 
marrow- 
derived MSCs

Scaffold 
materials

Porous 
collagen 
scaffold; PGA; 
PLA; ePTFE; 
PLLA; 
alginate 
hydrogels

PGA PEG; PCL; 
PLA; PGA; 
PLGA; 
calcium 
phosphate 
ceramics (HA, 
TCP)

Growth 
factors

PDGF; bFGF; 
TGF-b1; 
TGF-b3; 
IGF-I

bFGF; 
IGF-I; 
TGF-b1; 
EGF

IGF-I; 
TGF-b1

Abbreviations: mesenchymal stem cells (MSCs); 
 embryonic stem cells (ESCs); polyglycolic acid (PGA); 
polylactic acid (PLA); expanded polytetrafluoroethylene 
(ePTFE); poly-l-lactic acid (PLLA); platelet-derived 
growth factor (PDGF); basic fibroblast growth factor 
(bFGF); transforming growth factor-b1 (TGF-b1); trans-
forming growth factor-b3 (TGF-b3); insulin-like growth 
factor-I (IGF-I); human umbilical cord mesenchymal stro-
mal cells (hUCMSCs); epidermal growth factor (EGF); 
poly(ethylene glycol) (PEG); polycaprolactone (PCL); 
poly-lactic-co-glycolic acid (PLGA); calcium phosphate 
ceramics: hydroxyapatite (HA) and tricalcium phosphate 
(TCP)

Regenerative Approaches in Orthodontic and Orthopedic Treatment



164

Besides the promising results from preclinical 
data, there are still challenges to overcome to 
bring tissue-engineered TMJ structures to the 
clinic. Among them, the total restoration and 
incorporation of fibrocartilage in the articular 
surfaces, the possible displacement of the 
implanted material, and the lack of long-term 
results of the regenerative approaches of the TMJ 
structures.

6.2  Future Treatment for the TMD 
Treatment

In view of the challenges that the unique TMJ 
environment represents (i.e., mechanically 
demanding and biochemically active), the field of 
tissue engineering has made significant progress 
over the past decade with promising results to 
replace diseased, displaced, or degenerated tis-
sues. Currently, research has focused on biologi-
cal substitutions of the mandibular disc, adjacent 
structures of the TMJ, and engineering of cranio-
facial tissues (i.e., bone, soft tissue, nerve, mus-
cle). In addition, tissue engineering strategies to 
provide treatment options for the glenoid fossa 
and the articular eminence should be considered.

The scientific and technological advances 
available provide a solid basis for scientists and 
surgeons to overcome the challenges that still exist 
in the field of TMJ tissue engineering, such as the 
proper selection of cell sources, scaffold materials, 
and growth factors. A detailed understanding of 
the native tissues of the TMJ and their respective 
complex pathologies are essential for scientists 
who wish to develop and increase the success of 
permanent biological TMJ replacements.

7  Conclusions and Future 
Perspectives

Current Status
The regenerative approaches and tissue engineer-
ing combine stem cells with scaffolding biomate-
rials as well as growth factors. This has potential 

applications in surgical correction of jaw 
 discrepancies, bone loss due to periodontal dis-
ease, congenital bone defect such as cleft lips and 
palates, TMJ disorders related to bone/cartilage 
defect, and alveolar bone lesions. Recent 
advances in stem cells indicate effective treat-
ment and improved clinical outcomes in bone tis-
sue regeneration in orthodontic/orthopedic 
treatment. Studies also showed that stem cells 
based regenerative approaches can reduce mor-
bidity and speed up the recovery process compar-
ing to the conventional surgical approaches. 
Taken together, we can conclude that regenera-
tive approaches through tissue engineering are 
promising for orthodontic/orthopedic treatments.

Future Perspectives
The contemporary evidence indicates the feasi-
bility of regenerative approaches in orthodontic/
orthopedic treatments, yet the majority of the evi-
dence is from preclinical studies with animal 
models. It is worthwhile to notice that there is 
still a long distance from bench to bed. The future 
study in this field need to focus on the 
followings:

• Advances technologies: Nanoscale biomateri-
als will be applied as control delivery systems 
for tissue engineering. The nanomaterials can 
also regulate the immuno-response as such to 
enhance the regeneration efficiency. Among 
all the stem cells, dental pulp stem cells 
(DPSCs) are an emerging source that has 
drawn more and more intention. The advan-
tages of DPSCs include but not limited to: low 
immunogenicity, high differentiative capacity, 
and easy to access through bio-banking of the 
deciduous teeth or young adult teeth.

• Clinical translation: More clinical trials are 
required to assess the safety and efficacy of 
the stem cell-based regenerative approaches 
for orthodontic and orthopedic patients. 
Ideally such clinical trials should be con-
ducted in double-blinded, randomized, and 
controlled manner in order to produce the high 
quality of clinical evidence.
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1  Introduction

Bones in the craniofacial region are stress- bearing 
and each has their specific characteristics, how-
ever, they have similar mechanisms of turnover 
and for the repair of damage as other bones in the 
human skeleton [1]. Considering this similarity, 
most of the techniques and materials are used for 
the reconstruction of skeletal bone may be uti-
lized in the field of craniofacial reconstruction as 
well. Besides, due to the unique characteristics 
of the craniofacial bones, it is necessary to pay 
attention to some supplementary considerations.

The main difference between craniofacial 
bones and other skeletal bones is their embryonic 
origin. Branchial arch-derived craniofacial bones 
and cartilages originate from the cranial neural 
crest. On the other hand, the axial skeleton and the 
limb skeleton develop from the lateral plate meso-
derm. The mesenchymal tissue transforms to cal-
cified bones through osteogenesis. The two main 
suggested pathways for the formation of bone 
include intramembranous ossification and endo-
chondral ossification. Direct formation of the bone 
from mesenchymal tissue is ‘Intramembranous 
ossification’ (IO). Differentiation of mesenchy-
mal cells to form cartilaginous templates that are 
subsequently remodelled and become bone is 
endochondral ossification (EO).

Cranial bones primarily are made via IO, how-
ever, EO is comparatively effective in this pro-
cess [2]. For example, Meckel’s cartilage has an 
important effect in mandibular morphogenesis. It 
forms at the proximal end of the lower jaw and 
then disappears once the ossification of the man-
dible is complete [3, 4].

During the IO of the skull, the proliferation of 
neural crest-derived mesenchymal cells occurs. 
These cells will differentiate into capillaries and 
osteoblasts, leading to the formation of compact 
condensations. Osteoblasts create collagen–pro-
teoglycan matrix, which serves as an environ-
ment for binding calcium salts and forming bone 
spicules. Periosteum-derived mesenchymal cells 
are surrounded by calcified spicules. Also, the 
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osteoid matrix is secreted from osteoblasts that 
are derived from cells located on the periosteal 
interior surface, and which produce several lay-
ers of bone.

Various pathways of homeostasis occur in cra-
niofacial and non-craniofacial bones. It has been 
demonstrated in the literature that bone grafts 
from the craniofacial skeleton give better results 
than grafts from the iliac crest, rib, and tibia. This 
advantage in terms of survival and volumetric 
maintenance is important for maximizing clini-
cal outcomes [5, 6].

Buchman and Ozaki showed that maintenance 
of bone volume depends on bone graft microar-
chitecture [7, 8]. Some bone disorders, such as 
medication-related osteonecrosis of the jaw and 
hyper-parathyroid jaw tumor syndrome, involve 
the jawbones [9, 10]. Even though the differen-
tiation of osteoblasts in both craniofacial and 
skeletal bones is dependent on similar regula-
tion factors, including the transcription factors 
Runx2 and osterix, the reasons for differences 
between craniofacial bones and skeletal bones 
remain controversial [11–13]. Multiple growth 
factors, receptors, and signalling pathways have 
been suggested as contributing factors affecting 
the behaviour of the craniofacial bones [14–16].

The purpose of regenerative medicine in oral 
and maxillofacial surgery (OMFS) is to exploit 
and accelerate the regenerative potential of human 
cells, to treat bone defects. Different aetiologic fac-
tors such as malignancies, trauma, and congenital 
anomalies can lead to minor or major bone defects. 
Regenerative medicine had been applied in reha-
bilitative procedures to treat minor bone defects, 
mandibular/maxillary resorption, defects from 
minor dental trauma, and in dental implantology.

Due to clinical limitations in the field of 
regenerative medicine, at the present time, oral 
and maxillofacial surgeons still struggle with 
side effects of allografts when these are used for 
major bone grafts. As well, the lack of develop-
ment of regenerative medicine in the fields of 
regeneration of other types of tissues, includ-
ing soft tissues, muscles, and nerves, is another 
significant limitation of this discipline. The cur-
rent chapter reviews the history of techniques 
and materials, the basis of regenerative OMFS, 

in  vitro advances, in  vivo evidence, limitations 
and barriers, as well as future trends in this field.

2  Current Treatment 
and Clinical Evidence 
for Treatment of Defects 
Caused by Malignancy 
and Trauma

Ancient historical evidence of repair of bone 
defects utilizing metals can be found in the 
Edwin Smith Papyrus, dated 1501  BC [17]. In 
1668, using a xenograft, Van Meekrenon placed 
the first bone graft into a patient who suffered 
from a skull defect [18]. Over the years, a vari-
ety of techniques and materials with different 
combinations, such as autogenous, allogeneic, 
and prosthetic materials, have been used for the 
reconstruction of bone defects.

Comparing all modalities, autogenous bone 
grafts have shown the most favourable results 
[19–21]. Considering advances in understand-
ing the science and basic biology of autogenous 
bone grafting, there remains much to investigate 
and learn about regarding the inherent potential 
of human cells. Such investigations will allow 
scientists and clinicians to obtain more predict-
able results, and to better apply reconstruction 
techniques in clinical practice. Following a bone 
graft, the formation of a haematoma and an 
inflammatory reaction adjacent to the graft site 
that lasts for about 5–7 days following bone graft 
placement are the likely events. As this happens, 
an organized condensed fibrovascular stroma 
disassociates the graft from the haematoma and 
the surrounding tissue. After 10–14 days, angio-
genesis occurs with new blood vessels growing 
toward the graft area, which aids the induction 
of cells with osteogenic abilities. Infiltrating host 
cells differentiate into osteoblasts and osteo-
clasts, which deposit and resorb bone, respec-
tively. Also, these cells facilitate vascular tissue 
penetration into the bone graft.

Revascularization of cortical grafts that are 
modified for use in onlay augmentation occurs 
superficially (10–21  days) and then centrally 
(8–16 weeks) [22, 23]. Since vascularization of 
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the initial graft will not occur for several days, 
incomplete revascularization of the necrotic 
region will be sealed off from the viable region. 
Dead bone that is trapped will only be resorbed if 
proper revascularization occurs.

The efficiency of angiogenesis and the revas-
cularization process is the single major criti-
cal factor in bone graft survival. Irradiation, 
impaired immune responses, and also the prob-
lems at the recipient site (including the presence 
of necrotic/infectious tissue, or scarring) may 
affect the revascularization process [24]. Pre-
existing healthy bone can deposit a healthy bony 
matrix directly.

Histologically, there are two types of cancel-
lous and cortical bone. Cancellous bone graft 
revascularization is faster and more extensive than 
for cortical bone grafts [25]. Revascularization of 
cortical bone grafts often proceeds gradually, and 
occasionally may be incomplete [26, 27]. The 
penetration of new blood vessels is limited to 
existing pores and proceeds from the exterior sur-
faces into the interior segments of the graft. Since 
blood vessel ingrowth will be constrained by the 
dense cortical bone lamellar structures (includ-
ing Haversian canals and Volkmann’s canals), 
osteoclastic enlargement should occur prior to 
penetration of blood vessels into the cortical bone 
graft [28]. Revascularization of cancellous bone 
grafts consequently stimulates the formation of 
new bone via osteoinduction, to address ‘bone 
gaps’. Alternatively, since cortical bone grafts 
can survive with the least resorption rate and may 
maintain a certain level of mechanical stability 
for a longer period, they are indicated for use in 
bone volume deficiencies [29, 30].

The presence of pre-existing cells in autog-
enous bone grafts makes them superior to other 
bone substitutes [31, 32]. Osteogenic cells origi-
nating from the periosteum, endosteum, marrow, 
and intracortical elements give viability to the graft 
and induce the production of osteoid [28]. A peri-
osteum enriches a bone graft by providing a blood 
supply, while osteoprogenitor cells facilitate the 
further formation of bone and its vascularization 
[33, 34]. Unfortunately, the mature periosteum 
fails to retain its osteogenic capacity following 
detachment from the bone surface [35, 36].

A large portion of the osteocytes within a bone 
graft undergoes necrosis immediately following 
the grafting procedure. An initial implantation of 
large bone grafts into well-vascularized muscle 
tissue can accelerate the inward vascularization 
process, and provide a vascular pedicle that can 
be later used for microsurgical anastomosis. This 
is a recommended approach to improve the sur-
vival rate of the bone graft [37, 38].

Because of the morbidity of the donor site 
and the limited amount of harvestable bone, 
bone grafting methods have significant limita-
tions [28]. To address these problems, stem cell-
based tissue engineering of bone has now been 
proposed as a possible promising alternative. In 
1968, Friedenstein et  al. found bone marrow- 
derived fibroblast-like cells called mechanocytes, 
which are chondrogenic and adipogenic. These 
are now called mesenchymal stem cells (MSCs). 
These cells can differentiate to form haematopoi-
etic cells, and they also can undergo osteogenic 
differentiation [39–42]. Besides being found in 
the bone marrow (BM), MSC-like cells have also 
been detected in other tissues such as adipose, 
dental pulp, and skeletal muscle [43–45]. MSC- 
mediated bone reconstruction has been evaluated 
extensively in various trials. These show that the 
local delivery of MSCs can improve bone regen-
eration [46].

The optimal method for the reconstruction of 
a craniofacial bony defect is an autologous bone 
graft (Figs.  1, 2, 3 and 4) [47, 48]. The advan-
tages of these grafts, which mainly are harvested 
from the ribs and iliac crest, are ease of access, 
and minimal impact on the host. In contrast, 
source limitations and morbidity of the donor site 
are the main disadvantages of autogenous bone 
grafts. Also, these autografts do not have jaw-
bone characteristics.

The usual complication of grafts is their lack 
of vascularization, which leads to resorption and 
deformity [5]. Preservation of the periosteum can 
improve the survival rate of grafts for craniofa-
cial bones [49], by facilitating early revascular-
ization [50]. Implant site status can also influence 
the rate and extent of revascularization in the 
graft area [51]. Muscle coverage can enhance the 
revascularization of grafts [52].
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Fig. 1 (A-1 to -4) and (B-1 to -2) A 28 years old female 
patient who was diagnosed with anodontia; the deciduous 
teeth had undergone severe root resorption following 

orthodontic treatment and were considered hopeless and 
were extracted. (C-1 to -3) Postoperative intraoral views 
of the jaws after placement of implants
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Previous studies have revealed that bony 
defects of reasonable size (4–6 cm) can efficiently 
be treated by using non-vascularized cortical- 
cancellous bone grafts, while for massive defects, 
vascularized grafts are essential [53, 54]. Another 
issue is the complex 3D shapes of maxillofacial 
bones compared to long bones in other parts of 
the body. Therefore, selection and reshaping of a 
vascularized autologous iliac crest, fibula, or rib 
graft for precise fit into a craniofacial bony defect 
is very laborious and challenging.

The initial healing of bone and accelerated 
revascularization can increase the retention of 
rigidly fixed grafts, particularly in bones with a 
higher motor function such as the femur [55, 56]. 
The mandible can be considered the only bone 
that undergoes significant movement, amongst 
the craniofacial bones. It may seem that rigid 
fixation does not efficiently increase the survival 
rate of fixed craniofacial bone grafts, however 
a survey of 363 patients who underwent nasal 
reconstruction demonstrated that by using rigid 

interosseous fixation, exceptional bone graft sur-
vival can be achieved [57].

The inability of bone substitutes to induce 
new bone in a predictable way can be considered 
as the main limitation of these materials. Lack 
of customized grafts for individuals is another 
important disadvantage. The extent and the 
severity of the bone defect may limit the use of 
autologous grafts, and this drives the search for 
external sources for the replacement of lost tis-
sues [40]. Allogeneic or xenogeneic grafts cause 
numerous complications, including immediate or 
delayed host immunological reactions.

3  Current Treatment 
and Clinical Evidence 
for Congenital Defects

Failure in the fusion of the nasal process and 
palatal shelves leads to cleft lip and cleft pal-
ate (CL/CP) [58–60]. Facial deformity in CL/

Fig. 2 An autologous iliac bone graft used in combina-
tion with a xenograft to reconstruct extensive maxillofa-
cial bone defects in both jaws of a 28-year-old female 
patient diagnosed with anodontia. At first, the autogenous 
bone graft was harvested and combined with a xenograft, 

and then fixed into the defect sites with fixation screws 
(A-1 to A-5). After 6 months, bone tissue filled the gap, 
and dental implants were placed to rehabilitate the denti-
tion (B-1 to B-4 and C-1 to C-3)
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A-1

A-3
A-4

A-2

b

Fig. 3 (A-1 to A-4) Digital design of implant treatment 
plan using computer software and CBCT images for the 
patient whose defect reconstruction is shown in Fig. 1. (B) 

The 4-month postoperative panoramic view of the patient 
whose defect reconstruction and digital treatment plan-
ning are shown in Fig. 1
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CP patients usually includes dentoalveolar bone 
defects, which may be associated with miss-
ing teeth and/or a maxillary deficiency [61]. 
Orofacial clefts cause a severe loss of multiple 
tissues. Preferably, they should be reconstructed 
with the aid of autologous grafts. Recommended 
autogenous graft sources for the reconstruction 
of alveolar cleft deformities include the iliac 
crest, tibia, rib, and the cranium. The literature 
reports high success rates of autologous grafts of 
up to 88% [60–65].

The use of iliac crest bone, the most frequent 
graft source, results in 43.1% bone resorption 
during the first 12 months postoperatively [61]. 

Complications from these grafts and disadvan-
tages include pain, the morbidity of the donor 
site, unsatisfactory bone reconstruction, addi-
tional expenses, and long operation times. Such 
disadvantages have led researchers and clinicians 
to look towards the application of regenerative 
options and stem cell-based tissue engineering 
[60, 62, 66, 67].

The treatment of cleft lip and palate is com-
plex. Due to a child’s physiological situation, 
the treatment of deformities has to be consid-
ered with caution, achieving a delicate balance 
between surgical intervention and allowing for 
normal growth. Considering the similarity of the 

Fig. 4 Extraoral postoperative views of a 28 years old female patient who underwent bimaxillary reconstruction, rhi-
noplasty, and brow lift
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grafts used by clinicians for treatment of defects 
caused by trauma or malignancies, methods to 
treat congenital also vary in terms of soft tissue 
repair. Different surgical techniques have been 
introduced by surgeons over time, to achieve 
favourable aesthetic results and to optimize the 
volume of soft tissues.

A major complication with such surgical 
approaches is wound dehiscence. This may hap-
pen as a result of poor tissue quality and excessive 
wound tension, resulting in an oro-nasal fistula. 
A palatal fistula occurs in around 4.9% of cases 
[68]. Major predictive factors for a palatal fistula 
are the type of cleft and surgical repair method, 
as well as wound tension, dead space, and rapid 
maxillary arch expansion. Local flaps, tongue 
flaps, and (rarely) microvascular free flaps are 
the treatment plans of choice if the palatal fistula 
is very large.

The management of a patient with cleft pal-
ate is complex. No universal agreement has been 
reached on an integrated and comprehensive 

strategy. The suggestion of foetal microsurgery 
for cleft repair has been rejected due to its high 
risk. Although a range of tissue engineering 
approaches exists, all have issues with expense, 
accessibility, and practicality (Figs. 5 and 6).

3.1  Principles and Advantages 
of Stem Cell-Based Therapies

Cells, scaffolds, and growth factors are the main-
stays of tissue engineering. The combination of 
cells located in an appropriate scaffold can be 
used to deliver the proper biochemical signalling 
to induce bone growth. The appropriate design of 
the scaffold and its related mechanical signals is 
essential. The scaffold can be temporary or per-
manent, and natural or artificial. Nevertheless, 
the definitive characteristic of all scaffolds is that 
they must be biocompatible [70–72].

Scaffold environments improve the migra-
tion and differentiation of progenitor cells [73]. 

Scaffold PRGF MSCs

Triad of Cell Based Bone Engineering

Fig. 5 The components of triad suggested by Behnia et al. [69] for the reconstruction of a bone defect in a patient with 
a cleft
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Physical features of scaffolds, such as their 
biodegradability, porosity, stiffness, and resis-
tance influence directly cell proliferation (osteo-
conduction), cell adhesion, and cell migration, 
through the action of chemical signals. The main 
challenge for the maxillofacial surgeon is the 
precise three-dimensional design of the scaffold 
to make it match the craniofacial defect. There 
have been promising results from research using 
computers in the design and manufacture of bio-
mimetic scaffolds [74].

In addition to cells, scaffolds, and growth fac-
tors, which are considered the three mainstays 
of tissue engineering, a second group of factors 
is important, such as the availability of cells, 
whether than can be differentiated, their immu-
nostimulatory properties, and tumourigenicity 
[75]. One of the most challenging issues is the 
selection of the best cell line for use in tissue 
engineering. The utilization of stem cells, and 
gene therapy using viral vectors for expression of 

growth factors in cultured cell lines, are among 
the newest horizons in tissue engineering [76–
78]. Such approaches could enable clinicians to 
create living tissues, and this will expand treat-
ment options in the future.

A major obstacle for the efficient manage-
ment of tissue function in vitro is the lack of a 
comprehensive understanding of cell behaviour 
under specific physical and chemical conditions 
[79, 80]. Bioreactors are among the devices that 
can be utilized to provide a quasi-natural envi-
ronment, by imitating physiological conditions. 
Advances in tissue engineering have now led to 
the wider use of three-dimensional scaffolds that 
can host multiple layers of cells. The spatial struc-
ture of these scaffolds needs to be designed based 
on the fluid flow rate, so that the scaffold main-
tains the ability to provide oxygen and nutrients 
and to remove waste. The scaffold design must 
also consider external mechanical forces, which 
can be used to induce osteoblastic proliferation. 

a b

c d

Fig. 6 (a) Cleft exposure and nasal floor suturing. (b) A 
biphasic hydroxyapatite/tricalcium phosphate scaffold 
loaded with hMSCs combined with patient-derived 
PDGF. (c) Overfilling of the defect with the triad. (d) 

Placement of a platelet fibrin membrane over the graft. 
Adapted from Behnia et  al. J Craniomaxillofac Surg 
(2012)
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An alternative option is in vivo graft cultivation 
using animal models (or humans) as a bioreactor 
to stimulate cellular growth [80].

3.2  Hard Tissue Repair

Stem cells have the potential to differentiate into 
many cell types, and because of this, they can be 
used in the regeneration of various tissues and 
organs. This aspect is important because of the 
complexity and variety of tissues that are needed 
to repair and reconstruct defects in the craniofa-
cial region (Fig. 7).

MSCs are multipotent progenitor cells that can 
be detected in mature BM, adipose tissue, skin, 
umbilical cord, and placenta. BM-derived MSCs 
can be used for the treatment of bone deficiencies. 
Aspiration of bone marrow (BM) is a painful and 
invasive process for the donor, and is a technique-
sensitive procedure for the operator. MSCs com-
prise multiple cell types, and their proliferation 
and differentiation can be affected by the patient’s 
gender, age, and general health [81].

Cells with stem cell characteristics have been 
detected in various regions within the dental tis-
sues, such as in the dental pulp complex, the peri-
odontal ligament, and the dental follicle. Dental 
pulp stem cells (DPSCs) [82] and stem cells 
from human exfoliated deciduous teeth (SHED) 
[83] have MSC-like characteristics and have the 
capacity to generate osseous tissue. Since SHED 

have a higher rate of proliferation and are easier 
to collect than BM-derived MSCs, SHED may be 
a more suitable source of autologous stem cells 
for regeneration procedures in dentistry. Due to 
the heterogeneity of MSCs, the successful regen-
eration of bone requires a comprehensive under-
standing of now osteoblastic differentiation is 
regulated by growth factors and cytokines.

The main features of osteoblasts include the 
production of bone-related extracellular matrix 
proteins, and the intense enzymatic activity of 
alkaline phosphatase (ALP) in response to osteo-
tropic hormones and cytokines [84, 85]. Various 
studies have revealed that osteoblasts, chondro-
cytes, adipocytes, myoblasts, tendon cells, and 
fibroblasts are differentiated from common pre-
cursors of BM-derived MSCs and that various 
transcription factors determine the cell lineage 
(Table  1). Runx2 steers the multipotent mesen-
chymal cell population toward the osteoblastic 
lineage, while β-catenin, Osterix, and Runx2 

Pluripotent
Progenitor cell

Commitment and differentiation
Tissue-specific cells

Osteoblasts

Chondrocytes

Mesenchymal
stem cell

Myoblasts

Adipocytes

PRARy

MyoD family

Sox5/6/9

Runx2/osterix

Fig. 7 Transcriptional 
factors including 
Runx2/Osterix, 
Sox5/6/9, MyoD family, 
and PPARγ can 
differentiate MSCs into 
osteoblasts, 
chondrocytes, 
myoblasts, and 
adipocytes, respectively

Table 1 Regulation of lineage differentiation by differ-
ent families of transcription factors

Transcription factors
Regulated 
lineage

Runx2, Osterix, or β-catenin Osteoblasts
Sox family (Sox9, Sox5, and Sox6) Chondrocytes
MyoDs (MyoD, Myf5, and 
Myogenin)

Myogenics

C/EBP family (C/EBPβ, C/EBPδ, and 
C/EBPα) and PPARγ

Adipocytes
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steer them to become adult osteoblasts following 
differentiation to preosteoblasts [84–86].

A number of hormones and cytokines, such as 
bone morphogenetic proteins (BMP), transform-
ing growth factor-beta (TGF-β), Wnt signalling 
pathways, hedgehog, basic fibroblast growth 
factor (bFGF), and oestrogen, contributed to the 
regulation of mesenchymal cell differentiation 
through stimulating various intracellular signal-
ling pathways. BMP-2 is an important cytokine 
that induces the formation of ectopic bone, and it 
effectively stimulates the differentiation of mes-
enchymal cells into osteoblasts.

BMPs and the mediators of the TGF-β fam-
ily induce the formation of bone and cartilage, 
 providing pivotal signals for morphogenesis, to 
orchestrate the development of tissue architecture 
[87]. These factors are also involved in skeletal 
morphogenesis [84, 86]. Through both the Smad 
pathway and non-Smad pathways, receptors on 
the cell membrane transduce BMP signals to the 
nucleus. Several extra- and intracellular molecules 
interact with BMPs and their signalling pathway 
components, to regulate signals from BMPs. The 
bone-osteoinductive ability of BMPs can be ben-
eficial for regenerative treatments, however, to 
date BMPs have failed to provide an adequate 
or acceptable clinical response. The main reason 
may be the inhibition of BMP- mediated bone for-
mation and osteoblast differentiation by inflam-
matory cytokines. For instance, TNF-α inhibits 
osteoblast differentiation. This has been shown in 
various models such as foetal calvaria, BM stro-
mal cells, and osteoblastic cells [88–90].

Inflammatory cytokines such as TNF-α and 
IL-1 drive local and systemic bone loss in auto-
inflammatory diseases of bones (such as rheu-
matoid arthritis) [91]. Overproduction of TNF-α 
and other cytokines by inflammatory cells that 
infiltrate into the synovial membrane of inflamed 
joints leads to rheumatoid arthritis. Anti-TNF 
medications, such as infliximab, can reduce the 
signs and symptoms of the disease, and reduce 
joint destruction [92].

In line with clinical and animal investigations, 
it has been shown that TNF-α and IL-1β inhibit 

bone formation in a neonatal rat calvarial organ 
culture system [84]. TNFα and IL-1β can inhibit 
spontaneous and BMP-induced osteoblast differ-
entiation, as shown by measurements of changes 
in the BMP2-induced expression of osteocalcin 
and Runx and a dose-dependent alteration in 
ALP activity. Various signal pathways such as 
mitogen-activated protein kinase, extracellular 
signal-regulated kinase, c-Jun N-terminal kinase, 
p38 kinase, and NF-κB mediate these responses. 
NF-κB is involved in the development of inflam-
mation, hence inhibition of NF-κB can suppress 
inflammatory bone loss, through inhibition of 
osteoclastogenesis. This makes NF-κB a crucial 
target in autoinflammatory bone diseases [93].

A dominant-negative form of IKKβ inhibits 
NF-κB in adult rat osteoblasts, while dominant- 
negative IKKβ expression may lead to an increase 
in BMD and bone volume because of increased 
osteoblastic activity [94]. Overexpression of the 
dominant-negative form of IκBα (IκBαDN) can 
inhibit NF-κB, and lead to osteoblast differentia-
tion [95]. The cell-permeable NF-κB activation 
antagonist TAT-NBD inhibits NF-κB activity 
from TNFα, and can prevent TNFα suppressing 
TGFβ-stimulated Smad luciferase, expression 
of BMP2-induced Runx2 mRNA, and osteo-
blast differentiation in MC3T3-E1 cells [96]. 
Moreover, inhibition of NF-κB increases bone 
formation and ameliorates osteopenia in ovari-
ectomized rats [97]. TNFα inhibits differentia-
tion of BMP-induced osteoblast stimulation via 
activation of NF-κB through Smad DNA binding 
inhibition [98] (Fig. 8).

NF-κB inhibition promotes BMP-induced 
bone regeneration [84, 93, 99]. BAY11-7082 is 
a selective inhibitor of NF-κB, and can enhance 
BMP2-induced ectopic formation of bone in 
rats. Considering treatments by BAY11-7082 
versus BMP2, the ectopic bone induced by 
BMP2 has greater radiopacity. MicroCT images 
of BMP2- induced ectopic bone with BAY11-
7082 has a thickened outer layer of bone that is 
filled with trabecula. In the presence of BAY11-
7082, the bone mineral density of ectopic bone 
is enhanced.
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3.3  Soft Tissue Repair

The first major advances in skin engineering 
were made in 1975. Over the next 10 years, the 
Washington National Science Foundation used 
the term engineering to describe the applications 
of this specialty. In 1993, Langer and Vacanti 
introduced the term tissue engineering [100, 
101]. The first major experimental activities in 
the field of tissue engineering were performed by 
two American teams. Rheinwald and colleagues 
were the first to focus on tissue engineering 
[102]. Using epithelial cells in a small skin sam-
ple, they created using cell culture an elementary 
skin graft [103]. Subsequent advances have been 
known as ‘skin epidermis tissue engineering’.

Yannas and colleagues have explored the 
properties of scleroproteins and the mechanism 
of degradation [104]. Their research in 1975 led 
to the concept of ‘skin dermis tissue engineer-
ing’, which underpins the latest generation of 
artificial dermal substitutes [105]. O’Connor 
was among the first to use cultured autologous 
epithelial sheets to graft skin burns [106, 107]. 
Cultured epidermal autografts (CEA) are autolo-

gous cultured sheets that can effectively provide 
full- thickness coverage for burns in paediatric 
patients [108].

Burke et al. showed that artificial dermis can 
provide a functionally and physiologically jus-
tifiable dermis for the treatment of large full- 
thickness burns [109]. Heimbach et al. introduced 
a novel artificial dermis called Integra™ Dermal 
Regeneration Template, as an artificial dermis 
for the treatment of large burns [110]. This der-
mal substitute has been considered a ‘gold stan-
dard’ in the management of full-thickness burns 
[111–113].

Deficiencies of soft tissue in the craniomaxil-
lofacial region can be caused by trauma, malig-
nancies, or congenital anomalies. When treating 
these, the complex neuromuscular structure of 
the facial soft tissues, especially in specific areas 
such as the lips, eyelids, and nose, makes the 
reconstruction remarkably difficult for the sur-
geon. Preservation and restoration of aesthetics 
must be paramount.

The first study using tissue-engineered human 
ex  vivo Produced Oral Mucosal Equivalent 
(EVPOME) was conducted by Izumi et al. [114]. 
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EVPOME can be used in the oral cavity and has 
the ability for extending and reinforcing keratin-
ized gingiva. More research is needed to exam-
ine other aspects of tissue engineering using 
EVPOME [114].

Free gingival grafting (FGG) uses oral connec-
tive tissues to increase the height of the attached 
gingiva [115]. The minimum strip width to be cut 
from the donor site, which must be keratinized 
gingiva, is 2 mm [116, 117]. Investigations of the 
application of autologous and allogeneic mate-
rials reveal several obstacles for FGG, such as 
donor site morbidity and the limitations of avail-
able tissue [118].

Nevins and McGuire [119] have stated that 
sufficient keratinized tissue can be attained 
by using bi-layered cell therapy. However, the 
amount of keratinized tissue that can be obtained 
is not much greater than what can be obtained 
through FGG.  However, compared to FGG, 
bi- layered cell therapy gives more acceptable 
outcomes in terms of tissue texture and colour. 
‘Biologic dressing’ refers to the concept of 
encompassing cells by using such approaches on 
wounds. A biodegradable scaffold enriched with 
cultured gingival autologous fibroblasts could be 
considered as a suitable alternative [120].

Since oral mucosal keratinocytes can be engi-
neered more easily in an in vitro environment than 
epidermal keratinocytes from the skin, investing 
in the former for future regenerative medicine 
should be beneficial [121]. Regeneration of facial 
skin, the eyelids, the nose, and in situ tissue sub-
stitution of the urethra and conjunctiva are some 
of the extraoral applications that can be imagined 
for this platform [122, 123].

Worldwide demographic data show an 
increase in the proportion of the elderly in many 
communities, with an increase in the prevalence 
of systemic conditions such as diabetes and 
hypertension as a consequence. A growing num-
ber of untreated chronic wounds, in addition to 
other conditions, causes a significant economic 
burden, which is estimated to be 4% of the total 
global health budget [124, 125].

Wound healing is a complex multi- dimensional 
process that requires careful coordination of the 
various internal and external factors that are at 

work, and which can be interrupted by infections 
and mechanical irritation. The presence of any 
disruptive agent can weaken the local capacity 
for regeneration, leading to a failure of healing 
and the formation of a chronic wound. One of 
the most well-known factors that disrupt wound 
healing vitamin C deficiency, which can lead to 
non-healing wounds [124, 126]. Vitamin C is the 
main collagen crosslinking co-factor and reduces 
oxidative stresses [124, 127].

While minor changes in the balance of metab-
olism can disrupt the process of tissue healing, 
MSCs can be used for the treatment of complex 
wounds, such as those caused by radiotherapy, 
ischemia, or diabetic pathology. Potential obsta-
cles such as age or systemic conditions can limit 
the clinical application of MSCs for improving 
wound healing [128, 129]. Fortunately, the use 
of stem cell-based therapies is not limited to the 
use of BM-derived or adipose-derived MSCs, but 
can also draw on peripheral blood cells (PBCs), as 
these also can secrete angiogenetic factors includ-
ing VEGF and HIF-1 [130]. These various options 
for accelerating wound healing can be used in an 
implantable device or may be injected [130, 131].

As well, valuable advances have been made in 
the field of autologous cell therapy to treat sali-
vary gland (SG) dysfunction. However, the use of 
autologous stem cell therapy for the treatment of 
SG diseases in the elderly is likely to be less suc-
cessful because elderly patients have fewer stem 
cells. Although the exact number of cells that is 
needed for functional regeneration of salivary 
glands is unknown, recent studies on increasing 
the number of KIT + cells using growth factors 
have reported promising results. As well, some 
work supports the use of non-SG cells [132].

One obstacle in the development of SG cell 
therapy is the short lifetime of cultured cells 
from biopsies. Cryopreservation is one of the 
proposed strategies to preserve biopsied pro-
genitor cells. Neumann et al. have introduced a 
cryopreservation- based banking method for SG 
CD49f+ CD29+ cells to store them for around 
3 years without the cells suffering from genetic 
or functional deficits [133]. Hence, cryopreser-
vation can be an option in the field of stem cell 
therapy.
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Since adequate autologous SG cells may not 
be available, non-SG cells may also be used in 
the treatment of SG disease. There are several 
studies that support the application of non-SG 
cells for the treatment of irradiated salivary 
glands (Table 2).

Recently, a variety of studies using in mouse 
and rat models have been conducted into the cul-

tivation of properly sized engineered tissues that 
can connect properly to remaining cells in the 
transplant area [148, 149]. HA gels containing 
primary human cells appear capable of respond-
ing to neurotransmitters following integration 
into resected parotid glands in immunocom-
promised rats [150]. Another study suggested 
that epithelial and mesenchymal foetal SG cells 
grown on a three-dimensional collagen environ-
ment can be transplanted into resected salivary 
glands. A suture thread can be used to identify 
the initial route of reconnection of the duct to the 
oral cavity. Future studies should investigate the 
administration of differentiated cells, to assess 
the possibility of reconnection with the remain-
ing duct. Table 3 summarizes recent studies con-
ducted in the field of human cell-based models, 
that show potential for translation.

Table 2 Use of non-salivary gland cells for potential 
treatment of salivary gland disease

Cell type References
BM-derived cells [134–136]
BM-derived MSCs [137]
Human adipose-derived MSCs [138–141]
SG-derived MSC-like cells [142, 143]
Amniotic cells [144, 145]
Embryonic stem cells [146]
Induced-pluripotent stem cells [147]

Table 3 Human cell-based therapy models utilized to develop three-dimensional salivary gland organoids

Study Characteristics Results Limitations
Joraku et al. 
(2007) [151]

hSG* primary cells in 
three-dimensional collagen; 
Matrigel containing matrices

In vitro generation of differentiated 
salivary structures comprising amylase- 
secreting acinar-like cells and ductal 
components

• No in vivo component
•  Xenogeneic materials 

were not qualified for 
clinical procedures

•  No assessment of 
salivary flow rate

Feng et al. 
(2009) [152]

hSG progenitor cells in 
three-dimensional Matrigel- 
based matrices

•  hSG progenitors differentiated into 
epithelial-like acinar and ductal cell 
types in vitro

•  In vitro longstanding self-renewal 
capacity

• No in vivo component
•  Xenogeneic materials 

were not qualified for 
clinical procedures

•  No assessment of 
salivary flow rate

Maria et al. 
(2011) [153]

hSG primary cells in 
Matrigel-coated dishes in 
serum-free conditions

•  In vitro differentiation of hSG cells 
into salivary cells with amylase- 
secreting acinar structures

• No in vivo component
•  Xenogeneic materials 

were not qualified for 
clinical procedures

•  No assessment of 
salivary flow rate

Pradhan-Bhatt 
et al. (2013) 
[148]

hSG primary cells in a 
three-dimensional HA 
hydrogel

•  HA hydrogel supported in vivo lumen 
establishment

•  Salivary phenotypic properties of hSG 
progenitors preserved in longstanding 
cultures

•  No evaluation of 
salivary flow rate

Pringle et al. 
(2016) [154]

hSG primary cells in s 
three-dimensional matrix 
comprising collagen and 
Matrigel.

•  Matrigel supports in vitro development 
in longstanding culture

•  Three-dimensional xenogeneic 
matrices support primary cell 
differentiation

•  Injection of hSG primary cells (>500/
gland) induces functional rescue

• No in vivo component
•  Xenogeneic materials 

were not qualified for 
clinical procedures

HA hydroxyapatite, hSG human salivary gland
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4  Current Clinical Evidence 
for Stem Cell-Based 
Therapies

The use of cells for the treatment of organ disor-
ders is a traditional goal in regenerative medicine. 
Culturing cells in the laboratory environment, 
and then differentiating them to specific cell lin-
eages to either produce tissue for use in the lab-
oratory or for tissue healing in situ has always 
been an ultimate goal for researchers. The prob-
lems around tissue formation outside the human 
body include maintaining the nutritional supply 
of the cells and collecting their waste materials. 
Bioreactors are now starting to be used in tissue 
engineering [155–157].

There has been considerable diversity amongst 
study protocols, in terms of the methods used 
for cell cultivation and differentiation, and cell 
seeding on scaffolds. The incubation period and 
delivery methods can affect the efficacy of bone 
regeneration. Synthetic scaffolds such as trical-
cium phosphate (TCP) have given better results 
than natural bovine bone mineral (NBBM) when 
used with MSCs in 6  mm rat calvarial defects. 
The same result was obtained when PRP was 
added to the scaffold [158, 159].

Biphasic synthetic HA/TCP gas given good 
results in the regeneration of new bone in the dog 
for 10 mm mandibular defects, being superior to 
NBBM. HA/TCP also showed superior levels of 
cell attachment when compared to NBBM [159, 
160]. In two human studies where alveolar cleft 
defects were treated with MSCs, stem cells co- 
transplanted with HA/TCP caused more bone 
formation than stem cells combined with DBM/
CaSO4 [69, 155].

Freeze-dried bone allograft (FDBA) has also 
been used. This gives less bone formation than 
nanoHA with silica gel when used in 8 mm rab-
bit calvarial defects. FDBA and demineralized 
freeze-dried bone allograft (DFDBA) show prom-
ising results for cell attachment when investigated 
using SEM, but in vivo results have not been as 
positive. DFDBA loaded with MSCs when used 
around dental implants placed in rabbit tibia gave 

2.1  mm of vertical bone growth, while no new 
bone formation occurred in the control group 
which was treated with DFDBA only but with no 
stem cells. FDBA when used as a block for the 
treatment of posterior mandibular supra-crestal 
defects in dogs was less effective at inducing new 
bone formation than a PCL-TCP scaffold [161, 
162]. While in vitro experiments show proper cell 
attachment to various scaffolds, the ultimate proof 
comes from in vivo application, which has dem-
onstrated better results when MSCs are delivered 
by synthetic substitutes (Table 4).

Tooth sockets were used by Pelegrine et al. as 
a model to evaluate the potential of a BM graft 
to be used for the preservation of alveolar bone 
after tooth extraction [175]. Effective craniofa-
cial reconstruction using a BM-derived graft is 
limited due to the lack of cell-type characteriza-
tion [176, 177]. Meijer et al., who evaluated the 
application of BM grafts in craniofacial regenera-
tion noted the same restriction [165].

Through the cell processing for the genera-
tion of ‘tissue repair cells’ (CD90+ cell enrich-
ment) (TRCs), characterization of cell surface 
markers has revealed a moderate level of homo-
geneity in the TRCs produced from different per-
sons [178, 179]. Preclinical investigations have 
indicated that a high CD90+ cell concentration 
in the TRC population is associated with the for-
mation of ectopic bone [180]. Furthermore, there 
is a correlation between the in vitro osteogenic 
capacity of TRCs and the clinical bone mineral 
density (BMD) and bone volume fraction (BVF) 
measurements. Although the primary findings 
seem to be promising, in vitro and in vivo studies 
must be conducted on larger TRC populations to 
explain these effects.

The healing period suggested for grafting 
procedures used for alveolar bone reconstruc-
tion is 3–6  months [170]. However, an impor-
tant confounding factor in the healing process 
for the sockets of extracted teeth is limited local 
progenitor cell recruitment [181, 182]. Currently, 
 suggested practical mechanisms to address this 
include using transplanted cells to jump-start 
regeneration [183, 184].
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Table 4 Results of the selected human studies aim to investigate the application of MSCs for the management of cra-
niofacial bone deficiencies

Author(s) 
and year Sample Scaffold Stem cell

Growth 
factor

Sample 
size

Defect 
size and 
location Tests Results

Filho 
Cerruti 
et al. 
(2007) 
[163]

Human TC BMMSCs PRP 32 Onlay 
graft

– RG
– HMMA
– CT

– 94.7% success 
rate
–  In the anterior 

maxilla 
6–14 mm in 
width and 
10 mm in height

–  In the posterior 
maxilla at least 
9 mm height

Shayesteh 
et al. 
(2008) 
[164]

Human HA/TCP BMMSCs – 7 Sinus lift – HMMA
– RG

–  41.34% new 
bone formation 
(3 mo)

–  Preoperative 
bone height 
(BH): 2.25 mm
Immediate BH 
after sinus graft: 
12.08 mm
BH after 1 year: 
10.83 mm

Meijer 
et al. 
(2008) 
[165]

Human HA BMMSCs – 6 Sinus lift – RG
– HMMA

–  100% bone 
formation (6 
week)

–  The mean of 
additive height 
was 5.54 mm (3 
mo), 4 mm (6 
mo), 5.09 mm (9 
mo), 4.72 mm (12 
mo), and 
4.63 mm (15 mo).

Yamada 
et al. 
(2008) 
[166]

Human PRP BMMSCs – 12 Sinus lift – OPG
– CT
– HMMA

–  Mineralized 
tissue formation 
increased 
8.8 ± 1.6 mm

Ueda et al. 
(2008) 
[167]

Human – BMMSCs PRP 14 6 Sinus 
lift
8 Onlay 
graft

– Clinical
– RG

–  The mean of 
additive height 
was 5.0 mm (6 
mo)

–  The mean of 
additive height 
was 8.7 mm (6 
mo) in sinus lift 
cases

Behnia 
et al. 
(2009) 
[155]

Human DBM/CaSO4 BMMSCs – 2 Unilateral 
alveolar 
cleft

– OPG
– CT
– Intraoral 
inspection 
and 
palpation

–  The integrity of 
the nasal floor

–  *34.5% the 
mean patient I 
postoperative 
defect (4 mo)
*25.6% the 
mean patient II 
postoperative 
defect (4 mo)
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5  Future Prospects

Considering the complexities and disadvantages 
of traditional tissue engineering methods, bio-
printing seems to be an appropriate alternative 
method for the fabrication of organs and tissues, 
as it tries to mimic the proper anatomical con-

figuration of the tissue. Currently, several types 
of tissues, such as blood vessels, skin, carti-
lages, bones, cardiac tissues, and liver are being 
investigated using this approach [185, 186]. So 
far, the most well-evolved commercial applica-
tions of bioengineered tissues are those used for 
high throughput screening and pharmacological 

Table 4 (continued)

Author(s) 
and year Sample Scaffold Stem cell

Growth 
factor

Sample 
size

Defect 
size and 
location Tests Results

Behnia 
et al. 
(2011) [69]

Human HA/TCP BMMSCs PDGF 4 Anterior 
maxillary 
cleft

– CBCT –  51.3% mean 
filling of the 
bone defect (3 
mo)

Rickert 
et al. 
(2011) 
[168]

Human BioOsss and 
autogenousstem 
cells [93]; 
BioOsssmixed 
with 
autogenousbone 
[169]

BMMSCs – 12 Sinus lift – HMMA –  Formation of 
mineralized 
tissue; bone 
formation in the 
test group was 
more than the 
control (3–4 mo)

Kaigler 
et al. 
(2013) 
[170]

Human Absorbable 
gelatin sponge

BMMSCs 12 + 12 – Clinical
– HMMA
– RG
– CT

–  Formation of 
mineralized 
tissue; alveolar 
bone 
reconstruction 
was accelerated 
following the 
treatment (1 yr)

Rickert 
et al. 
(2014) 
[171]

Human BioOss + 
autogenous 
bone/ BioOss + 
MSCs and

BMMSCs – 12 Sinus lift – Clinical
– RG

–  Formation of 
mineralized 
tissue; 
osseointegration 
failed in three 
implants (91%). 
(1 yr)

Wildburger 
et al. 
(2014) 
[172]

Human BioOss BMMSCs – 7 Sinus lift – HMMA
– CT

–  Formation of 
mineralized 
tissue (13.5%) 
(3–6 mo)

Bertolai 
et al. 
(2015) 
[173]

Human PRP/ cortico- 
cancellous 
freeze-dried 
bone chips

BMMSCs 20 – Clinical
– HMMA

–  Formation of 
mineralized 
tissue (3 mo)

Kaigler 
et al. 
(2015) 
[174]

Human TCP BMMSCs – 13 + 13 Sinus lift – Clinical
– HMMA
– RG

–  Mineralized 
tissue formed 
(12.2% ±3.3) 
(1 year)

BMMSC Bone marrow mesenchymal stem cell, CT computerized tomography, CBCT Cone beam computed tomogra-
phy, DBM Demineralized bone mineral, HA hydroxyapatite, HMMA Histomorphometric analysis, M month, RG radi-
ography, TCP Tricalcium phosphate, PDGF platelet-derived growth factor, PRP Platelet-Rich Plasma, TC 
Thrombin-calcium
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studies [187, 188]. Achieving proper vasculariza-
tion of artificial organs remains a problem that 
limits or indeed prohibits their clinical applica-
tion. Bioprinting should be able to address this 
and many other issues in regenerative medicine 
[189–191].

Natural metabolic processes need a system for 
supplying nutrients and disposing of wastes, and 
in living organs, this is normally accomplished 
through blood vessels. Vascularization exerts a 
significant impact on the extent and complexity 
of bioengineered tissues, because any that cause 
a shortage of nutrition or the accumulation may 
lead to necrosis of the bioengineered tissues 
[192].

So far, some efforts have been made to develop 
vascular engineering. Vascular network print-
ing should be possible using a customized ther-
mal inkjet printing system, especially using the 
hollow network technique to produce vascular 
networks using sacrificial filaments [185, 193]. 

Vascular networks have been produced using 3D 
printed sacrificial carbohydrate glass filaments. 
These can then be embedded into a hydrogel 
containing encapsulated cells. Kolesky et al. have 
introduced a bioprinting system to generate vas-
cularized structures containing various cell types, 
however the functionality of these products needs 
further study [194–196].

Because cartilage is the only tissue that 
requires less direct blood supply than other tis-
sues, it is currently the most suitable tissue for 
engineering. To date, tissue engineering tech-
niques have failed to produce cartilage tissue that 
is integrated fully with host tissue [197]. Any 
bioprinted cartilaginous tissue must resemble the 
outcome anatomically, be stable, have structural 
integrity, and interface with host tissues [198]. 
Engineered tissue should have a compressive 
modulus similar to the host’s natural tissue and 
had a stable structure [199]. An example of a pro-
duction pathway is shown in Fig. 9.
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Fig. 9 Schematic illustration of the bioprinting and photopolymerization process for bioprinted polyethylene glycol 
dimethacrylate (PEGDA) hydrogel with human chondrocytes
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Encapsulated chondrocytes in polycaprolac-
tone (PCL) and alginate hydrogel have been used 
for bioprinting to produce cartilaginous tissue. 
PCL can provide extra stability to the printed 
cartilages. The addition of TGF-β can enhance 
the deposition of extracellular matrix [200]. Due 
to the possibility of a delay at the beginning of 
the response to a foreign body, the impact of an 
embedded polymeric biomaterial on the forma-
tion of the articular cartilage remains a serious 
obstacle to the goal of regenerating cartilaginous 
tissues [201]. It is not enough to modify and 
personalize industrial 3D printing technology in 
order to use it in the field of tissue reconstruction. 
There also needs to be a thorough understand-
ing of the scientific principles that underpin the 
characteristics of the respective organ or tissue. 
A multidisciplinary synergy of biology, engineer-
ing, chemistry, optics, robotics, material science, 
and medicine is needed, to empower further inno-
vations and advances in tissue engineering and 
bioprinting technologies [99, 185].

The use of bioprinting technology in clinical 
practice can only be effective and justifiable if 
it leads to the construction of products that are 
simple and easy to use during surgery. In situ bio-
printing is a useful technique that may effectively 
repair scanned defects with minimal operator 
involvement. In situ bioprinting provides accu-
rate deposition of cells, genes, and other factors. 
This method can be used in treatment proce-
dures such as the reconstruction of craniofacial 
defects, soft tissue regeneration, and composite 
tissue reconstruction. Multi-arm bioprinters can 
be utilized for direct ink deposition, placing cells, 
 biomaterials, and bio-factors into the defect area. 
Since this technology is still emerging, it needs 
further testing before clinical implementation. 
It appears that the use of prefabricated scaffolds 
is not desirable or recommended due to the pos-
sibility of deformation of these, or alterations in 
shape due to swelling or contraction.

6  Conclusion

Regenerative medicine has made major strides 
in the quest to replace tissues and organs. The 
science of bone regeneration has seen extraordi-

nary progress, and this has impacted the field of 
dentistry, particularly in the specialty of oral and 
maxillofacial surgery. Today, thanks to cutting 
edge tissue regeneration science, patients pre-
senting with traumatic lesions, malignancies, or 
congenital defects can be spared some of the side 
effects of conventional bone grafts.

Modern tissue regeneration leverages the 
potential internal capabilities of the patient’s 
own cells for regeneration and exploits develop-
ments in 3D-bioprinting. Progress in regenera-
tive approaches should expedite the process and 
benefit both patients and surgeons. Regenerative 
medicine and tissue engineering, especially the 
use of cell-based therapies, will continue to 
evolve and progress. A major limitation ahead 
of these advances in technology is the regulatory 
environment. The high costs of equipment are 
also an issue. Considering the explosive growth 
of science in tissue engineering, one can expect 
to see these technologies reach more and more 
from the laboratory bench to the bedside, for the 
benefit of patients.
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1  Introduction and Concepts

1.1  Stem Cells

Over the last few decades, cells with regenera-
tive potential have been identified in a variety of 
tissue types. These so-called stem cells are often 
defined by their ability to generate cells of their 
own kind, a property known as “self-renewal”, 
and their capacity to differentiate into a range 
of tissue types [1]. The breadth of differentia-
tion potential (potency) in stem cells is known 
to be inversely correlated to the developmental 

stage of their tissue of residence, meaning tis-
sues at higher levels of developmental maturity, 
like the majority of tissues in adult organisms, 
harbour stem cells with more limited differen-
tiation capacity (multipotent) compared to their 
embryonic equivalents. Despite this narrowing 
of differentiation potential in adult stem cells, 
however, their capacity for tissue turnover and 
homeostasis, disease remodelling, and regenera-
tion have been repeatedly demonstrated [1].

In the oral cavity, stem cells reside in differ-
ent anatomical locations [2]. Oral epithelial stem 
cells located within mucosal epithelium are the 
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most studied among all oral stem cells [3, 4]. 
Approaches based on isolation of cells with slow 
cycling behaviour that specifically capture cells 
retaining incorporated modified nucleotides or 
specific genetic tags after pulse-chase tracking 
have highlighted the presence of the so-called 
label-retaining stem cells in the gingival epi-
thelium, the buccal mucosa, the palate, and the 
tongue with the majority of cells located at the 
basal layer of the epithelium [5–7].

Oral epithelial stem cells are by far the only 
cells within the oro–dental structures capable of 
epithelialization, an expression of the ability to 
generate a fully stratified oral epithelial equivalent 
[3, 8]. This capacity was evident more clearly in 
marker-based stem cell isolation strategies. The 
integrin α6β4pos CD71neg keratinocyte stem cells 
from gingivae, for example, show full capacity 
to form stratified epithelium while retaining other 
stem-like characters including colony formation 
and expression of additional stem cell markers 
[9]. Likewise, epithelial stem cells expressing 
the neurotrophin receptor p75 located in gingi-
vae and buccal mucosa, could also generate fully 
stratified epithelium ex vivo [10].

A second class of cells with stem-like proper-
ties known as mesenchymal stem cells (MSC), 
have also been reported in multiple oro–dental 
structures [11]. Originally identified in the bone 
marrow [12] and soon after detected in almost all 
adult organs, MSC/-like cells are defined as mul-
tipotent, clonogenic, and self-renewing cells with 
the potential to at least differentiate to osteocytes, 
chondrocytes, and adipocytes although broader 
lineages have also been reported [13]. In the oral 
cavity, MSCs are found in the dental pulp [14], 
exfoliated deciduous teeth [15], apical papilla 
[16, 17], and the periodontal ligament [18]. 
Although different studies have suggested a vari-
ety of differentiation lineages for these MSCs, it 
is commonly agreed that they contribute to the 
generation of odontoblasts and the dental pulp 
although with varying capacities depending on 
MSC subtype [19–21].

The oral mucosa and the ventral tongue also 
contain stromal stem cells primarily derived from 
the neural crest that are marked by the expres-
sion of LGR5 [22]. LGR5pos cells are involved 

in stromal homeostasis and have been shown to 
efficiently reconstitute the entire stroma in trans-
plantation experiments [22]. Oral MSCs have 
shown osteo-regenerative potential in the context 
of orofacial bone defects. Biocomplexes contain-
ing autologous dental pulp stem cells (DPSC) 
with a collagen matrix, implanted in defective 
maxillary alveolar bone at the site of an extracted 
third molar, could efficiently regenerate bone and 
periodontal defects proximal to the transplanta-
tion site [23]. Other studies have also confirmed 
the potential of DPSCs in the regeneration of 
alveolar bones in tooth extraction sockets [24], 
and in the expansion of maxillary bones during 
sinus lift procedure [25]. Their osteo- regenerative 
potential has also been reported in periodon-
tal ligament-derived stem cells (PDLSC) where 
regeneration of deep intrabony defects in extrac-
tion sockets and the periodontal region have been 
observed [26, 27]. Tissue engineered bone grafts 
composed of alveolar stem cells have proven 
to have promising regenerative potential in the 
repair of alveolar clefts [28, 29] and mandibular 
defects caused by cyst enucleation [30].

Tissue-resident stem cells in the oral cavity 
have been implicated in  local regenerative and 
repair processes including the regeneration of 
dentine, dental pulp, and alveolar bones both dur-
ing normal homeostasis and in the context of oro–
facial disease and malignancies [31]. Cells with 
stem-like properties, also known as cancer stem 
cells (CSC) have reportedly been isolated and 
characterized from a range of human cancers and 
premalignant lesions [32]. CSCs are known for 
their capacity to repopulate and rebuild the entire 
tumour in isolation, and as such are regarded as 
the most potent within the tumour’s heteroge-
neous nature [32, 33]. It is notable that although a 
strong link exists between endogenous stem cells 
and CSCs, studies also suggest cancer stem-like 
phenotypes to be induced during post- therapy 
tumour remodelling [33–35].

Regardless of their origin, CSCs play key 
roles in multiple stages of the tumour life cycle, 
from initiation to progression and metastasis 
[36, 37]. These cells are also well known to 
drive cancer recurrence and resistance to therapy 
[36]. In oral squamous cell carcinoma, the most 
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common type of head and neck cancer, several 
populations of CSCs have been reported, which 
will be covered in detail later in this chapter 
[38, 39]. Given the key functions of cancer stem 
cells in tumorigenesis and response to treatment, 
therapeutic strategies have specifically targeted 
this cell population to more precisely result in 
cell death [40] ensuring effective targeting of the 
entire tumour.

1.2  Growth Factors

Growth factors are naturally occurring substances 
capable of stimulating cellular growth, prolifera-
tion, and differentiation, the latter being one of 
the key factors for tissue regeneration. Usually, 
growth factors are a protein or a steroid hormone, 
with unique functions according to the need of 
the body. Various growth factors have been tested 
in the field of oral surgery to regenerate defective 
tissues and to increase the therapeutic effect of 
conventional treatment. They can work as stimu-
lators and/or growth inhibitors. They are able to 
either stimulate or inhibit cell migration, act as 
chemotactic agents, modulate the activity of cells 
involved in apoptosis, stimulate angiogenesis, 
and promote cell survival [41, 42].

Of significant importance is the release of 
growth factors by platelets (fundamental for pri-
mary haemostasis). There are various platelet- 
derived growth factors of note applicable to the 
field of oral medicine. Fibroblast growth factor 
(FGF) stimulates the proliferation of fibroblasts 
and osteoblast chemotaxis and increases the 
expression of osteocalcin to improve wound heal-
ing. Platelet-derived angiogenesis factor (PDAF) 
induces vascularization and stimulates vascular 
endothelial cells. Platelet-derived endothelial 
growth factor (PDEGF) promotes wound healing 
by stimulating the proliferation of keratinocytes 
and dermal fibroblasts. Epidermal growth fac-
tor (EGF) stimulates cell proliferation and turn-
over of the extracellular matrix, chemotaxis of 
fibroblasts, and differentiation of epithelial cells. 
Platelet Factor 4 (PF4) promotes chemotaxis of 
inflammatory cells (neutrophils) and the migra-
tion and mitosis of endothelial cells [43].

Other cytokines and growth factors are more 
relevant to bone regeneration. Platelet-derived 
growth factor (PDGF) is the first of the growth 
factors to appear after an injury. It promotes 
the regeneration of connective tissue through 
the synthesis of proteins and collagen. PDGF 
is a glycoprotein with a molecular weight of 
around 30 kD, with three isoforms; PDGF-AA, 
PDGF-BB, and PDGF-AB.  The primary effect 
of PDGF in bone regeneration is to induce mito-
genic activity in cells of mesodermal origin such 
as fibroblasts, vascular muscle cells, glial cells, 
and chondrocytes. PDGF also attracts and acti-
vates inflammatory cells such as neutrophils, 
monocytes, and fibroblasts and stimulates the 
synthesis of additional growth factors. PDGF 
activates osteoblast chemotaxis by promoting 
fracture healing. Periodontal defects and alveo-
lar bone defects have been successfully regener-
ated using PDGF [44, 45].

Transforming growth factor-β (TGF-β) and 
growth factors of the same family as Bone mor-
phogenetic proteins (BMPs) play an important 
role in cell division, differentiation, migration, 
adhesion, organization, and apoptosis. In humans, 
there are three TGF-β subtypes, but TGF-β1 and 
TGF-β2 are the most important in reference to 
repair and regeneration of connective and bone 
tissue. TGF-β can inhibit the formation of osteo-
clasts and the synthesis of proteases, promote the 
differentiation of osteoblasts, and the synthesis of 
the osteoid matrix thus determining positive and 
favourable bone apposition [46]. Among BMPs, 
BMP-2 and BMP-7 have been studied for clini-
cal applications and used in combination with 
collagen/collagen composite scaffolds. To date, 
it has been possible to reconstruct mandibular 
defects, maxillary sinus augmentation, and cleft 
alveolus using BMP-2 or BMP-7 combined with 
collagen sponge as a carrier [42].

Another important therapeutic application of 
BMPs is for maxillary bone regeneration to allow 
replacement of lost teeth by osseointegrated den-
tal implants. This approach involves the regener-
ation of peri-implant bone after implant fixation 
or bone height improvement in areas below the 
maxillary sinus [47]. Currently, the use of BMPs 
to treat several refractory diseases, including 
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bisphosphonate-related osteonecrosis of the jaw 
(BRONJ), is being attempted in the field of oral 
surgery [41]. BMP-2 is well recognized as the 
most effective bone induction treatment. There 
is evidence that BMP-2 can directly influence 
osteoclastogenesis through osteoblast/stromal 
cells. Some authors have found that a lower dose 
of BMP-2, was able to induce osteoclast potency, 
indicating that at lower concentrations, BMP-2 
can have osteoinductive potency [48].

Insulin growth factor (IGF-I) stimulates 
osteoblasts. IGF has been found to increase bone 
turnover in patients with low bone density [49]. 
Vascular endothelial growth factor (VEGF) is the 
main regulator of vasculogenesis and angiogen-
esis. It also plays an important role in the regen-
eration of bone tissue [50].

Connective tissue growth factor (CTGF) 
adheres to platelets in injured sites where it 
appears to be overexpressed during platelet 
coagulation. Inactivated platelets contain a con-
siderable amount of CTGF.  Once released, it 
promotes angiogenic activity, cartilage regenera-
tion, and fibrosis. Some authors have shown that 
CTGF is expressed in bone marrow cells, but not 
in megakaryocytes [51]. This suggests that the 
total amount of CTGF in platelets is the result of 
endocytosis conducted by the extracellular envi-
ronment of bone marrow [51].

In addition to platelets, leukocytes also play 
an active role in tissue healing by releasing cyto-
kines and growth factors at the lesion site that 
can influence wound remodelling, such as trans-
forming growth factor (TGF), interleukin-1 (IL-
1), fibroblast growth factor (FGF), and tumour 
necrosis factor (TNF). Granulocytes and macro-
phages synthesize inflammatory mediators such 
as leukotriene B4 and platelet activating factor 
(PAF), which increase the permeability of blood 
vessels and stimulate the production of inflamma-
tory cytokines and proteolytic enzymes. IL-1 and 
TNF act on blood vessel endothelial cells, caus-
ing the adhesion of neutrophils and lymphocytes 
and their diapedesis (migration outside the ves-
sel). Lymphocytes also produce growth factors 
and contribute to tissue remodelling during the 
late stages of healing [50, 52]. According to some 
authors, activated T lymphocytes are capable of 

producing insulin-like growth factor I (IGF-I) to 
promote wound healing [53].

Despite promising clinical success of growth 
factors for tissue regeneration, controversies still 
hound their clinical use for tissue regeneration 
in the maxillofacial region. The greatest debate 
deals with the oncogenic potential of growth 
factors. Many tumours including malignancies 
of the oral and maxillofacial region are known 
to overexpress growth factors such as TGF-β 
and BMPs, which ironically are beneficial for 
tissue regeneration when expressed in adequate 
amounts in tissue. For the clinical application 
of growth factors, supraphysiological doses are 
required for effective tissue regeneration, but this 
increases the risk of tumour development.

Unfortunately, the optimum concentration 
and appropriate timing for administering growth 
factors are not fully established, and this is cru-
cial for successful clinical outcomes without 
side effects. Biologically, growth factors usu-
ally react with each other in a very delicate and 
sophisticated manner, exchanging feedback 
from responding cells and tissues. Growth fac-
tors often have biphasic features depending on 
the condition of the tissue. Therefore, in figuring 
out the appropriate dose and timing of growth 
factors, more studies are required to understand 
the exact mechanisms of the cascades of growth 
factors when the target tissue is regenerated. In 
addition, a single dose of exogenous protein is 
well known not to induce an adequate biologi-
cal response in compromised tissue conditions. 
Therefore, injudicious use of growth factors to 
target tissue regeneration should be avoided, and 
more detailed considerations should be endorsed 
prior to growth factor use [41].

1.3  Matrices

A matrix is a microscopic structure inserted into 
the body to give form to a macroscopic and orga-
nized structure [54]. Matrices are either organic 
or inorganic. Organic matrices include collagen 
type I, the most abundant protein in human and 
animal tissues, which is required for structural 
maintenance of tissues.
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All inorganic matrices have common features, 
such as fragility, non-susceptibility to corrosion, 
and small fatigue resistance. The most signifi-
cant property of inorganic matrices is their long 
resorption time in the body associated with the 
absence of an induced inflammatory response. 
However, none possess the properties of osteo-
genesis and bone induction [55].

Hydroxyapatite and calcium phosphates are 
commonly used inorganic matrices. Calcium 
phosphate-based inorganic matrices can be fur-
ther classified as ceramic or cement matrices. 
Ceramic matrices are divided into bioglass and 
hydroxyapatite ceramics, whereas 𝛽-TCP is 
included in a subgroup of cement matrices [56]. 
Hydroxyapatite can be derived from animal bone, 
coral, or can be manufactured as purely synthetic 
hydroxyapatite. Hydroxyapatite has several dis-
advantages that include reduced mechanical 
resistance, long resorption time, and difficulty in 
controlling pore size [57].

Bioglass ceramics are entirely synthetic in 
nature [58]. Bioglass is composed of oxides of 
silicon, sodium, calcium, phosphorus, and boron, 
although the final chemical composition is 
extremely variable in terms of the percentage of 
the various elements present. It has been shown 
that ions released from Bioglass inserted into the 
body induce intra- and extracellular responses, 
by stimulating osteoblast differentiation and 
revascularization [54, 59].

Moreover, Bioglass undergoes controlled 
resorption in an optimal time, and demonstrates 
efficient bioactivity, and the ability to modulate 
cell migration. Bioglass can form chemical bonds 
with tissues. If placed in contact with a liquid 
medium, Bioglass forms a layer of hydroxycar-
bonate gel of calcium and silica, which facilitates 
the absorption of proteins used by osteoblasts 
to produce matrix [60]. Furthermore, Bioglass 
can support revascularization, and the adhesion, 
growth, and differentiation of osteoblasts [57, 
61]. Despite these exceptional characteristics, 
Bioglass has a low resistance to load, similar to 
other inorganic matrices.

Tissue- or cell-derived extracellular matrix 
bone grafts can preserve most of the biological 
and biomechanical properties of mature bone. 

Extracellular matrix bone grafts preserve the 
architecture and native bioactive factors such as 
growth factors and cytokines. Thus, these mate-
rials show promise for fulfilling the biophysical 
and biochemical requirements of new bone for-
mation or bone regeneration [62, 63].

For bone therapy, tissue-derived extracellu-
lar matrix scaffolds are generally of two types: 
demineralized bone matrix and decellularized 
bone [63, 64]. Demineralized bone matrix has a 
similar composition, function, and structure to 
that of an autograft, hence this kind of matrix 
has broad application in multiple bone therapeu-
tic surgeries [64]. The creation of demineralized 
bone matrix was inspired by a simple hydrochlo-
ric acid extraction process for the decalcification 
of bone matrix, leaving a complex with osteoin-
ductive and osteoconductive properties derived 
from native bone [65, 66]. Some authors have 
demonstrated that organic components inside 
the bone extracellular matrix promote marrow- 
directed osteogenesis [67]. In vitro studies that 
have demonstrated the ability of demineralized 
bone matrix to stimulate osteogenesis in perios-
teal cells and human mesenchymal stromal cells 
[68, 69]. Other studies have demonstrated simi-
lar results in vivo for healing of bone defects in 
rats [70].

Demineralized bone matrix has several advan-
tages over autologous bone for clinical applica-
tions, as well as reducing donor site morbidity 
and operative time [64]. Demineralized bone 
matrix has been used to supplement autologous 
bone grafts in numerous clinical trials [66]. 
Nevertheless, there is as yet no clinical evidence 
to support the independent use of these materials.

Tissue-derived bone extracellular matrix 
(demineralized bone matrix and decellularized 
bone) from xenografts or allografts may induce 
immunological responses or pose a risk of trans-
mitting infectious diseases. Hence, extracellular 
matrix derived from autologous cells constitutes 
an alternative source [71]. Extracellular matrix 
derived from cells, either from osteoblasts or 
osteoblast-like cells, contains minerals, growth 
factors, proteoglycans, and proteins. These com-
ponents have an important role in proliferation, 
differentiation, cell adhesion, and migration [71, 
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72]. Extracellular matrix from stem cells facili-
tates the property preservation of stem cells, but 
prevents their differentiation into osteoblasts 
[73]. Extracellular matrix from osteoblasts or 
osteoblast-like cells is osteogenic, and can bind 
growth factors [74]. It can also modulate the local 
inflammatory response.

Several authors have used extracellular matrix 
from fibroblasts and chondrocytes to promote 
osteogenic differentiation of stem cells [75, 
76]. The main challenge in using cell-derived 
extracellular matrix is finding a way to upscale 
the process in such a way that it can be applied 
clinically for human regenerative therapies [62, 
77]. For bone repair, tissue-derived extracel-
lular matrix bone grafts can promote osteogen-
esis. Demineralized bone matrix is produced and 
applied as a supplement to autograft materials. 
It can provide mechanical support for the repair 
of some tissue defects. Cell-derived extracellu-
lar matrix has no mechanical strength. It is not 
simple to collect in adequate quantities for bone 
repair, so it has no indication in treating large size 
defects.

The keys to the successful clinical application 
of extracellular matrix-derived tissues for hard tis-
sue repair (for example, in BRONJ) are the pres-
ervation of bioactive factors and the elimination 
of any immunogenic substance, which remains 
in the source tissue during decellularization or 
demineralization procedures. Current acellular 
methods normally cause loss of bioactive fac-
tors and/or the destruction of tissue ultrastructure 
due to the extreme conditions experienced during 
their processing [78].

1.4  Scaffolds and Grafts

Scaffolds are biomaterials that can provide sup-
port as a biological platform to facilitate the 
restoration and repair of the physiological fea-
tures of injured tissues [54, 55, 79–81]. In tissue 
regeneration, a biocompatible scaffold permits 
cell adhesion, and induces cell proliferation and 
differentiation without initiating an inflammatory 
reaction or rejection by the body [81].

An ideal bone scaffold must be osteoinduc-
tive, osteoconductive, and osteogenic. An osteo-
genic material can generate bone tissue, similar 
to that by osteoblasts. An ideal scaffold should 
also be an osteoconductive material that stimu-
lates bone cells to grow on its surface [55, 82]. 
Nevertheless, these fundamental characteristics 
alone are insufficient for the successful in  vivo 
application of a bone scaffold. To fabricate a bone 
scaffold, an ideal biomaterial must also be bioin-
ert, bioactive, biocompatible, and biodegradable. 
The scaffold–cell interaction must ensure easy 
penetration, distribution, and proliferation. The 
biomaterial should be porous, with a suitable 
pore diameter to enable cells to penetrate the bio-
material, hence, securing the growth of new bone 
tissue and vascularization [54, 83].

Biocompatibility, nevertheless, remains the 
most essential property that scaffolds must pos-
sess. Biomaterials should not induce inflam-
matory responses in the body, or show any 
cytotoxicity or immunogenicity [57]. It is also 
fundamental that the scaffold biomaterial be 
efficiently resorbed along with the deposition of 
new bone tissue, so that new bone can replace it 
entirely, while maintaining its shape and thick-
ness [84]. Craniofacial scaffolds must fill three- 
dimensionally complex defects and provide 
adequate resistance to temporary load during 
regeneration.

In relation to scaffolds, it is necessary to dis-
tinguish between bone grafts, matrices, poly-
meric materials, and combined (composite) 
scaffolds. Bone grafts are classified as autolo-
gous, homologous, heterologous (xenografts), 
or alloplastic grafts. Currently, autologous bone 
grafts are considered as the gold standard among 
all bone grafts.

In autologous bone grafting, the donor’s own 
bone is taken from a healthy part of the donor’s 
body and grafted in the affected region, mini-
mizing rejection issues. The donor sites can be 
intraoral or extraoral [85, 86]. Allogeneic grafts 
or allografts are derived from donors of the same 
species, but lose many of their characteristics 
during the long process of decellularization and 
sterilization. These grafts can be classified as 
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freeze-dried bone allograft (FDBA) and demin-
eralized freeze-dried bone allograft (DFDBA) 
[87, 88].

Xenografts are a less expensive alternative 
to allografts, but undergo similar sterilization 
 procedures. They are derived from animals, 
principally pigs or horses. Several studies have 
shown that these materials provide support and 
survival similar to those of autologous bone 
grafts, but without any osteogenic properties [89, 
90]. Several alloplastic grafts have been used for 
bone regeneration, such as 𝛽-tricalcium phos-
phate (TCP), hydroxyapatite, and bioceramics. 
They can be manufactured at lower cost than het-
erologous biomaterials; however, their resorption 
is not always ideal.

Polymeric materials are classified into natu-
ral or synthetic polymers. Natural polymers 
are organic in origin. The most representative 
organic polymer is collagen. Other organic poly-
mers used as scaffolds include hyaluronic acid, 
alginate, chitosan, and peptide hydrogel [55, 91].

Synthetic polymers are classified as absorb-
able or non-absorbable polymers. They include 
polylactic acid (PLA), polyglycolic acid (PGA), 
polylactic–polyglycolic acid (PLGA), polyeth-
ylene glycol (PEG), PEG with PLGA (PEG- 
PLGA), and polycaprolactone (PCL) [92]. The 
most commonly used non-absorbable polymer 
in bone regeneration is polytetrafluoroethylene- 
expanded (e-PTFE). This polymer is used in 
the form of a membrane to cover bone grafts. It 
forms a barrier between the graft material and the 
soft tissues of the flap to inhibit the early onset of 
gingiva-derived fibroblast formation [93].

PLA and PGA are synthetic polymers with 
excellent biomaterial characteristics. Their prop-
erties can be controlled during their synthesis 
[94]. Their rapid degradation is a disadvantage, 
as this may cause early failure of the graft. 
Additionally, intracellular degradation of an acid 
can induce an inflammatory response [94, 95]. To 
reduce inflammation, hybrid scaffolds have been 
created, combining PLA and PGA with Bioglass 
and calcium phosphate [96].

PLGA is a copolymer obtained by the union 
of lactic and glycolic acids through ester bonds. 

Currently, this polymeric bone substitute is used 
extensively for bone regeneration in dentistry, 
and it has been combined with growth factors 
to obtain good results [94]. PEG is a polyether 
with a high molecular weight that is very resis-
tant to resorption. It has been used in combi-
nation with multipotent stem cells and peptides 
with good results. In addition, it has been used 
as a scaffold for neuronal regeneration in the 
treatment of pathologies of the central nervous 
system [97]. PCL is an aliphatic polyester. It 
has good mechanical characteristics and very 
long resorption times [57]. It has been com-
bined with hydroxyapatite and chitosan to form 
hybrid scaffolds with high mechanical resis-
tance [57, 98].

In some cases, it is possible to combine the 
materials described above, to improve their 
mechanical characteristics and osteoconductiv-
ity. Composite scaffolds obtained when PLA is 
enriched with dicalcium phosphate or PGA and 
PLGA can be combined with hydroxyapatite or 
𝛽-tricalcium phosphate. This can increase the 
degradation time and improve the mechanical 
properties of scaffolds [99].

Scaffolds containing hydroxyapatite rein-
forced with collagen have been developed to 
overcome the mechanical strength limitations of 
collagen, and to stimulate the differentiation of 
stromal cells in vitro and in vivo [100]. Collagen 
can also be enriched with growth factors to induce 
osteogenesis, or associated with multipotent stem 
cells and polypeptides in order to improve cel-
lular colonization.

Scaffolds enriched with hydroxyapatite 
have shown very positive outcomes in maxil-
lofacial surgery [101]. In particular, different 
collagen formulations enriched with nano-
hydroxyapatite have been created to increase 
the migration and differentiation of progeni-
tor cells involved in bone regeneration. PLGA 
scaffolds have been enriched with hydroxy-
apatite to slow the process of graft resorption, 
and to enhance the mechanical properties. 
Surprisingly, this combination also increases 
cell engraftment and the amount of newly 
formed bone tissue [102, 103].
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1.5  Bioprinting

Bioprinting is an extended application of addi-
tive manufacturing or rapid prototyping that has 
emerged as a promising avenue in tissue engi-
neering and regenerative medicine. The process 
is defined as the printing of structures contain-
ing viable cells, biological materials, and bio-
active molecules, to produce three-dimensional 
cell- laden microstructures mimicking native 
tissues [104]. Bioprinting is a process of bio-
mimicry that has the potential to provide indi-
vidualized spatial geometry, and controlled 
structural design and positioning of cells and 
molecules [105, 106]. Compared to tissue engi-
neering processes that necessitate post-fabrica-
tion cell seeding, bioprinted scaffolds retain a 
more homogeneous and controlled cell distribu-
tion. This positively impacts on their integra-
tion with the host tissue, providing grafts with 
reduced risk of rejection and uniform tissue 
growth in vivo [104, 107].

Bioprinting technology is experiencing rapid 
growth and continuous improvement. The most 
common bioprinting platforms use inkjet-based, 
extrusion-based, or laser-based printing and fab-
rication technologies [104]. In inkjet-based bio-
printing, cells and biomaterials are positioned 
into a desired pattern using droplets ejected 
via piezoelectric or thermal processes [108]. 
Although inkjet printing is widely available, 
affordable, and rapid, and gives reasonable cell 
viability, the low droplet directionality and unre-
liable encapsulation of cells and biomaterials in 
this method cause concern [108].

In extrusion-based bioprinting, the bioink is 
extruded through a nozzle under pneumatic or 
mechanical pressure and deposited in a prede-
signed structure [109]. This technology can print 
with very high cell densities. It has, however, 
limited resolution and so is suited mostly to hard 
tissues with larger size defects. As such, it has 
been used widely in bone and cartilage tissue 
engineering [110].

Laser-based bioprinting is a nozzle-free tech-
nique that uses ultraviolet (UV) or visible light 
to cure photosensitive polymers in sequential 
layers. This technology eliminates the negative 

impact of shear stress, and offers fast and accurate 
fabrication, achieving resolutions ranging from 5 
to 300 μm. The main risk with this technology, 
however, is possible cytotoxic effects from the 
photoinitiators or the UV light [104, 107, 111].

Regardless of the printing technology that is 
used, the bioprinting material is often encapsu-
lated in a bioink. This biomaterial ensures that 
cell viability is maintained. Bioink can be used 
to incorporate additional biomolecules [112]. 
The majority of cell-laden bioinks are hydrogel- 
based, as their high water content ensures both 
retention of moisture for cell survival, and pro-
tection against fabrication-induced shear forces 
[112, 113].

Bioinks have served as the sweet point of 
technological innovation in bioprinting, such as 
generation of personalized tissue transplants. 
Platelet-rich plasma, for example, is a rich source 
of patient-specific autologous growth factors. 
This has been combined with alginate-based 
hydrogels to generate 3D bioprinted constructs 
which show enhanced angiogenesis, stem cell 
recruitment, and tissue regeneration [114].

In addition, bioinks have been the transi-
tion point towards 4D biofabrication strategies, 
where a dynamic temporal shape-morphing of 
bioprinted material is introduced. Development 
of hollow self-folding bioprinted transplants 
to generate tubes with controlled diameters of 
up to 20  μm resolution is an example of such 
approaches [115].

Although bioinks have proven to be an essen-
tial component of 3D biofabrication, efforts 
towards the development of inkless or hydrogel- 
free printing to generate complex flat or multi-
layered tissues are noteworthy. As an example, 
fibroblasts have been positioned on a printed reti-
nal pigmented epithelial layer as hydrogel free 
droplets using inkjet bioprinting [116]. Although 
maintaining cellular viability is still a challenge 
in this approach, there is hope that further tai-
lored technologies might make this possible in 
the future.

3D bioprinting has major applications in 
preclinical studies, disease modelling, and drug 
screening [117–122]. The ultimate goal for the 
technology, however, is its use in regenerative 
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therapy and tissue replacement in the clinical 
setting. As such, 3D bioprinting has also been 
an approach of interest in regenerative den-
tistry and craniofacial tissue engineering [123]. 
Reconstruction of the complex structure of the 
tooth, including dental pulp and dentine as well 
as innervating nerves and the vasculature together 
with supporting tissues such as the periodontal 
ligaments and alveolar bones, is the desired out-
come, but an ambitious aim [124].

3D bioprinting has been successfully applied 
in various fields of regenerative dentistry. Light- 
assisted 3D printing technologies have been used 
in the generation of in  vitro models for tooth 
buds [125, 126], and to mimic pulp revascular-
ization using hydrogels encapsulating dental pulp 
stem cells [127]. There have also been success-
ful attempts to reconstruct the complex structure 
of the periodontium, with cementum, periodon-
tal ligament, alveolar bone, and fibre bundles in 
defined directions [128–131].

3D fabrication has also been used experimen-
tally to reconstruct the dentine–pulp interface, 
providing a tool for regenerative endodontics to 
mimic the production of reparative dentine [132], 
and to facilitate pulp revascularization [133, 134] 
and neurotization [135, 136]. Furthermore, 3D 
reconstructed tooth germs have promising appli-
cations, including eruption through the jaw bone 
in preclinical in vivo transplantation experiments 
[137–139]. There is increasing demand, how-
ever, to achieve efficient tooth germ reconstruc-
tion while simulating the 3D anatomy of teeth, 
to account for the individual differences between 
molar and incisor teeth as an example.

3D bioprinting has also been applied to the 
biofabrication of alveolar bone and mandibular 
joints, and to reconstruction of other craniofa-
cial structures [123, 140]. 3D printing has been 
applied to epithelial tissue engineering for the 
regeneration of defects in oral mucosal epithe-
lium. As such, these so-called “ex vivo produced 
oral mucosal equivalents” have been efficiently 
used in pre-prosthetic procedures, such as vestib-
uloplasty, repair of superficial mucosal defects, 
and for prelamination of surgical free flaps 
[141–143]. 3D bioprinting has also been used to 
effectively recapitulate the secretory epithelium 

[144], and to partially regenerate salivary glands 
by stimulating epithelial growth in glandular tis-
sue [145].

2  Current Applications of Stem 
Cells for Treating or 
Preventing Oral Conditions

2.1  Oral Mucosal Lesions

Oral mucosal lesions include a range of benign or 
potentially malignant clinical conditions affect-
ing the oral cavity, including oral lichen planus 
(OLP), oral leukoplakia (OLK), and oral pig-
mented lesions (OPL). This section will outline 
current applications of stem cells for the treat-
ment and prevention of oral potentially malignant 
disorders (OPMDs).

2.1.1  Oral Lichen Planus
Oral lichen planus (OLP) is a T-cell-mediated 
inflammatory condition characterized by white 
or mixed red white lesions. It is a relatively com-
mon condition that affects 0.5–2.2% of the popu-
lation, and is more prevalent in females and in the 
30–60 year old age group [146]. Multiple lesions 
are common and can be classified into a number 
of clinical sub-groups: erosive, reticular, plaque- 
like, atrophic, or bullous type, with erosive 
lesions being associated with a greater risk of 
malignant transformation [147]. Histologically, 
OLP is characterized by a lymphocytic inflam-
matory infiltrate accompanied with basal layer 
liquefaction, which is thought to be a result of 
keratinocyte apoptosis driven by activation of 
cytotoxic T cells. Keratinocytes are known to 
perform antigen presentation to helper T cells, 
which are stimulated to produce IL-2 and IFN- 
gamma [148].

Current treatments for OLP include cortico-
steroids and other immunosuppressive measures. 
Corticosteroids are used widely, either in sys-
temic or topical form, but can be associated with 
side effects such as oral candidosis. Retinoids 
have also been used, but appear to be less effec-
tive than corticosteroids, and are associated with 
more severe side effects. Calcineurin inhibitors 
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include cyclosporine and newer drugs such as 
tacrolimus and pimecrolimus. These inhibit cyto-
kine release and have also been used in OLP, how-
ever, this drug class is associated with a potential 
increased risk of malignant  transformation [149]. 
A recent Cochrane review found limited evidence 
supporting the efficacy of corticosteroids in OLP, 
and some evidence that tacrolimus may be more 
effective at pain resolution [150].

Photobiomodulation (PBM) and Low-Level 
Laser Therapy (LLLT) are largely overlapping 
terms referring to the use of low intensity laser 
energy to stimulate cellular regeneration and 
healing. They have been used, primarily in ero-
sive/atrophic type lesions of OLP, which are more 
challenging to treat with conventional methods. 
A number of studies have investigated PBM or 
LLLT in the treatment of OLP with mixed results 
[151]. Cafaro et al., for example, found that 78% 
of lesions resolved completely in an average of 11 
sessions, while Trehan and Taylor found that the 
majority of patients responded well [152, 153]. 
Jajarm et al. found the treatment to be as effective 
as corticosteroids in 10 treatments [154], while 
Mirza et al., and Kazancioglu and Erisen found 
LLLT to be less effective than alternative treat-
ments [155, 156].

Mesenchymal stem cells (MSCs) have con-
siderable potential as a novel treatment for OLP, 
but to date there is minimal evidence available. 
A small study in humans assessed the ability 
of bone marrow-derived undifferentiated plu-
ripotent stem cells. The cells were isolated from 
patients undergoing surgery, and then injected 
into the site of OLP excision, to promote wound 
healing, however, the study was small in scale 
and the results were unclear [157].

Aside from wound healing after surgical 
biopsy or excision, MSCs, particularly those iso-
lated from the dental pulp (DPSCs), have shown 
particular promise in their ability to modulate 
immune and inflammatory processes (reviewed 
in [158–160]). In animal models, DPSC have 
been used to inhibit injury-induced neural inflam-
mation [161] and diabetic polyneuropathy [162] 
among others, but to date human clinical applica-
tions have been limited to pulpal and bone regen-
eration [23, 163].

DPSCs can secrete an array of inflamma-
tory signalling molecules, including transform-
ing growth factor beta (TGF-β), indoleamine 
2,3-dioxygenase (IDO), prostaglandin E2 (PGE- 
2), and human leukocyte antigen G5 (HLA-G5), 
that interact with immune cells [160]. The abil-
ity of MSCs to home into sites of tissue dam-
age and modulate immune responses has been 
demonstrated to involve IDO.  A recent study 
sought to identify and isolate MSCs from OLP 
lesions. Zhang et al. found that MSCs were pres-
ent in OLP lesions, and were in greater numbers 
than in normal tissue, suggesting that they were 
perhaps moving to sites of inflammation. OLP 
MSCs were, however, less effective at suppress-
ing T-lymphocytes in  vitro than MSCs from 
normal tissue. This raises the possibility that 
delivery of MSCs from normal buccal mucosa 
to OLP tissues could be effective at inhibiting 
T-lymphocyte- mediated damage [164].

An intriguing pair of studies in cats with 
feline chronic gingivostomatitis, a feline T-cell- 
mediated oral inflammatory condition with 
similarities to human OLP, has demonstrated 
potential benefit of both autologous and allogenic 
stem cells. Infusion of allogenic adipose derived 
stem cells was associated with clinical remission 
in 57% of cases (4/7), with a slightly higher pro-
portion responding to the autologous equivalent 
(71%; 5/7) [165, 166]. Although the use of MSCs 
to treat OLP is not yet at the stage of clinical 
application, there are definite possibilities in the 
field.

2.1.2  Oral Leukoplakia and Epithelial 
Dysplasia

Oral leukoplakia (OLK) is an oral lesion defined 
as a white patch or plaque that cannot be charac-
terized clinically or pathologically as any other 
definable lesion, having excluded other known 
diseases or disorders that carry no increased 
risk for cancer [167–169]. It is one of the most 
common oral potentially malignant disorders 
(OPMDs), with a worldwide prevalence of 
approximately 4.11% [170]. A subset of OLK 
lesions (between 0.13 and 34%) undergo malig-
nant transformation to oral squamous cell carci-
noma (OSCC). Factors such as increased lesion 
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size, a non-homogeneous appearance, and the 
presence of patient risk factors such as smok-
ing and alcohol use can increase this risk [171, 
172]. Typically, OLK lesions are biopsied and 
 submitted for histopathological analysis in order 
to exclude other diagnoses, for example, OLP 
and to determine the presence or absence and 
grade of oral epithelial dysplasia (OED) [173]. 
The main treatment for OLK lesions displaying 
OED is surgical excision, either by scalpel or 
by laser, while non-dysplastic lesions are more 
often reviewed for potentially sinister changes in 
appearance.

Excision of suspicious OLK can be challeng-
ing, particularly with large lesions. PBM/LLLT 
has been used in a number of in vivo and in vitro 
studies to enhance the healing of experimentally 
induced ulcers (punch biopsies), suggesting it 
could be a useful adjunct to scalpel or laser exci-
sion of suspect lesions [174–176]. This technique 
has also been used clinically in a small prelimi-
nary study, which found that LLLT could reduce 
the size of leukoplakia by approximately 50% 
[177]. Another small study combined cryotherapy 
and LLLT and found that LLLT was associated 
with a reduction in pain [178]. Platelet-rich fibrin 
(PRF) has also been proposed to have healing 
benefits that could be of value after the excision 
of OPMDs. Combinations of PRF and allogenic 
MSCs have been used successful in vivo to repair 
muscle in a rabbit model [179, 180].

Kasai et al. have developed a method for the 
generation of oral mucosal epithelial cell sheets 
isolated from a small biopsy, which could be 
of value in repairing large excision sites [181]. 
This involved collection of a small 6 mm punch 
biopsy, yielding a single 23-mm diameter round 
cell sheet and a plasma sample, which was used 
as a serum source for the cell culture [182]. 
Larger biopsies (140  mm2) have also been tri-
alled, and these can yield between 6 and 17 cell 
sheets. Enzymatically isolated cells are seeded 
onto temperature responsive tissue culture 
inserts and cultured for 14  days. When cooled 
to 20 °C, the cell sheets lift from the insert, and 
due to the maintenance of extracellular matrix 
proteins on the bottom surface of the sheet they 
will adhere to tissue without sutures. The sheets 

have been used to prevent oesophageal stric-
ture after removing superficial neoplasms using 
endoscopic submucosal dissection, and in this 
setting they increased the speed of healing (3.5 
vs. 8 weeks) and avoided stricture [183]. They 
have also been applied to corneal repair in cor-
neal limbal epithelial stem cell deficiency, a suc-
cess rate of 64% in patients [184].

Similar grafts using keratinocytes isolated 
from an oral mucosal biopsy then seeded onto 
a dermal equivalent matrix have been used for 
repair of cancer or premalignant lesion sites 
[141]. These have potential for use when large or 
multiple excisions of areas of OED would ben-
efit from rapid healing or in sites where stricture 
or shrinkage could affect oral function. It would 
be critical, however, to ensure that the site of 
the donor cell biopsy does not include areas that 
are molecularly abnormal which could be chal-
lenging in some cases. Kasai et  al. have used 
brush biopsy and immunoblotting as a strategy 
for assessing the “normality” of cells prior to 
fabrication of these cell sheets, although cytol-
ogy, with or without immunostaining is another 
potential tool [181].

MSCs have not yet been used clinically 
in the treatment of OLK lesions, but there is 
some intriguing data in cell and animal models. 
Typically, MSCs can be differentiated into adi-
pocytes, chondrocytes, and osteocytes and are 
highly proliferative. Li et al. compared the char-
acteristics of MSCs isolated from normal mucosa, 
OLK (with mild-to-moderate OED) and OSCC, 
and found that OLK-MSCs underwent differen-
tiation in the same way as OSCC-MSCs, but pro-
liferation less when compared with OSCC-MSCs 
and MSCs from normal tissue [185]. Exosomes 
secreted by OLK-MSCs were able to enhance 
the proliferation and migration of dysplastic 
DOK and malignant SCC15 cells compared with 
those from normal MSCs and behaved similarly 
to exosomes from OSCC-MSCs. This suggests 
that exosomes secreted by OLK MSCs could be 
a potential target to block malignant transforma-
tion of OLK [185].

Another study which isolated MSCs from 
OLK compared MSCs derived from normal 
tissue (OMMSCs) and OLK tissue with a his-
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tological diagnosis of OED (OLKd-MSCs) or 
hyperkeratosis (OLKh-MSCs). Zhang et  al. 
found that overall, OLK-MSCs were more 
 proliferative and displayed enhanced colony-
forming ability when compared with OMMSCs, 
and that this effect was augmented in OLKd-
MSCs. These effects may be correlated with the 
process of epithelial- to-mesenchymal transition 
known to be critical during the development of 
OED and OSCC. OEDd-MSCs were less effec-
tive at osteogenic, neurogenic, and adipogenic 
differentiation than MSCs derived from normal 
or non- dysplastic tissue. Interestingly when 
MSCs were transplanted into mice in a complex 
with fibrin, OLDd-MSCs partly lost the ability to 
form mesenchymal tissue and maintain regenera-
tion. This was linked with decreased production 
of collagen IV and enhanced expression of the 
matrix- metalloprotease 9 (MMP-9; degrades col-
lagen IV), suggesting a loss of basement mem-
brane integrity. Overall, OLK-MSCs displayed 
impaired regenerative capacities, differentiated 
less effectively and displayed proliferative abili-
ties that increased with the grade of dysplasia, 
suggesting that oral mucosal MSCs may lose 
their protective effect in OED [186].

In animal studies, MSCs were able to reduce 
the proportion of hamsters undergoing MT in a 
7,12-Dimethylbenz[a]anthracene (DMBA) car-
cinogenesis model, but only when they were 
administered at later stages of the model when 
dysplastic lesions and papillomas had started to 
appear [187]. The DMBA hamster model provides 
a model for oral carcinogenesis over a 13-week 
period, with the sequential appearance of hyper-
plastic lesions (weeks 4–6), dysplastic lesions 
(weeks 6–8) and papillomas (weeks 9–12), with 
extensive OSCC present by the end of the study. 
Lower doses of MSCs administered at dysplasia 
or papilloma stage resulted in a lower proportion 
of lesions progressing to OSCC, and for MSCs 
administered at papilloma stage, resulted in a 
reduction in lesion size. Interestingly the MSCs 
rarely homed to the site of pre- malignant lesions, 
suggesting that the reduction in OSCC burden 
was due to a systemic immunomodulatory action, 
rather than a direct effect. This is supported by 
a number of studies where MSCs were able to 

inhibit inflammation in animal models (reviewed 
in [158–160]) and the association of inflamma-
tion with oral malignant transformation.

MSC-derived exosomes loaded with miR-185 
also can provide benefit, significantly reducing 
tissue-specific and systemic inflammation, as 
well as OPMD progression to OSCC in a hamster 
DMBA model. However, there is also evidence 
that MSCs can drive malignant transforma-
tion. In another animal chemical carcinogenesis 
model, MSCs were increased by 4-nitroquinoline 
1-oxide (4NQO) treatment. The MSCs derived 
from oral cancer could block T-cell proliferation, 
suggesting that MSCs may be involved in oral 
carcinogenesis via immunosuppression [188].

Cancer stem cells (CSCs) are a small cell 
population within tumours with enhanced meta-
static properties and resistance to radiotherapy 
and chemotherapy [189]. While CSCs are known 
to be resident within OSCC, they have also been 
identified in OLK lesions, and have the potential 
to be used to identify higher risk lesions and to 
provide therapeutic targets. OSCC CSCs can be 
characterized by a number of cell surface markers 
including the glycoproteins CD44, CD133 and 
podoplanin, ATP-binding cassette super- family G 
member 2 (ABCG2), Aldehyde dehydrogenase 1 
(ALDH1), tyrosine-protein kinase Met (c-MET, 
also known as hepatocyte growth factor recep-
tor), Polycomb complex protein BMI-1 (Bmi1), 
and leucine-rich repeat- containing G-protein-
coupled receptor 5 (LGR5). Various transcription 
factors including octamer- binding transcription 
factor 4 (Oct4), the homeobox protein NANOG 
(Nanog), SRY (sex determining region Y)-box 2 
protein (Sox2), Krüppel-like factor 4 (KLF4) and 
Myc are also important in CSCs [190, 191], and 
the expression/activation of a number of these 
markers has been investigated in OPMDs.

CD44 expression was increased in dys-
plastic OPMD, particularly those with moder-
ate or severe OED, compared with normal and 
non- dysplastic OPMD [192]. Interestingly, this 
study also identified increased expression of 
stromal cell-derived factor 1 (SDF1) and C-X-C 
chemokine receptor type 4 (CXCR4) with 
increasing OED, which have been implicated 
in CSC- specific signalling in HNSCC [192]. 
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CD133 expression has also been shown to be very 
low in normal tissues, but significant increases 
in mildly dysplastic tissue, and increases even 
further in moderate–severe OED [193]. CD133 
has also been implicated in OLP MT in a case-
control study of 110 patients, a cohort in which 
a rather high proportion of cases (10/110) devel-
oped OSCC.  Of the patients that transformed, 
80% displayed CD133 expression, versus 29% 
of non- transforming OLP cases [194].

Saintigny et al. identified c-MET as a poten-
tially actionable marker for the development 
of oral cancer using a microarray, then demon-
strated that expression of c-MET in OLK was 
associated with a reduced time to OSCC with 
immunohistochemistry. MET activation was 
further demonstrated in OPMD and OSCC cell 
lines. MET inhibition was able to reduced malig-
nant transformation rates in a 4NQO mouse 
model [195]. c-MET expression in oral submu-
cosis fibrosis was also associated with malignant 
transformation, with all the cases of OSMF that 
transformed to OSCC displaying staining [196]. 
ATP-binding cassette super-family G member 2 
(ABCG2) and Polycomb complex protein BMI-1 
(Bmi1) are additional stemness markers that are 
expressed in OLK lesions, and are associated 
with an increased risk of malignant progression, 
but these display variability that limit their use 
as a tool to identify high risk lesions [197, 198].

The expression of podoplanin in OLK 
has been correlated with the presence of 
OED. Podoplanin-positive OLK lesions are asso-
ciated with an increased risk of malignant trans-
formation [199–202]. When protein expression 
levels of ALDH1 were assessed along with podo-
planin, 66% of patients expressing both proteins 
in OLK lesions developed oral cancer.

ALDH1 was assessed in another cohort of 
OLK patients with long-term follow-up, along 
with the expression of the glycoprotein CD133. 
CD133 and ALDH1 expressions were associ-
ated with a 2.9 and 4.2 fold increased risk in the 
development of oral cancer, respectively [203]. 
LGR-5 expression has also been investigated in 
OED and found to be increased significantly in 
moderately- severely dysplastic OLK compared 
with normal tissue. This was associated with a 

shift from basal layer staining to more extensive 
staining throughout the tissue [204].

The evidence for the influence of CSC- 
associated transcription factors in OED is less 
extensive to date, but there have been some 
studies using human FFPE tissue. Sox-2 expres-
sion when assessed by IHC was enhanced in the 
suprabasal layer of OLK samples compared with 
normal samples [205]. In a smaller initial study, 
Sox-2 and Oct-4 expressions were also demon-
strated in the majority of cases in a mixed group 
of OPMD including OLK and OLP (18/20 and 
14/20, respectively) [206]. Oct-4 appears to be 
less consistently expressed in OED than Oct-
4, with a recent study demonstrating only 9% 
positivity in OED samples, compared with 59% 
positivity for Sox-2 [207]. In a mouse 4NQO 
carcinogenesis model, knockdown of KLF-4 
was associated with an increase in the severity of 
dysplastic lesions [208]. In a DMBA carcinogen-
esis hamster model, Myc staining reached a peak 
in hyperplastic oral tissues then remained steady 
throughout OED and OSCC.  This suggests 
that Myc overexpression was an early event in 
oral carcinogenesis [209]. Myc expression was 
also demonstrated in human tissue in OED and 
OSCC [210, 211]. Cytoplasmic expression of 
Nanog, while only present in a relatively small 
subset of OED samples (16.4%), has been asso-
ciated with an increased risk of malignant trans-
formation [212].

Overall these studies demonstrate that sub-
groups of CSCs are present at various stages in 
the progression of oral carcinogenesis, and in 
many cases CSC markers are able to identify 
potentially malignant lesions at higher risk of 
undergoing malignant transformation. These pro-
vide both putative predictive markers for OSCC 
progression to shape management but also the 
opportunity for novel chemotherapeutic treat-
ment to block tumour development.

2.2  Oral Malignancies

Head and neck malignancies, of which oral 
squamous cell carcinoma is the most common, 
are globally significant cancers and represent 
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a  serious health burden. This impact is seen 
not only in mortality but also upon quality of 
life even following successful therapy, due to 
the longer term consequences of the interven-
tions employed. Stem cell technologies have so 
far had limited impact upon therapies for these 
cancers, however, there are a number of prom-
ising avenues by which they may potentially 
impact both directly and indirectly based upon 
current research. These include the application 
of tissue engineering to the restoration of struc-
tures compromised by therapeutic intervention, 
the development of in  vitro models using stem 
cells for investigation of anticancer therapies, 
and the leveraging of knowledge of normal stem 
cell biology to target cancer cells with stem-like 
properties that are frequently termed “cancer 
stem cells”.

2.2.1  Head and Neck Squamous Cell 
Carcinoma

In the clinic, surgery remains a mainstay of head 
and neck cancer therapy. Surgery may also be 
accompanied by localized radiotherapy and/or 
chemotherapy, depending on the staging of the 
tumour, the anatomical location and the involve-
ment of lymph nodes, and metastasis. Surgical 
intervention can require subsequent reconstruc-
tive surgery, particularly in the case of more 
advanced disease undergoing extensive resec-
tion. Such reconstructive surgery in the head and 
neck region is particularly complicated and chal-
lenging due to the complexity of the tissue and 
anatomical structures. Thus, regenerative medi-
cal therapies based upon stem cells and/or bio-
mimetic scaffolds offer promise for the repair of 
oncology-related tissue damage, to restore func-
tion and enhance outcomes.

Restorative therapies required after oncologi-
cal surgery frequently extend beyond regenera-
tive therapies in the oral cavity and surrounding 
tissue to include structures of the neck. A num-
ber of these anatomical structures have been the 
target of recent progress in tissue engineering. 
In particular, efforts to develop methods for the 
restoration and repair of vocal cords have dem-
onstrated great promise in experimental mod-
els [213, 214]. Even tissues with complex 3D 

structures such as the oesophagus and trachea 
have been the subject of significant experimental 
advances using combinations of 3D printed bio-
mimetic structures and complex combinations of 
cell populations including stem cells, with dem-
onstrated feasibility in animal models [215–217]. 
These studies have integrated a number of differ-
ent techniques to produce complex structures by 
first generating multicellular spheroids grown in 
culture from mesenchymal stem cells, fibroblasts, 
endothelial cells and smooth muscle cells, then 
robotically harvesting the spheroids and array-
ing them in a supported tubular structure [217, 
218]. These structures were cultured until they 
formed sufficient cellular structure and matrix 
to be self- supporting, whereupon the artificial 
supports could be removed, and the grafts then 
implanted in vivo [217]. These ambitious efforts 
demonstrate the feasibility of 3D bioprinting tis-
sue engineering technologies (reviewed in [219]), 
and are encouraging for the future application of 
stem cell-based tissue engineering applications in 
head and neck cancer restorative therapy.

Stem and tissue engineering technologies are 
also making a significant impact in the develop-
ment of improved in vitro models for the inves-
tigation of cancer biology and for the testing of 
novel therapeutics. Reviews of clinical trials of 
new therapeutics have demonstrated alarmingly 
low success rates for cancer therapies even in 
comparison with the relative poor success rates 
of drugs targeting other conditions [220]. One 
of the most common reasons for failure of these 
trials is lack of efficacy at the phase II and III 
stages. It is recognized widely that improvements 
in assessing compounds at the preclinical stage 
will be essential to addressing this. These find-
ings are driving efforts to develop experimental 
models with greater fidelity [221], which can 
robustly predict clinical efficacy at earlier stages 
in the development process because they are 
more physiologically and clinically relevant.

Historically, in  vitro cancer models have 
involved 2D culture of cancer cell lines, however, 
over the past decade there has been considerable 
development of greatly improved preclinical can-
cer models. The most useful of these new mod-
els include patient-derived xenografts (PDX), in 
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which a piece of a patient’s tumour is implanted 
in immune-deficient mice, and patient-derived 
3D organoid cultures of cells, which grow in a 
spatially organized manner in a biological matrix 
[222]. The advantages of these models are that 
they recapitulate more faithfully the heterogene-
ity and 3D architecture found in clinical tumours.

PDX models are particularly useful because 
they allow the exploration of tumour–stroma 
interactions and immunological therapies; how-
ever, they can be difficult to establish, and are 
not suitable for high throughput screening (HTS) 
[221]. In contrast, 3D organoid models are ame-
nable to HTS, while effectively modelling key 
characteristics of tumour heterogeneity and 
physiological features. The object here is not to 
review in detail the development of 3D organ-
oid models of head and neck cancers and how 
they are being applied, but rather to discuss how 
advances in stem cell technology are contributing 
to the development of improved tumour models.

Since the original report of the establishment 
of 3D organoids from mouse gut stem cells which 
replicate in  vitro the cellular architecture and 
functional features of that tissue [223], organoids 
have been grown from many different normal 
epithelia including, most recently, oral mucosa 
[224, 225]. Thus, tissue-specific stem cells from 
adult tissues when cultured in 3D conditions with 
a suitable matrix will proliferate and give rise 
to differentiated cells, which will self-organize 
given suitable culture conditions [226]. Since 
cancers also proliferate and give rise to specific 
tissue organization, this technology has also been 
applied to cells isolated from primary patient 
tumour samples to establish tumour organoids 
that model tumour behaviour in vitro.

Using approaches developed for oral mucosal 
organoids from normal tissues, organoids have 
been developed which display morphological and 
genetic features of HNSCC [224]. These organ-
oids maintain these morphological and genetic 
features even after long-term expansion, and 
they retain their tumorigenic capability in ani-
mal models [224]. As yet, such patient-derived 
tumour organoid models have not been applied 
to head and neck cancers to the same extent as 
they have for other cancers, however, in several 

studies such models have demonstrated promise 
for the prediction of therapeutic responses to cis-
platin, docetaxel, and EGFR-targeted therapies 
[227, 228]. Thus, HNSCC organoids generated 
from patient tumour samples displayed similar 
in  vitro drug sensitivity to the corresponding 
in vivo response to drug therapy [227] indicating 
the feasibility of this approach as significantly 
less costly and time consuming to personalized 
therapies than PDX models. The success rate for 
organoid establishment was relatively low (30%); 
however, other studies of HNSCC organoids have 
reported higher rates (60%) [224], which support 
further investigation of this platform.

Tumorigenesis is characterized by the devel-
opment of highly heterogeneous cell populations, 
which exhibit phenotypic, genetic and epigenetic 
diversity. Different models have been devel-
oped to explain the heterogeneity found within 
tumours. The cancer stem cell (CSC) theory pro-
poses that there exists within tumours a subpopu-
lation of tumour propagating cells with stem cell 
like properties which can self-renew and generate 
different progenies (reviewed in [229]).

The CSC hypothesis also suggests that these 
cells are particularly resilient, being resistant to 
chemo- and radiotherapy, as well as the agents 
of metastases. The CSC model has been a topic 
of intense interest in cancer biology because it 
offers an explanation for clinical observations 
regarding the refractoriness of cancers to ther-
apy, and also inspires strategies to circumvent 
this resistance. CSC theory has been the subject 
of debate, and recent major developments have 
led to modifications in the CSC model [229]. 
Advances in the understanding of adult stem 
cells, such as the inherent plasticity of epithelial 
populations, have also driven similar findings in 
tumour cells. For example, ablation of basal stem 
cells in the epithelia of mouse trachea resulted in 
the reversion of differentiated cells, to produce 
functional stem cells [230]. Similar phenomena 
have been described in cancer cells, which also 
undergo transitions between non-stem and stem- 
like states [231, 232].

What these studies suggest is that for many 
cancers, and likely for HNSCC, therapies which 
target CSCs alone may not be as effective as 
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anticipated, since other tumour cells may prove 
capable of dedifferentiation to a stem-like state. 
Furthermore, there is evidence that tumour cells 
which do not express conventional CSC markers 
are capable of tumour initiation in animal models 
[233] that previously were considered a defining 
phenotype of CSC, thereby introducing addi-
tional ambiguity.

Many studies have sought to identify CSC pop-
ulations in HNSCC in order to understand the role 
of these cells in disease progression and resistance. 
The search for such CSC is based upon finding 
presumed CSC markers which are derived from 
knowledge of adult stem cell biology. In HNSCC, 
a number of proposed CSC markers, including 
CD44 [234], CD133 [235, 236], CD98 [237], 
CD10 [238], and ALDH1 [239], have been identi-
fied as indicators of subpopulations of tumour cells 
that show reduced sensitivity to chemo- or radio-
therapy and enhanced tumour forming potential. 
The investigation of stem cell markers in HNSCC 
has recently been reviewed [240].

Many early studies of CSC isolation in 
HNSCC did not conduct the in  vivo xenograft 
analyses, which are preferred as a means of 
confirmation [241]. The most commonly used 
marker was CD44, which is used widely as a 
CSC marker in many cancers [242] and has 
been shown to be associated with prognosis and 
therapeutic responses in HNSCC [243, 244]. 
However, there is some ambiguity regarding the 
application of CD44 as a CSC marker in HNSCC 
based upon the expression pattern in normal tis-
sue and in various experimental conditions [190, 
245]. These earlier studies of CSC and their bio-
markers in HNSCC need to be viewed through 
the prism of recent advances in stem cell and 
CSC biology, which demonstrate clearly that 
CSC themselves are a heterogeneous popula-
tion, and that the expression profile of markers 
of stem- like properties vary both within a tumour 
and between patients and tumour types [229, 
246]. For clinical applications and therapeutic 
targeting, an approach based upon personalized 
therapy is indicated. As well, CSC identification 
and characterization needs to be performed based 
upon multiple markers and phenotypic studies if 
possible.

Recognition that CSC are key players in the 
refractoriness of HNSCC to chemo- and radio-
therapy has given impetus to the search for thera-
pies which specifically target this cell population. 
While in other cancers such efforts are more 
advanced [247], in HNSCC there have been a 
small number of preclinical studies investigat-
ing CSC targeting strategies. For example, one 
avenue being explored is the inhibition of alde-
hyde dehydrogenase 1 A1 (ALDH1) to reduce 
CSC capacity and enhance sensitivity to cisplatin 
[248].

Notably, a number of studies have reported 
promising preclinical data using the strategy of 
targeting cells expressing the stem cell marker 
BMI1, which is associated with malignant pro-
gression in the oral cavity [197], demonstrating 
growth inhibition and drug sensitization in both 
in  vitro and in  vivo models of HNSCC [249–
251]. These findings are promising, however, 
the recent evidence that non-CSC may undergo 
dedifferentiation and change their phenotype 
acquiring stem-like properties and tumorigenic-
ity provides a complicating factor for therapeutic 
designs targeting CSC since one time elimination 
of these cells may be insufficient.

Lessons from stem cell biology in healthy 
tissues may provide some alternative strategies 
to circumvent this barrier [252]. It is well rec-
ognized that the specialized microenvironment 
is key to the maintenance and function of adult 
stem cells, and that this finding also extends to 
CSC. There is evidence in HNSCC for the role 
of the microenvironment and signalling by stro-
mal cells in the maintenance of the stem-like 
state in CSC.  Notably, EGF secreted by endo-
thelial cells has been shown to support the stem-
ness of OSCC CSC populations [253, 254] while 
fibroblast- derived Wnt signalling has similarly 
been implicated in the maintenance of the CSC 
niche [255] As a consequence, disruption of this 
microenvironment rather than direct targeting 
CSC has already been explored in some HNSCC 
preclinical models, to provide insight into the 
potential of this approach, including by applica-
tion of small molecule inhibitors of Wnt signal-
ling in PDX tumour models and EGFR targeted 
therapy in in vitro models [255–258]. These stud-
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ies, while still in their infancy, provide optimism 
that even though there is increased complexity to 
the CSC targeting strategy than previously envis-
aged, these difficulties are not insurmountable. 
The rapid pace of advances in our understanding 
of stem cell biology in healthy tissues and can-
cers will undoubtedly continue to drive this in the 
future.

2.3  Salivary Gland Disorders

Human saliva is a biological fluid with unique 
properties and diagnostic capabilities. It is an 
exocrine solution consisting of 99% water. The 
remaining 1% contains many biological mol-
ecules, including nucleic acids, proteins, metabo-
lites, and the microbiota [259]. Saliva plays a key 
role in maintaining oral health, helping to build 
and maintain the health of soft and hard tissues. 
Salivary gland dysfunction includes three broad 
pathological alterations: hyposalivation, hyper-
salivation, and changes in saliva composition. 
The consequences of all these three events can 
be severe and greatly impact a patient’s quality 
of life.

The most common salivary gland disorder 
is xerostomia, which is the subjective feeling 
of dryness throughout the mouth. This may be 
reversible, such as in medication-induced sali-
vary gland dysfunction, but there are also some 
permanent causes of xerostomia such as con-
genital abnormalities, autoimmune disorders 
such as Sjogren’s syndrome, and head and neck 
irradiation, chemotherapy, or salivary gland 
tumour resection among others. Consequences 
of hyposalivation include rampant dental car-
ies, periodontitis, dysgeusia, difficulty with 
mastication and swallowing, and decreased 
quality of life.

Treatments for hyposalivation are limited, and 
current therapies for xerostomia focus on oral 
lubricants and saliva substitutes, [260] and on 
medications to stimulate salivation from residual 
glands to attempt to reduce patient symptoms. 
These treatments are not sufficient to restore 
gland secretory function, and symptoms can 
only be relieved temporarily with current strat-

egies. The regeneration of functional salivary 
gland tissue is an important therapeutic goal in 
the field of regenerative medicine, and several 
biological therapies have been proposed at pre-
clinical stages, predominantly in the last decade. 
Examples of biotechnology strategies that have 
been attempted so far include:

 – Use of salivary gland stem/progenitor cells 
implanted as salispheres into salivary glands 
to replace the functionally damaged cells 
[261, 262].

 – Transplantation of adult stem cells, such as 
mesenchymal stem cells, with directed differ-
entiation in mono- or co-culture systems [263, 
264].

 – Tissue engineering techniques combining 
cells with or without environmental cues in 
3D biomaterial constructs [265, 266].

 – 3D organotypic spheroid cultures assembled 
from epithelial cells with capabilities to grow 
and mature into a secretory organoid [267].

However, all these proposed strategies are 
affected by lack of clinical evidence for sali-
vary gland repair or regeneration [268]. In addi-
tion, there are several issues that seem to delay 
the advancement of this field of research and 
its translation to clinical applicability. In fact, 
compared to other epithelial cells, salivary aci-
nar cells are very fragile, hence specialized tech-
niques are needed to isolate and culture them. To 
achieve the level of a functioning, implantable 
reassembled gland, human-based matrices are 
also needed to culture these cells in an appropri-
ate 3D tissue architecture [269]. However, even 
when this becomes feasible, more obstacles arise 
such as considerable regulatory hurdles for tissue 
engineered systems.

Even if the above-cited models can use autol-
ogous cells, regulations from regulatory agen-
cies such as the US FDA deny the use of most 
animal- based products for human transplanta-
tion as Class III devices, in order to prevent an 
immune response against the implant [269]. 
Current cell culture media for epithelial adherent 
cells  commonly necessitate the addition of foe-
tal bovine serum as a crucial factor to allow cell 
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adhesion and expansion in tissue culture plates, 
and this presents a significant obstacle. To obtain 
approval for human use from regulatory agen-
cies an alternative medium without animal prod-
ucts should be used for culture of salivary gland 
cells. However, so far, this has proved difficult to 
implement.

2.3.1  Local Obstructive, 
Inflammatory, or Reactive 
Disorders

Sialolithiasis
Sialolithiasis refers to the formation of salivary 
calculus or stones within the salivary gland paren-
chyma and/or ducts. It is the most frequent cause 
of inflammation of the major salivary glands. 
The submandibular gland is the most frequently 
affected (87% of cases), followed by the parotid 
gland (10%) and the sublingual gland (3% of 
cases) [270]. The treatment of choice for this 
condition is removal of the sialolith, and in most 
cases sialoliths can be surgically removed by an 
intraoral approach. Removal can be performed 
even during acute inflammatory stages, if the sial-
olith is accessible for the operator and as long as 
the infected gland is simultaneously drained.

In rare cases, when small sialoliths are located 
near the duct orifice, they may be removed with 
a lacrimal probe by performing a widening of the 
orifices. When sialoliths are associated with the 
minor salivary glands instead, they are usually 
excised with the associated gland. Conversely, 
for deeply situated sialoliths, the priority is given 
to antibiotic therapy to control the infection, after 
which removal of the sialolith should follow.

During the last decade, the most established 
therapeutic option for intraglandular sialoliths 
has been the submandibular sialadenectomy or 
partial parotidectomy, a technique with a low rate 
of complication [271]. Specifically, the low-risk 
standard treatment for sialolithiasis of the middle 
or distal portion of the Wharton’s duct has been 
resection, under local anaesthesia, with or with-
out partial removal of the sublingual gland. The 
treatment of sialoliths that are located proximally 
in the hilum requires more invasive and complex 
approaches. However, with accumulated expe-

rience and the development of new diagnostic 
techniques, sialadenectomy procedures have 
been progressively reserved, as a first therapeutic 
option, exclusively for tumour pathology.

The traditional management of obstructive 
salivary disorders has been replaced by mini-
mally invasive gland-preserving techniques 
including shock wave lithotripsy, sialendos-
copy, interventional radiology, and endoscopi-
cally video-assisted trans-oral and cervical stone 
retrieval. Of these, sialendoscopy is considered to 
be the method of first choice [272]. Lithiasis, ste-
nosis, and chronic inflammatory conditions can 
benefit from minimally invasive procedures asso-
ciated with sialadenoscopy, and many authors 
have demonstrated that the conservation of the 
salivary gland is characterized by functional and 
anatomical recovery after the period of obstruc-
tion [273].

Larger sialoliths (>5 mm in diameter) can be 
removed using extracorporeal shock wave litho-
tripsy externally or intraductally [274]. In addi-
tion, multiple studies have shown promising 
results using lasers as adjuvant tools to fragment 
and remove these calcifications [270]. Laser ther-
apy has been demonstrated to be a relatively sim-
ple and particularly safe method to manage larger 
sialoliths. The different types of laser investi-
gated in the literature include pulsed excimer, 
pulsed dye, carbon dioxide, Holmium:YAG, 
Erbium:YAG, diode, and Thulium:YAG, with 
reported treatment success rates ranging from 
81% to 100% [270]. The use of lasers in this field 
has also been reported in the literature for surgi-
cal removal of sialoliths from the salivary glands. 
The types of laser that have been used for this 
purpose include diode lasers [275, 276] and the 
CO2 laser [277–281].

Notably, in the literature to date in the field 
of sialolithiasis there is a complete lack of sup-
port for regenerative procedures such as those 
involving stem cells. Therefore, the only hint 
of regenerative medicine in the field of obstruc-
tive salivary gland disorders remains the use 
of laser therapy, which is considered to be 
superior to conventional surgical treatment 
due to its  photobiomodulation abilities (lead-
ing to increased production of collagenase and 
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enhanced wound-healing quality), safety and 
minimal invasiveness of the procedure, resulting 
in reduced morbidity. Nevertheless, increased 
operative time and the high cost of equipment 
represent limitations to be considered [282].

Mucoceles and Ranulas
Mucoceles are common fluid-filled lesions (sali-
vary gland mucous extravasation cysts or mucous 
retention cysts), which typically present as a 
swelling. They commonly appear in the lip, floor 
of the mouth, or soft palate. This group of lesions 
also includes Blandin and Nuhn mucoceles, rare 
benign lesions, which develop on the ventral side 
of the tongue of patients, including newborns and 
paediatric patients. Effective treatment strategies 
include surgical removal by complete excision of 
the lesion and the associated minor salivary gland 
[283]. Also, both open and closed cryotherapy 
approaches have been described as effective 
treatment [284, 285].

To date, there is a lack of regenerative medi-
cine approaches reported in the literature for 
mucoceles. However, the use of laser therapy in 
this field has been proposed. In the past, the use of 
CO2 lasers, either in a pure vaporization or mixed 
excision-vaporization mode, has been reported 
for successful ablation of ranulas [286, 287]. 
More recently, diode laser surgery, using lasers 
with wavelengths of 930 nm (continuous mode, 
power setting = 1.8 W) [288] and 800 ± 10 nm 
(continuous mode, power setting = 1.5 W) [289] 
has been proposed as an alternative to conven-
tional surgery to promote minimal discomfort 
and pain, particularly in children, and to reduce 
scarring. Laser diode procedures appear to be 
particularly preferable in newborns and uncoop-
erative children, with increased acceptance of the 
procedure by parents.

2.3.2  Salivary Gland Tumours
Salivary gland tumours are an uncommon entity. 
They comprise only 3% to 6% of all head and 
neck tumours, and 0.6% of all tumours of human 
body. Some 80% of cases occur in the parotid 
gland [290]. A small percentage of salivary gland 
tumours occur in the submandibular and sublin-
gual glands, while about 20% occur in minor sali-

vary glands [291]. Most salivary gland tumours 
are benign (80%), and they are almost never life 
threatening. There are many types of benign sali-
vary gland tumours, including pleomorphic ade-
noma, oncocytoma, and Warthin tumour. Benign 
tumours are treated mostly by surgery and very 
rarely progress to cancer if left untreated or if 
they are not completely removed and recur.

Salivary gland malignancies are remarkably 
diverse and heterogeneous. This is mainly due 
to the fact that normal salivary glands are com-
posed of several different cell types, and tumours 
can originate from any of these. It is beyond the 
scope of this chapter to discuss all salivary gland 
tumours. A detailed description of salivary gland 
tumours can be found in other comprehensive 
resources [292].

The management of salivary gland tumours 
has changed over the last few decades. In the case 
of parotid gland tumours, local excision and enu-
cleation are no longer recommended, due to high 
rates of recurrence, facial nerve injury, and malig-
nant progression [290, 293–295]. Nowadays, the 
treatment of choice for both benign and malig-
nant tumours is partial or total parotidectomy 
with preservation of the facial nerve, based on 
the extent of the neoplasm [296]. Facial nerve 
removal is mandatory in patients with direct inva-
sion. Additionally, radiotherapy may be useful in 
malignancies as adjuvant therapy, while chemo-
therapy is rarely used [297].

Only one study has reported the use of stem 
cells in salivary gland tumour management 
[298]. In this study, the authors investigated the 
use of induced pluripotent stem cells for treating 
induced salivary gland cancer and for restoring 
salivary gland function both in vitro and in vivo 
using male albino rats. They showed that cases 
treated with induced pluripotent stem cells exhib-
ited regeneration of salivary glands, although 
minor degenerative and vascularization changes 
remained [298].

One of the few regenerative approaches used 
in the field of salivary gland tumours is the use 
of the buccal fat pad. This technique has been 
used since 1977 [299]. The buccal pad is used 
commonly as a graft to cover minor and medium 
intraoral defects, including those caused by the 
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excision of benign tumours [300, 301]. Several 
advantages and characteristics of the buccal fat 
pad make it desirable for grafting. It is autolo-
gous, readily available, within the same field of 
dissection (thus averting further incisions), easily 
dissected, with low risk of damaging neighbour-
ing anatomical structures, richly vascularized, 
and sufficient in size for many surgical scenarios 
(especially in children and in young females). 
Grafting is associated with low morbidity in 
the donor site, and low complication rates, and 
grafts undergo epithelialization between 3 and 
6 months.

Moreover, besides being a convenient and ver-
satile graft, the buccal fat pad it is also known 
to be a desirable source of stem cells. In fact, 
even though bone marrow is the most common 
source of stem cells for clinical application, adi-
pose tissue from the buccal pad represents a valid 
alternative, particularly for oral and maxillofa-
cial surgeons, for harvesting a high number of 
adipose- derived mesenchymal stem cells.

Broccaioli and colleagues were the first to 
characterize the adipose-derived mesenchymal 
stem cells from the buccal fat pad [302]. Stem 
cells isolated from a small amount of buccal fat 
pad tissue were found to have clonogenic capa-
bilities, a typical mesenchymal stem cell immu-
nophenotype, and increased multipotentiality 
under the influence of autocrine growth factors. 
To date, some knowledge accumulated around 
the characteristics and the potential uses of cells 
from the buccal fat pad, including their ability 
to differentiate to adipocytes [302], osteocytes, 
and chondrocytes [303]. These cells also adhere 
to biological supports, such as alveolar bone and 
periodontal ligament, and to synthetic scaffolds 
such as collagen membrane [302], and ceramic- 
coated scaffolds [304]. Many examples of regen-
erative medicine through the use of the buccal fat 
pad have been reported, including its successful 
use in:

 – The treatment of maxillary atrophy, as a 
regenerative aid to increase the osteogenic 
capacity of non-vascularized iliac bone [305].

 – A mouse model for Parkinson’s disease, where 
the cells differentiate into neural cells [306].

 – The prophylaxis of Frey’s syndrome follow-
ing parotidectomy [304].

 – Cases of pleomorphic adenoma for closure of 
palatal defects [307–309].

 – Two cases of mucoepidermoid carcinoma for 
bone defect reconstruction [310, 311].

Despite the multitude of studies reported 
above, to date the regenerative properties of the 
buccal fat pad derived stem cells have not been 
explored clinically for regenerating damaged or 
hypofunctioning salivary gland tissue. There is 
only one animal study reported in the literature 
that explored this topic. Kawakami and colleagues 
induced the differentiation of salivary gland cells 
by co-culturing human adipose- derived stem cells 
isolated from buccal fat pads with human sali-
vary gland-derived fibroblasts, and transplanting 
them into the submandibular gland of SCID mice 
[312]. Using a three- dimensional (3D) culture 
system, they demonstrated that these induced 
cells reconstituted glandular structures in the 3D 
culture system, expressed salivary gland-related 
markers, and generated new tissues following 
transplantation in vivo.

In summary, for most parotid gland diseases 
including pleomorphic adenoma, a partial paroti-
dectomy is a reliable surgical method. However, 
radiotherapy should be offered to patients with 
parotid malignant disease, as it is associated with 
lower recurrence rates [290]. Laser use for the 
management of salivary gland tumours has rarely 
been reported in the literature. For example, car-
bon dioxide laser surgery has been effectively 
used to treat a case of papillary cystadenoma in 
the lower lip [313]. Despite the large potential of 
transplanted salivary gland cells differentiated 
from stem cells in culture for regenerating sali-
vary gland tissue, to date there are currently no 
established regenerative therapies for atrophied 
and hypofunctioning salivary glands.

2.3.3  Immune-Mediated Salivary 
Disorders

Another group of salivary gland disorders is 
immune-mediated diseases. These are heterog-
enous group of conditions that include Sjögren’s 
syndrome, rheumatoid arthritis, systemic lupus 
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erythematosus, sarcoidosis, scleroderma, mixed 
connective tissue disease, and IgG4-related dis-
ease. Most of these conditions can be managed 
initially with medical treatment. Regardless of 
their local or systemic involvement, all these con-
ditions have been associated with salivary hypo-
function [283].

Sjögren’s syndrome is the condition that has 
been studied the most in the field of regenerative 
medicine over the last two decades, and will be 
used as a model for discussion in this section.

Sjögren’s syndrome is a systemic autoimmune 
disease that leads to progressive dryness of the 
eyes and mouth because of tissue injury resulting 
from lymphocyte infiltration into the lacrimal and 
minor salivary glands, respectively. In the sali-
vary glands, acinar cells are involved frequently. 
Sjögren’s syndrome can occur as a primary disor-
der, or in connection with other connective tissue 
diseases.

Current therapies for Sjögren’s syndrome are 
aimed largely at symptomatic relief, and typically 
involve stimulation of the residual salivary cells 
with cholinergic medications. These approaches 
are effective only if enough secretory cells 
remain. In addition, oral lubricants and salivary 
substitutes are often prescribed. When Sjögren’s 
syndrome is related to other connective tissue 
diseases, therapy with systemic immunosup-
pressive agents or B cell-directed therapies are 
treatment options [314–316]. These therapies are 
aimed at reducing the autoimmune attack respon-
sible for exocrine tissue destruction, but not at 
promoting regeneration of already destroyed aci-
nar cells. The effectiveness of such treatments is 
controversial [314–316]. For example, a recent 
study by Pringle et  al. confirmed that antirheu-
matic drugs used to treat primary Sjögren’s syn-
drome are not likely to restore saliva production, 
and should be supplemented with fresh salivary 
gland stem cells to recover saliva production 
[317]. Therefore, therapies aiming at regenerat-
ing the secretory cells are needed for patients 
with Sjögren’s syndrome.

Laser phototherapy has been reported to be 
an effective treatment for Sjögren’s syndrome 
in one study. Specifically, Simões et al. reported 
the use of a diode laser (wavelength of 780 nm, 

3.8 J/cm2, power setting = 15 mW) directed at the 
parotid, submandibular, and sublingual glands of 
one patient, when used three times per week, for 
a period of 8 months [318]. The authors measured 
salivary flow rate and xerostomia symptoms of 
patients before, during, and after laser treatment. 
They reported an overall improvement of dry 
mouth symptoms during treatment, and resolu-
tion of parotid salivary gland pain and swelling 
after treatment.

A promising field of investigation is the poten-
tial therapeutic role of mesenchymal stem cells 
(MSC) in the treatment of primary Sjögren’s syn-
drome. To date, evidence has accumulated that 
transfusion of MSCs can suppress autoimmunity 
and restore salivary gland secretory function in 
both mouse models and in patients with primary 
Sjögren’s syndrome. This effect is mediated by 
inducing regulatory T cells, suppressing Th1, 
Th17, and T follicular helper cell responses.

Moreover, there is evidence that MSCs can 
differentiate into salivary epithelial cells, repre-
senting a suitable alternative treatment for this 
condition. Non-obese diabetic mice (NOD) are 
the most common Sjögren’s syndrome animal 
model, as they exhibit an autoimmune Sjögren- 
like disease. Xu et al. investigated the function of 
MSCs in NOD mice and in human Sjögren’s syn-
drome patients [319]. They were the first to dem-
onstrate that the immunoregulatory functions and 
biologic properties of MSCs in Sjögren’s syn-
drome patients were significantly impaired. In 
addition, they showed that treatment with alloge-
neic bone marrow MSCs could alleviate experi-
mental Sjögren’s syndrome-like disease in mice. 
Importantly, they showed that infusion with allo-
genic umbilical cord MSCs improved salivary 
gland function and suppressed disease activity 
and autoimmunity in patients with Sjögren’s syn-
drome. Of note, no adverse events during or after 
MSCs infusion were reported, and all patients 
tolerated the treatment. All 11 patients with 
 xerostomia showed an increased unstimulated 
salivary flow 2 weeks after MSC infusion, with 
a twofold increase 1 month after infusion [319].

Chen et  al. treated 24 Sjögren’s syndrome 
patients (including 11 with xerostomia) with an 
intravenous injection of allogeneic MSCs, and 
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concluded that this method was safe and reliable 
[320]. Further, Khalili et  al. found that intrave-
nous injection of bone marrow MSCs prevented 
the loss of salivary flow, and reduced the extent 
of lymphocytic infiltration of the salivary glands, 
the influx of T and B cells, the frequency of 
FoxP3þ (Treg) cells, and inflammation in mice at 
the initial stages of Sjögren-like disease [321]. In 
a subsequent study, the same authors investigated 
the treatment for salivary gland hypofunction 
using two cell-based therapies at both initial and 
advanced stages of Sjögren-like disease in NOD 
mice [322]. They compared bone marrow versus 
spleen cell therapy, and monitored the mice for 
1 year. Spleen cell therapy was superior to bone 
marrow cell therapy, but both cell therapies were 
effective in preserving normal salivary gland 
functions when transplanted during the initial or 
advanced phases of Sjögren-like disease. Both 
cell therapies downregulated inflammatory and 
upregulated salivary tissue homeostasis/mainte-
nance genes [322].

Recently, Liu et  al. explored the feasibility 
and mechanisms of umbilical cord MSC therapy 
in the treatment of NOD mice and Sjögren’s syn-
drome patients, with a particular emphasis on 
regulatory T cells [323]. Umbilical cord MSCs 
conferred potent immunosuppressive effects by 
inducing regulatory T cells both in NOD mice 
and in Sjögren’s syndrome patients. NOD mice 
that received cell therapy showed inhibited pro-
duction of Sjögren’s syndrome-related antibod-
ies and decreased lymphocytic infiltration. These 
features resulted in increased salivary flow in the 
treated animals compared to controls [323].

Despite the optimism from these gains, there 
are still many challenges to overcome for clinical 
application of MSCs in the treatment of Sjögren’s 
syndrome. Firstly, there is a lack of standard-
ized protocols for MSC isolation and culture. 
MSC delivery methods, transfusion frequency, 
and doses also vary across the reported studies. 
Secondly, there is a lack of definition of quality 
control procedures for the different types of MSCs 
isolated and used. Thirdly, an additional restric-
tion for clinical application of MSCs is related to 
potential biosafety issues around tumorigenicity 
[324, 325]. Fourthly, all studies undertaken thus 

far suffer from a limited sample size, so are not 
sufficient to provide reliable conclusions.

Moreover, a major obstacle in stem/progenitor 
cell therapies is the limited lifespan of the cells 
obtained from in vitro cultivation systems, hence 
needing to be used within a short time window. 
Finally, it is still unknown if MSC transfusion 
will have a positive long-term effect in primary 
Sjögren’s syndrome patients, given the limited 
follow-up periods reported in the few published 
studies.

In summary, MSCs can be obtained from 
different sources (such as adipose tissue and 
dental pulp). These stem cells possess potent 
immunomodulatory functions, and are capable 
of repairing damaged tissues. Currently, there 
is no curative clinical treatment for primary 
Sjögren’s syndrome. MSC-based therapies 
show great potential for this, due to their ability 
to significantly suppress inflammation and pre-
serve salivary function in Sjögren’s syndrome 
animal models. However, evidence is currently 
lacking regarding the use of MSC-based thera-
pies in clinical practice. Future randomized con-
trolled trials of the therapeutic use of MSCs in 
Sjögren’s syndrome patients will be of consider-
able interest.

2.3.4  Radiation-Induced Xerostomia

Post Radiation Xerostomia
Xerostomia is defined as the subjective feeling of 
dry mouth, which may or may not be associated 
with objective evidence of hyposalivation. Dry 
mouth is a debilitating adverse effect of head and 
neck radiotherapy. Salivary gland hypofunction 
has been observed in more than 60% of patients 
with head and neck cancer undergoing radiother-
apy [326–328]. Therapeutic irradiation for head 
and neck cancer leads to irreversible damage to 
acinar cells. Consequent loss of salivary paren-
chyma causes irreversible salivary gland hypo-
function. Radiation doses between 26 and 39 Gy 
have been considered sufficient to induce a sig-
nificant reduction in saliva production [329–332]. 
The disruptive effects of radiation on the salivary 
glands usually commence during the course of 
radiotherapy [333], with tissue damage usually 
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peaking at 6  days following irradiation [334]. 
Such patients cannot produce adequate levels of 
saliva, and this leads to considerable morbidity.

To manage radiation-induced hyposalivation, 
various therapeutic strategies have been applied 
in patients. These include the use of cytokines, 
or medications such as pilocarpine or amifos-
tine to increase the secretion of saliva [335, 336]. 
However, treatment with pilocarpine is associated 
with a plethora of side effects, such as dizziness, 
flushing, tremor, and diarrhoea, among others.

Therapeutic strategies developed to date to 
rescue the salivary glands from radiation damage 
include surgical salivary gland transfer. The aim 
of this technique is to preserve a salivary gland 
by surgically transferring it into a different ana-
tomical space and shielding it from the full dose 
of radiation, for example, transferring the sub-
mandibular gland to the submental space, or the 
submandibular gland to the parotid region [337]. 
These procedures are proven to reduce the rate of 
radiation-induced xerostomia. The disadvantages 
include possible delays in cancer treatment, even 
if this delay does not negatively affect patient 
survival [338].

A recent multicentre phase III trial found that 
submandibular salivary gland transfer was supe-
rior to pilocarpine in management of radiation- 
induced xerostomia [339]. However, in some 
cases, salivary gland transfer surgery can be con-
traindicated. Regenerative medicine approaches 
may represent a valid alternative to overcome 
these side effects and limitations.

Nguyen et al. utilized growth factor systemic 
administration in mice, and ex vivo sphere for-
mation cell culture to assess the self-renewal 
capacity of cells derived from irradiated parotid 
glands [340]. Their study showed a significant 
reduction in sphere formation from irradiated 
parotid glands, and that treatment with growth 
factors such as Insulin-like growth factor 1 (IGF- 
1) can improve salisphere generation, restoring 
self-renewal properties to levels similar to unir-
radiated controls [340].

A recent in vivo murine study investigated the 
effect of Alpha-Lipoic Acid on radiation-induced 
salivary gland dysfunction [341]. Alpha-Lipoic 
Acid could rescue radiation-induced hyposaliva-

tion by preserving parasympathetic innervation 
and regenerative potentials. Alpha-Lipoic Acid is 
involved in enhanced parasympathetic protection 
via the rescue of GFRα2 and AchE expression, 
and in preserving levels of the nerve growth fac-
tors BDNF (brain-derived neurotrophic factor) 
and neurturin in salivary glands. Alpha-Lipoic 
Acid is also involved in the Hedgehog signal 
pathway, which is known to be activated dur-
ing the functional regeneration of adult salivary 
glands [341].

An additional treatment strategy that has been 
reported as being able to repair irradiated-injured 
salivary glands is the use of a bone marrow cell 
extract (also known as “bone marrow soup”) 
[263, 342, 343]. However, an important limita-
tion of this approach is the need to harvest bone 
marrow cells, either allogeneic or autologous, 
which is an invasive procedure.

The exact mechanisms underlying cell-based 
therapy are still enigmatic. However current 
studies suggest that the transplanted cells par-
ticipate in the tissue repair and regeneration pro-
cesses by releasing several angiogenesis-related 
growth factors and cytokines, such as CD26, 
FGF, HGF, MMP-8, MMP-9, OPN, PF4, SDF-
1, IL-1ra, IL-16, and some additional paracrine 
factors [342]. Of note, bone marrow soup is a 
cell-free therapy, as it contains only the soluble 
intracellular contents. It should be less tumori-
genic and immunogenic than injected intact cells 
[342]. Recently, to overcome the instability of 
the above-cited proteins, a lyophilized version 
has been developed, and demonstrated to be 
effective [344].

In regenerative medicine, stem cell therapy 
is an attractive option for the long-term treat-
ment of xerostomia induced by radiation. Adult 
stem cell therapy has also been investigated 
over the last two decades. Several studies have 
attempted to isolate salivary gland progeni-
tor cell populations from adult human salivary 
glands, most of them using biomarkers that 
were identified in previous murine animal stud-
ies or cell culture studies [345]. Jeong et  al. 
isolated progenitor cell populations without the 
use of specific markers and developed a human 
salivary gland progenitor culture system that 
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exhibited MSC-like characteristics and could 
rescue acinar structure and hyposalivation in 
rats that received radiotherapy [346].

The use of MSCs is a very promising regen-
erative treatment option for increasing saliva flow 
rates and thus relieving xerostomia. However, the 
majority of studies using MSCs and radiation- 
induced xerostomia include only preclinical mod-
els. Li et al. investigated the effect of the systemic 
administration of adipose tissue-derived MSCs 
into C57BL/6 mice, immediately after radia-
tion at a dose of 18 Gy [347]. Their functional 
evaluations, conducted 8  weeks after radiation, 
in addition to morphological and microscopic 
parameters, concluded that systemic administra-
tion of adipose tissue-derived MSCs exerted pro-
tective effects against external radiation- induced 
salivary gland damage.

Lim et al. studied radiation-induced salivary 
gland dysfunction and xerostomia using mice 
irradiated with 15 Gy. They measured the stim-
ulated salivary flow before and 12 weeks after 
radiation [264]. Their study group was treated 
with a local injection of bone marrow-derived 
clonal MSCs 24  h after radiation (directly 
into the submandibular gland), while the con-
trol group received an injection of saline only. 
They observed significantly increased salivary 
secretion (41%) and an increased weight of the 
glands in the study group, compared with the 
saline- treated control. Morphological, histo-
logical, and immunofluorescent analysis also 
showed more functional acini, less apoptotic 
cells, and an increased micro-vessel density in 
the study group.

Using a similar model, but injecting adi-
pose tissue-derived MSCs, Kojima et  al. found 
improved salivary flow, angiogenesis, and other 
paracrine effects in their study group compared 
with controls [348]. Similarly, in a model of 
radiation- induced xerostomia, Lin et  al. found 
that transplantation of mesenchymal stem cells 
increased salivary flow, salivary gland weight, 
and body weight of the treatment group compared 
with the control group [349]. More recently, 
Serrano Martinez et  al. developed a murine 
parotid gland organoid model where unlimited 
expansion of multipotent stem cells could be 

achieved, to explore the radiation response of 
stem cells in vitro [350].

To date, there are several in vivo animal stud-
ies that have investigated stem cell therapies for 
salivary gland disorders. Nevertheless, murine 
animal studies with appropriate long term fol-
low- up and a relevant time of treatment are still 
required.

Other additional crucial factors that prevent 
possible translation of these models to the clinic 
include the discrepancy between the radiotherapy 
modalities used in murine models and those used 
for head and neck cancer patients. In clinical 
practice, radiotherapy regimens are fractionated 
and spread across several weeks, and target the 
glands in a variable patient-specific manner. In 
contrast, murine studies utilize radiation expo-
sure as a single standardized dose.

The timing of stem cell treatment following 
radiotherapy is also variable. In fact, during the 
acute phase of radiotherapy for head and neck 
cancer, an inflammatory infiltrate is found in 
salivary glands. It has been demonstrated that 
mesenchymal stem cells are able to decrease the 
inflammatory responses in many different sce-
narios, therefore potentially reducing immune- 
mediated destruction of gland parenchyma [351]. 
Finally, there is the potential risk that these cells 
could stimulate cancer growth, as some in vitro 
studies have suggested [324, 325].

To date, only a single study has assessed 
the safety and efficacy of stem cell therapy for 
radiation- induced xerostomia in humans. This 
was a randomized, placebo-controlled phase 
1/2 trial that included 30 patients, who received 
transplantation of adipose tissue-derived MSCs 
or a placebo to the submandibular glands [352]. 
The patients had oropharyngeal squamous cell 
carcinoma and had previously received radiother-
apy. Unstimulated whole salivary flow rates were 
significantly increased in the stem cell treated 
group at 1 month (by 33%; p = 0.048) and at 4 
months (by 50%; p = 0.003), but no changes were 
seen in the placebo group, compared to baseline. 
Their findings suggest that therapy for radiation- 
induced hypofunction with adipose tissue- derived 
MSCs is safe, and significantly improves salivary 
gland function and patient-reported outcomes.
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In summary, the majority of studies in the field 
of radiation-induced xerostomia describe pre-
clinical models. Until transplantation studies are 
performed, there remains a dearth of information 
about the ability of these cells to contribute to the 
salivary gland regeneration in vivo.

2.3.5  Radioiodine-Induced 
Xerostomia

A parallel field of research in this area relates to 
treatment of salivary gland disorders caused by 
radioiodine therapy. In this case, salivary gland 
dysfunction is caused by irreversible damage to 
acinar, ductal, and endothelial cells. Radioiodine 
therapy is a nuclear medicine treatment mainly 
used to treat hyperthyroidism. A small dose of 
an isotope of iodine (radioactive iodine I-131) is 
administered orally, is absorbed into the blood-
stream and concentrates within the thyroid gland, 
where it destroys cells due to emitted radiation. 
It is also the treatment of choice for differenti-
ated thyroid carcinoma, and in this case the abla-
tive radioiodine therapy is performed following 
conventional surgery. The mechanism that allows 
gland tissue destruction is associated with radia-
tion damage through the sodium iodide sym-
porter [353].

Unfortunately, the expression of the sodium 
iodide symporter gene is also observed in sali-
vary glands, mammary glands, hair, and stomach. 
Therefore, during the transport of the radioiodine 
through the bloodstream, there is a significant 
dose-dependent uptake of isotope by salivary 
gland tissue, with a concentration in the salivary 
gland increasing up to 100-fold higher than in 
serum [354]. Salivary gland dysfunction is the 
most common chronic complication after radio-
iodine therapy, and more than 50% of all patients 
experience xerostomia or sialadenitis in the post- 
treatment period [355].

Several researchers have attempted to develop 
effective protective and therapeutic strategies 
in the field of regenerative medicine to manage 
radioiodine-induced salivary dysfunction. These 
include salivary gland autologous cell trans-
plantation [356], the implantation of engineered 
artificial salivary gland cells [357], and stem cell 
therapy [358]. Using structural and functional 

analyses, Saylam et  al. showed that systemic 
adipose tissue-derived MSC administration ame-
liorated radioiodine-induced histologic changes 
and salivary dysfunction in a rat model [359]. 
As an alternative, Kim et al. showed that a local 
injection of adipose tissue-derived MSCs into the 
submandibular gland (4 weeks after radioiodine 
treatment) enhanced salivary gland secretory 
function after radioiodine treatment by attenuat-
ing or preventing isotope-induced damage [360].

2.3.6  Post-chemotherapy Xerostomia
There is currently minimal literature describing 
regenerative medicine approaches addressing 
chemotherapy-induced salivary gland dysfunc-
tion. Chemotherapy regimens during cancer 
treatment have been associated with temporary 
salivary gland hypofunction, however, it remains 
unclear if this hypofunction is caused by the 
chemotherapeutic agents themselves or by other 
concomitant medications, such as antiemetics or 
other factors [361].

Some studies have indicated that cancer 
patients may experience hyposalivation preced-
ing the administration of a chemotherapeutic 
agent [362, 363], highlighting the value of sali-
vary evaluation of subjects prior to chemother-
apy treatment. However, chemotherapy itself 
can induce compositional changes in saliva, 
including immunological composition [362, 
364, 365].

There is still no gold standard for the treat-
ment of xerostomia and hyposalivation. To be 
able to choose the best treatment for patients, it 
is crucial to understand the mechanism of action 
of the treatment modalities for salivary hypo-
function, as well as their adverse effects. None of 
the regenerative treatment approaches described 
in the articles included in this chapter had an 
effect on re-establishing glandular function in a 
fashion that could be translated to clinic. There 
are still no controlled clinical studies support-
ing this evidence. The use of stem cells derived 
from adipose tissue has shown promise; however, 
it requires complex and expensive procedures. 
Further research on stem cell therapy is required 
to move to extend our knowledge of managing 
hyposalivation.
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2.4  Craniofacial Bone Pathology

Successful regeneration of bone requires the 
concomitant processes of osteogenesis and neo-
vascularization. Current methods of repair and 
reconstruction include rigid fixation, grafting, 
and free tissue transfer [366]. However, these 
methods carry innate complications, including 
plate extrusion, non-union, graft/flap failure, and 
donor site morbidity.

Recent research efforts have focused on using 
stem cells and synthetic scaffolds to heal critical- 
sized bone defects similar to those sustained 
from traumatic injury or ablative oncologic sur-
gery. Growth factors can be used to augment both 
osteogenesis and neovascularization across these 
defects. Many different growth factor delivery 
techniques and scaffold compositions have been 
explored, yet none have emerged as the univer-
sally accepted standard [367, 368].

Traditional means of repair of bony defects 
of the craniofacial skeleton include bone graft-
ing, rigid fixation, and microvascular free tissue 
transfer for larger defects. While these current 
methods work well for smaller fractures and 
defects, the methods for larger reconstructive 
problems carry significant morbidities, and are 
not always successful [369]. Osteoconduction, 
osteogenesis, and osteoinduction are the three 
mechanisms that need to act together to regen-
erate osseous defects. Efficacious bone tissue 
engineering requires some combination of a 
sound osteoconductive scaffold, vasculariza-
tion, appropriate intercellular signalling, and 
the presence of osteoblastic cells. Stem cells 
are the primary source for osteoblastic cells, 
and require activation by osteoinductive factors 
for new bone formation [370, 371]. Stem cells 
may be harvested and induced to differentiate 
into osteoblasts either in vitro or in vivo [372]. 
Proangiogenic and osteogenic growth factors 
can be loaded in biosynthetic scaffolds before 
implantation into bony defects inducing native 
stem cells to differentiate into osteoblasts. Stem 
cells have powerful osteogenic potential given 
their ability to differentiate into osteoblasts. 
Stem cells can be used in a variety of ways to 
supplement osteogenesis [368]. They can be 

implanted into living tissue and allowed to dif-
ferentiate into the surrounding tissue type.

Mesenchymal stem cells derived from adult 
bone marrow are potentially useful for craniofa-
cial tissue engineering of bone, adipose, muscle, 
and cartilage [373]. Kaigler et  al. found that 
implanted cells led to an increase in alveolar 
bone regeneration and a reduced need for sec-
ondary bone grafting compared with conven-
tional guided bone regeneration [374]. Yang et al. 
demonstrated the viability of adipose-derived 
stem cell osteogenic capabilities by engineer-
ing biomimetic scaffolds cross-linked with 
rabbit adipose- derived stem cells along with col-
lagen into critical-sized defects in rabbit radii. 
Complete repair of the defect was achieved in 
12  weeks, suggesting a role for the use of adi-
pose-derived stem cells in osteogenesis [375].

While having the appropriate scaffold, cell 
type, and blood supply is important for new bone 
growth, stimulated cells must also receive the 
appropriate signals to grow in a regulated, orga-
nized fashion. These signals include mechanical, 
chemical, and even electrical stimuli. These sig-
nals must then be communicated between cells 
for the coordinated response needed to guide 
osteogenesis [368]. Further research is needed 
in several aspects of the field of implantable 
osteogenic constructs for the craniofacial skel-
eton. These include finding the ideal biomaterial, 
exploring the efficacies of protein versus gene- 
based strategies of osseo-implants, and defining 
the optimal use of stem cells in repairing cranio-
facial defects.

Bone is a constantly adapting and changing tis-
sue that plays a significant role in human health, 
maintaining and producing blood cells, providing 
a physical barrier to vital organs, and acting as 
a support structure for movement [376]. Similar 
to other parts of the body, bone is  susceptible 
to many diseases that can cause it to react in a 
dynamic way [377]. There are many possible 
causes of bone diseases (including hereditary, 
infectious, metabolic, malignant, and idiopathic), 
and they can arise in all age groups, races, and 
genders [378, 379]. While osseous diseases can 
affect any bone in the body, in this chapter atten-
tion is focussed on the maxillofacial skeleton.
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The maxilla and mandible suffer from both 
generalized and localized forms of skeletal 
pathologies, to a greater extent than other bones 
in the body [380]. The presence of teeth creates 
a unique condition for some of these diseases, 
making the jaws more susceptible to a variety of 
forces and infections, and altering the response 
of bone to injury. The diagnosis of bone patholo-
gies is still based on radiographic interpretation 
and hard tissue biopsy evaluations by a specialist 
[381]. Treatment timing and appropriate manage-
ment approaches have increased with advances in 
technology [382]. In this chapter, the discussion 
is limited to the most common pathologies asso-
ciated with the jaws, focusing on the difficulty of 
diagnosis and the type of treatment.

2.4.1  Ameloblastoma
Ameloblastoma is one of the most common odon-
togenic tumours diagnosed. It has an epithelial 
origin [383]. Ameloblasts are the cells that pro-
duce and secrete the enamel on the crown of the 
tooth. While considered to be a benign tumour, 
an ameloblastoma can often be locally invasive 
and slow growing. There are three variants: solid/
multicystic (traditional), unicystic, and peripheral 
[384]. Radiographically, there is a soap bubble 
or honeycomb appearance. Many cases involve 
bony expansion, and the roots of teeth near the 
tumour are often resorbed [385, 386]. Although 
these characteristics suggest the diagnosis of an 
ameloblastoma, definitive identification requires 
histological evaluation via biopsy. The histopath-
ological characteristics of all three variants show 
similarities. Much of the lining is composed of 
islands of epithelium within a mature fibrous con-
nective tissue stroma. Also contained within this 
mixture are ameloblast- like cells [387]. Enamel 
is the hardest substance in the body, as its inor-
ganic component comprises a higher percentage 
than that found in bone. In some cases, there is 
a degree of osseous metaplasia within the dense 
fibrous tissue, giving the tumour a mineralized 
character [388].

The solid/multicystic (traditional) ameloblas-
toma tends to infiltrate the surrounding trabecu-
lar bone, and therefore, the actual margin of the 
tumour may not be adequately known until it has 

already caused significant destruction. It can be 
a devastating and potentially deadly neoplasm 
when it spreads to involve vital structures [389]. 
Most surgeons designate 1.0–1.5  cm margins 
past the tumour for the margin of resection [390]. 
Attention to the type of resection performed and 
risk of recurrence is essential to ensuring a lasting 
reconstruction. The use of regenerative medicine 
in the form of recombinant human bone morpho-
genetic protein (rhBMP2) has shown excellent 
regeneration of large mandibular defects after 
resection of ameloblastoma, obviating the need 
for autogenous bone graft [391].

2.4.2  Odontogenic Keratocyst
Radiographically, the odontogenic keratocyst 
can resemble a dentigerous cyst, yet clinical and 
histological evaluation reveals a much different 
picture [392]. The odontogenic keratocyst exhib-
its a distinct growth pattern from the dentigerous 
cyst [393]. While the cyst can also be associated 
with swelling and pain, there is no obvious bony 
expansion and there may be associated drainage 
from the area. Radiographically, larger lesions 
may contain multiple small areas of radiolucency 
[394]. There is not commonly any associated 
resorption of nearby roots. The diagnosis is con-
firmed by histopathology, as histologic features 
are distinctive. The cyst lumen is often filled with 
a cheese-like material that is composed of a mix-
ture of keratin and oily-like keratinaceous debris 
[395, 396]. The lumen of the cyst appears corru-
gated or wavy when examined microscopically.

Much like the dentigerous cyst, the typi-
cal mode of treatment is surgical enucleation. 
Complete removal is difficult because the lesion 
is extremely fragile, necessitating its removal 
in several pieces [397, 398]. The recurrence 
rate is high when compared with a dentigerous 
cyst. Nevertheless, the prognosis is favourable 
[399]. Some authors have proposed guided tis-
sue regeneration as treatment after removal of a 
keratocyst [400].

2.4.3  Osteosarcoma
The most common malignancy of osseous origin 
is osteosarcoma. The malignant mesenchymal 
cells produce a poorly formed bone matrix [401]. 
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Although the frequency of this neoplasm is sig-
nificantly less in the jaws than in the extraskel-
etal region, its discussion is necessary as its 
consequences are both severe and devastating 
[402]. The most common symptoms are swelling 
and pain of the associated area, with increased 
mobility of the teeth [403]. The radiographic 
appearance varies from dense sclerosis to mixed 
radiopaque/radiolucent lesions to an entirely 
radiolucent lesion [404]. As with many tumours 
of the jaws, there is marked resorption of the 
roots of the nearby teeth, which is demonstrated 
by a gradual spiking appearance. Nevertheless, 
the traditional sun-ray appearance often seen in 
osteosarcomas of the limbs is also seen in the 
jaws, due to osteophytic bone production on the 
surface of the lesion.

Histopathologically, there is a great variety 
among osteosarcomas, and this is primarily due 
to the varying amounts of osteoid produced by the 
defective mesenchymal cells [405]. Additionally, 
chondroid, a precursor to cartilage, can also be 
found within the fibrous connective tissue. This 
variability leads to the three categories of osteo-
sarcomas: osteoblastic, chondroblastic, and fibro-
blastic [406]. Of the three types, chondroblastic 
osteosarcomas comprise the majority of those 
found in the jaws, with some cases demonstrat-
ing lobules of cartilage with surrounding osteoid 
production [407].

When compared to osteosarcomas in the 
extremities, those found in the jaws tend to be less 
aggressive. Radical surgical excision of osteosar-
comas in the jaw is the mainstay of treatment, and 
the main challenge is incomplete surgical exci-
sion of the tumour [408]. Chemotherapy is also 
used in combination with radical surgery [409]. 
When surgeons resect well past the known mar-
gins of the tumour to ensure complete removal, 
this comes at a high cost for the bones of the jaw, 
impacting function and aesthetics, and requiring 
complex rehabilitation [408].

2.4.4  Cemento-Osseous Dysplasia
Considered by many to be the most common fibro-
osseous lesion in clinical dentistry, cemento-
osseous dysplasia remains a confusing disorder 
in terms of diagnosis and classification [410]. 

Due to similarities, both clinically and histopath-
ologically, with other lesions, it is often either 
misdiagnosed or undiagnosed. Radiographically, 
the lesion may be entirely radiolucent, or it may 
be densely radiopaque with a radiolucent rim. 
It is now commonly agreed that the lesion usu-
ally appears as mixed radiolucent/radiopaque 
in nature [411]. Variations of this disorder are 
common, including focal, periapical, and florid 
variants. Radiographically, the periapical vari-
ant resembles an inflammatory or cystic lesion, 
and this difference can lead to drastic changes in 
treatment options [412].

Histologically, the lesions are composed of 
portions of mesenchymal tissue, consisting of 
fibroblasts and collagen fibres, with some vas-
cular components interspersed. The fibrous 
connective tissue contains a mixture of osseous 
portions of woven bone and lamellar bone. The 
mineralized portion varies from site to site and 
lesion to lesion. Maturing lesions demonstrate 
an increased ratio of mineral to fibrous connec-
tive tissue as time progresses [413]. If surgery 
is undertaken, the lesion is gritty and fragments 
readily when removed from the affected area, 
which is in contrast with lesions such as ossi-
fying fibromas, which separate cleanly from 
the bone [414]. Fortunately, this disorder is not 
sinister and rarely needs surgical excision; how-
ever, increased sclerosis of the lesion may lead 
to decreased vascularity and eventual necrosis. 
There is a possibility for exposure of the lesion in 
the oral cavity, and at this point surgical interven-
tion may be indicated [412].

2.4.5  Ossifying Fibroma
Unlike cemento-osseous dysplasia, an ossifying 
fibroma is a true neoplasm with a high growth 
potential. It consists of a mixture of trabecular 
bone and cementum with fibrous connective tis-
sue, and is sometimes confused with cemento- 
osseous dysplasia [415]. The origin of this 
neoplasm remains a mystery; it was once pos-
tulated that it arose from a remnant after tooth 
formation. This disorder can manifest as a pain-
less swelling of the involved osseous structure, 
leading to facial asymmetry. Radiographically, it 
is a large radiopaque lesion [416]. Because of its 
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high rate of mineralization, there is a clear delin-
eation between the lesion and the surrounding 
bone [417]. The lesion has a more random pattern 
of ossification than fibrous dysplasia [416]. For 
larger, aggressive lesions, the treatment of choice 
is surgical resection with bone grafting, and it has 
a generally favourable prognosis [418].

2.4.6  Fibrous Dysplasia
In fibrous dysplasia, the normal osseous struc-
ture is replaced by an increase in cellular fibrous 
connective tissue with areas of irregular bony 
trabeculae. There is a painless swelling, which 
grows slowly over time. The diagnosis is often 
first made clinically made, and then confirmed by 
histopathology [419]. Radiographically, the hall-
mark of this lesion is a “ground glass” pattern of 
opacification, which is due to the disorganization 
of poorly calcified trabecular bone [420]. This 
coincides with histological findings of irregularly 
shaped trabecular bone with a dispersed arranged 
fibrous connective tissue component. These 
features are key to distinguishing it from other 
lesions, since fibrous dysplasia demonstrates a 
more uniform pattern as compared to the random 
mixture of immature woven bone.

As the lesion matures, the trabeculae of bone 
run parallel to each other [419, 421]. In terms of 
clinical management, patients with cosmetic or 
functional issues may require corrective surgery; 
however, due to the unique physiological char-
acteristics of this disorder, there is a chance of 
regrowth [422].

2.4.7  Osteogenesis Imperfecta
Osteogenesis imperfecta refers to a group of 
disorders related to defects in collagen matura-
tion. Because collagen is a ubiquitous protein, 
the effects of this disorder are seen in a variety 
of structures within the body, such as the bone, 
dentine, sclera of the eyes, the skin, and the liga-
ments of joints. This disorder is considered to be 
the most common type of inherited bone disease.

The defect in collagen maturation leads to 
bone formation, with thin cortical bone and even 
more delicate trabecular bone. If the area suffers 
a fracture, there will be an abundance of calluses 
formed. Any area of the body can be affected, 

including the teeth and the jawbones [423]. The 
dental alterations in osteogenesis imperfecta are 
distinctive, with a blue to brown discolouration 
of the dentine and greater translucency, as well 
as reduced strength. Extreme bone fragility may 
lead to a spontaneous fractures, particularly in 
the jaws [424].

Histologically, while osteoblasts are present in 
the bone, the rate of formation of bone matrix is 
low, which causes the bone to resemble immature 
bone [425], and woven bone fails to mature into 
lamellar bone. There are several variations within 
this disorder, and depending upon the type found, 
the prognosis can vary from good to poor [426].

2.4.8  Idiopathic Osteosclerosis
This disorder represents a unique group of enti-
ties characterized radiographically by an iso-
lated area of increased radiodensity. The cause 
is unknown, and fortunately patients with idio-
pathic osteosclerosis experience no remarkable 
symptoms [427]. Histologically, the lesion con-
sists of dense lamellar bone with some fibrous 
and fatty marrow, which distinguishes it from 
other more dangerous pathologic entities [428].

2.4.9  Paget’s Disease
This remains one of the more common bone 
disorders, and varies in the bones which can be 
affected. Pain is the most common symptom, 
leasing it to be mistaken for arthritis when pain 
occurs near joints [429]. When it affects the 
skull, there is a progressive increase in the size 
of the cranium, which leads clinicians to ask 
whether the patient’s cap size has changed. When 
the skull is affected, diastemas develop and the 
teeth become spaced apart. In patients who wear 
 dentures, the fit of the prosthesis alters and den-
tures feel too tight.

In the osteoblastic phase of this disease, 
patchy areas of sclerotic bone form, leading to 
a classic radiographic appearance of cotton wool 
[430]. Histologically, in Paget’s disease there are 
osteoclasts in the resorptive phase and concurrent 
deposition of bone by osteoblasts, with formation 
of areas of osteoid matrix around the bony trabec-
ulae, and replacement of fatty bone marrow by a 
highly vascular fibrous connective tissue [431]. 
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The diagnosis is based on clinical, radiographic, 
and supportive laboratory results. Fortunately, 
this condition is usually not life threatening, and 
patients are able to continue leading relatively 
normal lives with supportive therapy [429].

2.4.10  Osteonecrosis
Osteonecrosis is the death of a bone or a part of 
a bone, that results as a consequence of a wide 
variety of systemic and local factors that com-
promise blood flow within bone. Such factors 
include haemoglobinopathies, anticardiolipin 
antibodies, defects of the thrombotic and fibri-
nolytic systems, fat emboli, alcoholism, systemic 
lupus erythematosus, and corticosteroid adminis-
tration [432].

From a clinical point of view, bone necrosis of 
the jaws usually appears as an exposure of avas-
cular bone in the mandible, in the maxilla, or in 
both [433]. The exposed necrotic bone is infected, 
and the area is usually painful. Patients may com-
plain of difficulty in eating and speaking, pain, 
bleeding and, when the necrosis is extensive and 
near to the mandibular branch of the trigeminal 
nerve, paraesthesia of the lower lip [434].

The main cause of bone necrosis is a defect 
in vascularization. In the oral cavity, bone necro-
sis in immunosuppressed patients is probably 
related to the presence of unhealthy teeth, which 
increase the risk of infection. This also explains 
why bone necrosis is usually related to tooth 
extraction [433, 435].

Osteonecrosis of the jaws (ONJ) has been 
reported in osteoporosis patients treated with 
oral bisphosphonates since 2004 [436]. The first 
largely accepted definition of bisphosphonate- 
related osteonecrosis of the jaws (BRONJ) was 
released by the American Association of Oral 
Maxillofacial Surgeons (AAOMS) in 2007, 
and the condition was defined as the presence 
of exposed necrotic bone in the maxillofacial 
region that has persisted for more than 8 weeks in 
patients with current or previous treatment with 
bisphosphonates, and no history of head and neck 
radiation to the jaws [437]. This definition was 
confirmed in 2009 by AAOMS [438].

It is important to note that recently the 
BRONJ name has been converted by AAOMS 

to medication- related osteonecrosis of the jaw 
(MRONJ) to integrate the growing number of 
osteonecrosis cases involving the maxilla and 
mandible associated with other antiresorptive 
drugs (such as denosumab) and targeted bio-
logical therapies [439]. Tooth extraction, den-
tal trauma, radio- and chemotherapy, infectious 
disease, and concomitant therapy with cortico-
steroids are factors that may increase the risk of 
BRONJ developing [440].

Clinical symptoms of BRONJ may vary from 
an asymptomatic process to local pain, devel-
opment of fistulas, ulceration, inflammatory 
reactions of the soft tissues, tooth mobility, and 
exposure of necrotic bone [441, 442]. BRONJ 
may also cause sinus pain related to the thinning 
of the sinus walls and infection [443].

Due to difficulties in treating BRONJ as a com-
plication of bisphosphonate therapy or the use of 
antiresorptive medications, it seems reasonable 
to apply vigorous prevention, such as ensuring 
proper oral hygiene before commencing bisphos-
phonate therapy [444]. Teeth that do not qualify 
for conservative, endodontic, or prosthetic treat-
ment should be extracted. If possible, the anti-
resorptive treatment should be postponed until 
the extraction wound is fully healed. Surgical 
procedures require separate prevention methods, 
such as atraumatic extraction. Stopping bisphos-
phonate therapy just before a surgical procedure 
does not decrease the risk of BRONJ [445, 446], 
because the concentration of bisphosphonates in 
the bone remains high for many years after the 
therapy has been stopped. The exact duration 
of the half-life period of bisphosphonates is not 
well defined due to technical  difficulties in mark-
ing their concentration in the urine and blood. 
It is estimated that alendronate can remain for 
10 years, even after just a single dose [447]. If 
it is necessary to perform a surgical procedure in 
the maxillofacial area on a patient using bisphos-
phonates, the patient should always be informed 
about the potential risk of bone necrosis.

Based on the probable correlation between 
jaw osteonecrosis and bisphosphonates, both 
before and during bisphosphonates therapy, in 
patients with cancer on intravenous high dose 
bisphosphonate therapy, careful evaluation of 
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the patient and strong collaboration between the 
dentists and the oncologists is essential. Before 
the beginning of bisphosphonate treatment, it is 
necessary to evaluate the patient’s oral health to 
establish good oral hygiene and plaque control, 
and to undertake appropriate restorative, end-
odontic, periodontal, and surgical treatments in 
order to prevent or eliminate possible causes of 
infection, which may reach the bone. It is neces-
sary to avoid invasive oral interventions such as 
dental extractions or periodontal surgical treat-
ments in the near and intermediate future [448]. 
Antibiotic prophylaxis is used in oral surgery in 
such high risk cases to prevent infections. It may 
also be considered in other patients whose general 
health conditions or specific medical procedures 
that they have undergone make them more sus-
ceptible to contracting surgical infections [449]. 
Patients treated with bisphosphonates show sup-
pressed bone remodelling, inhibited angiogen-
esis, and delayed healing [450]. If antibiotics are 
used, penicillin still remains a drug of choice in 
antibiotic prophylaxis, but the decision of which 
medicine should be used depends on the patho-
gens present as well as on the patient’s tolerance 
or allergies [451]. According to the literature, a 
longer application period of antibiotics may have 
a positive influence on the healing process [452]. 
Some research does not support the effectiveness 
of antibiotic usage in preventing BRONJ [453]; 
however it is difficult to define blanket rules on 
using prophylaxis to prevent osteonecrosis of the 
jaws from bisphosphonate therapy, so each case 
should be considered individually.

In terms of regenerative medicine approaches, 
several regeneration protocols have been pro-
posed. In order to limit the development of 
BRONJ, Kaibuchi et  al. transplanted a sheet 
of mesenchymal stem cells onto bone that was 
exposed after tooth extraction in a BRONJ-like 
rat model [454]. After 2 weeks, healing was 
significantly improved over the control group 
where the animals received sham surgery. 
Neovascularization was found in the transplant 
group through the secretion of angiogenic factors 
from transplanted mesenchymal cells.

Currently, treatments for MRONJ have been 
limited, and results have been inconclusive. 

Hyperbaric oxygen (HBO) has been proposed, 
but it is not recommended as a sole treatment 
[455]. Recently, the use of platelet-rich plasma 
has been reported to have potential for the pre-
vention and treatment of MRONJ [456, 457]. 
The mechanism of action of plasma rich growth 
factors (PRGF) in tissue regeneration has been 
studied widely [456, 458]. In the case of BRONJ, 
bisphosphonates inhibit bone resorption and 
angiogenesis by blocking the action of vascular 
endothelial growth factor (VEGF). The applica-
tion of PRGF provides proteins and growth fac-
tors to the local milieu, including angiogenic 
factors (VEGF and angiopoietin), and factors 
that promote osteogenic differentiation, which 
can activate and accelerate the regeneration of 
involved tissues [457]. Moreover, PRGF has 
recently been demonstrated to exert a cytoprotec-
tive role in zoledronic acid-treated oral alveolar 
osteoblasts and gingival fibroblasts [459].

2.4.11  Post-trauma
Craniofacial trauma is one of the most chal-
lenging injuries that confront health care work-
ers, including those involved in emergency care 
as well as those in office-based clinical prac-
tice [460]. These injuries can not only be life- 
threatening, but also cause disfigurement [461], 
and be aesthetically significant. There are many 
causes of craniofacial trauma, ranging from 
road traffic accidents to physical assaults. The 
demographic patterns vary widely in different 
regions of the world [462, 463]. Leading causes 
of facial injuries include motor vehicle accidents, 
 pedestrian collisions, stumbling, sports injuries, 
industrial accidents, assaults, and warfare.

Facial injuries can be categorized into soft tis-
sue injuries, skeletal injuries, and a combination 
of both. Like any other discipline of medicine, 
clinical evaluation start with detailed history tak-
ing [464]. The details which need to be included 
are the mechanism of injury, any history of loss of 
consciousness, and any history of previous medi-
cal or surgical disease. The history should docu-
ment the circumstances under which the injury 
has occurred, and the direction of the impact. 
The physical examination should include careful 
but gentle palpation, assessment of the mobility 
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of bone fragments, and for signs and symptoms 
such as numbness or paresthesia, occlusal dis-
harmony, displacement of bony segments, and 
changes in vision [465]. Craniofacial injuries can 
be associated with many other concomitants life-
threatening major injuries namely cranial trauma, 
limb fractures, chest injuries, spinal injuries, and 
orbital injuries. Evaluation of patients must be 
systematic so that no injuries are overlooked 
[464, 466].

Plain radiographs such as skull radiographs 
and panoramic radiographs have a limited role 
in the radiological evaluation of bony injuries. 
With significant technical advancements in com-
puted tomography, multislice CT imaging has 
become the primary modality of imaging. A CT 
scan will detect craniofacial injuries in detail, and 
can help to exclude intracranial haemorrhages, as 
well as being used to assess, identify, and clas-
sify associated bone injuries. A CT scan can also 
help differentiate fractures in anatomically diffi-
cult areas which cannot be seen on conventional 
radiographs. A CT scan also has the capacity 
to evaluate the facial skeleton in both the axial 
and coronal planes [467]. Magnetic Resonance 
Imaging (MRI) may be used to investigate dif-
fuse axonal injuries and to evaluate complica-
tions and soft tissue trauma [468].

The initial management of any patient with 
the clinical suspicion of craniofacial injury who 
comes to the emergency room follows a standard 
protocol, namely management of the airway, 
breathing, and circulation. Once the general con-
dition of the patient is stabilized, further investi-
gations and appropriate surgical intervention can 
be planned [464]. Maintenance of the airway is 
of primary importance. A chin lift or jaw thrust 
is used to prevent the tongue from obstructing the 
airway. Endotracheal intubation or tracheotomy 
may be needed to secure the airway [469].

Before planning for surgery, it is necessary to 
identify the extent of injuries, namely whether 
these are injuries just to soft tissues or the facial 
skeleton, or if it is a combination of both. The 
purpose of surgical intervention is to regain func-
tion with a good aesthetic outcome. Fractures 
will need rigid fixation of the fragments to 
achieve perfect reduction. An adequate soft tis-

sue cover is needed followed by sufficient time 
for bone healing.

2.4.12  Maxillofacial Infections
Maxillofacial infections are an important pub-
lic health problem due to their great potential to 
spread to involve important and vital anatomical 
structures, such as the respiratory system and 
mediastinum, thus increasing the risk of septi-
cemia and death [470]. While most infections 
are limited in nature and easily treated, there are 
cases of fatal outcomes due to airway obstruction.

These infections can progress rapidly if not 
adequately treated. Maxillofacial infections are 
characterized as polymicrobial in nature. The 
pathogens are endogenous and opportunistic 
[471]. The literature shows that maxillofacial 
infections more often affect male patients, both 
in child and in adult populations.

Odontogenic infections have multiple aetio-
logical factors [472]. They can be related to den-
tal caries, periapical and/or periodontal abscess, 
and pericoronitis. Most dentoalveolar or odonto-
genic infections arise from one of two sources—
the periapical region (due to pulp necrosis and 
subsequent bacterial invasion) and the periodon-
tium (as a result of periodontal disease) that 
allows inoculation of bacteria into deep tissues 
[473]. Under normal circumstances, inflamma-
tion is self-limited [474]. However, in the pres-
ence of a substrate, microbial colonization may 
result in formation of a biofilm that provides a 
sanctuary for resident flora, and is difficult to 
eliminate [475]. Biofilms are involved in many 
human infections. For example, in periodonti-
tis, bacteria produce a variety of products that 
elicit a host response involving the expression 
of various signalling molecules and mediators, 
and the recruitment of inflammatory cells [476]. 
This process may culminate in tissue destruc-
tion and interfere with tissue regeneration and 
repair. Removal of the offending agent allows 
for resolution of the inflammatory response. If 
the microbial challenge cannot be eliminated, the 
inflammatory response will persist and become 
chronic, leading to tissue destruction, as in peri-
odontitis [477]. Given the association between 
infection, inflammation, and tissue destruction, it 
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is not surprising that inflammation may interfere 
with the process of bone healing and regeneration 
[474]. Interventions that interfere with microbial 
colonization of the surgical site are likely to pro-
mote regeneration. Some of these are simple, 
such as proper aseptic technique during surgery.

Major clinical objectives of treating these 
infections are pain relief, recovery of function, 
preservation of vital structures, preventing flares 
or relapses, and limiting the period of incapac-
ity [473, 478]. If an antibiotic is used, the pro-
cess of choice must follow four criteria. First, 
the antibiotic must be effective against all the 
microorganisms that are usually responsible for 
the infection. Second, the medication should 
have as limited a spectrum as possible, in order 
not to interfere with the normal microbiota of the 
patient. Third, the antibiotic must be low in tox-
icity. Fourth, it should be bactericidal, because a 
maxillofacial infection can have serious conse-
quences, and bacteriostatic antibiotics will mean 
a slower recovery [473, 479]. Inflammation, 
repair, and regeneration are carefully choreo-
graphed processes that occur in a specific tempo-
ral and physical contexts. A better understanding 
of these associations will allow for the identifi-
cation of new therapeutic targets and the devel-
opment of novel interventions to promote bone 
regeneration.

2.5  Temporomandibular Joint 
Disorders

Temporomandibular joint disorders (TMD) are a 
heterogeneous collection of conditions involving 
the temporomandibular joint (TMJ). The TMJ 
has a unique structure, with two synovial joint 
cavities, each lined by a synovial membrane. 
TMJ articulation is formed between the man-
dibular condyle and the temporal bone, and the 
articulation surfaces are covered by fibrocarti-
lage. The temporal articular surface is large, and 
consists of the mandibular fossa and the articular 
tubercle. Along this large articular temporal sur-
face, each mandibular condyle has a wide range 
of motion, with both rotation and translation 
being possible, allowing the complex movements 

necessary for mastication and speech. The fibro-
cartilaginous disc cushions mechanical stresses 
that exist between the temporal and the mandibu-
lar articular surfaces. The high collagen content 
of this disc provides great rigidity and durabil-
ity. The TMJ disc has no direct vascularization or 
innervation. However, its posterior attachment, 
known as the retrodiscal tissue, features many 
vessels and nerves which are crucial during phys-
iopathological processes [480].

The TMJ also has a unique embryonic ori-
gin. In embryos, the condyle head and cartilage 
develop through endochondral ossification at 
week 7, with neural crest mesenchymal stem 
cells (MSCs) providing cellular components of 
these tissues, while the main mandibular bodies 
undergo intramembranous ossification medi-
ated by cells derived from mesodermal derived 
MSCs [481].

The possible causes of TMD range from minor 
self-resolving disruption of muscular and neuro-
muscular harmony, to degenerative diseases of 
the condyle and/or the disc structures of the TMJ 
that lead to debilitating pain, jaw function limita-
tion, and culminate in malformation of the joint 
and facial structures. Degenerative disorders 
include non-inflammatory diseases such as osteo-
arthritis and congenital TMJ and condyle disor-
ders. Inflammatory diseases include rheumatoid 
arthritis, psoriatic arthritis, capsulitis, synovitis, 
and ankylosing spondylitis.

The reported incidence of TMD in the general 
population is around 18–35%, and around 10% 
in juveniles, indicating an early onset of these 
diseases. A high frequency of TMD has been 
found in autopsy reports. Degenerative TMJ dis-
ease has been found in 28% of individuals in the 
16–39-year-old age group, and in up to 50% of 
people over 50 years of age. The TMJ articular 
cartilage has a limited potential for repair due to 
a lack of vascularity and limited cellularity [482, 
483], and as a consequence, cartilage injuries can 
result in chronic disability.

Osteoarthritis (OA) of the TMJ is a non- 
inflammatory, degenerative joint disease, and is 
the most common form of TMJ pathology. It is 
characterized by breakdown of the articular car-
tilage, architectural changes in bone, and degen-
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eration of the synovial tissues, causing pain and/
or dysfunction in movements of the jaw [484]. 
In TMD patients, once joint breakdown com-
mences, OA can be crippling, leading to mor-
phological deformity and functional obstruction 
[484]. The TMJ can be the first joint to develop 
osteoarthritis, whereas in rheumatoid arthritis, it 
is the last joint to be affected [485]. This high 
incidence of TMJ OA is related to the nature of 
the human TMJ, which is load-bearing under 
function [486].

Although the disc of the TMJ plays a very 
important role in stress distribution [487], it is 
at high risk of displacement [488], which leaves 
the condylar cartilage in friction during function, 
and leads to wear and tear of articular surfaces. 
Around 70% of patients may start with a TMJ 
disc displacement with or without reduction. 
Progression of the disease leads to severe TMJ 
osteoarthritis, with damaged cartilage surface 
and malformed subchondral bone.

In up to 67–70% of TMD cases, especially 
in OA patients, TMD is accompanied by mal-
positioning of the TMJ disc, termed “internal 
derangement” (ID) [489, 490]. Magnetic reso-
nance imaging (MRI) studies have found that in 
asymptomatic patients, the discs are identified in 
the “normal” anatomical position and show mini-
mal morphological changes of the condyle and 
articular surfaces. In symptomatic patients, how-
ever, substantial osseous change is observed with 
ID, including disc perforation [491].

Rheumatoid arthritis (RA) of TMJ is a chronic, 
systemic, autoimmune inflammatory disorder that 
is characterized by joint inflammation, erosion of 
the joint, and symmetric multiple joint involve-
ments. The TMJs are rarely affected in the early 
phase of RA. However, arthroscopically, high fre-
quencies of synovitis, degenerative changes, and 
fibrosis leading to ankylosis are observed in RA 
patients compared to OA, despite a shorter dura-
tion of TMJ symptoms. A correlation has been 
noted between lateral joint tenderness and pro-
nounced synovitis in RA patients [492].

Congenital deformities of the TMJ com-
plex can present as a heterogeneous continuum 
of growth disturbances of the mandibular con-
dyle, articular eminence, and temporal bone. 

Some present as components of syndromes 
with congenital condylar deformity, including 
mandibulofacial dysostosis (Treacher Collins 
syndrome), hemifacial microsomia, oculoauricu-
lovertebral syndrome, oculomandibulodyscep-
haly (Hallermann-Streiff syndrome), and Nager 
syndrome [493]. Additionally, isolated TMJ 
hyperplasia, hypoplasia, and bifidity have been 
reported [494].

A range of therapeutic options are available 
for TMD, which include non-surgical modalities 
such as control of contributory factors, occlu-
sal appliances, pharmacological interventions 
(including corticosteroids delivered locally or 
systemically, NSAIDs, anxiolytics, and antide-
pressants), as well as physiotherapy and low- 
level laser therapy. Surgical treatment options 
include intraarticular injections, arthrocentesis 
as well as attempts at repair or replacement of 
portions of the TMJ. The majority of treatments 
aim to reduce pain and prevent disease progres-
sion without final resolution of disease pathology 
[495–497].

Development of tissue engineering proto-
cols may create possibilities for reconstruction 
of condylar bone and cartilage using a biopros-
thesis, exploiting combinations of scaffolds and 
stem cells to provide better functional recovery. 
To this end, three strategies have been developed: 
(1) intraarticular cell injection; (2) cell-free scaf-
fold implantation to induce local stem cell migra-
tion and differentiation; and (3) Ex vivo seeding 
of scaffold prior to implantation.

Mesenchymal Stem Cells (MSCs) are the most 
frequently used cell types in bone and cartilage 
regeneration, with varied efficiencies reported, 
presumably due to the heterogeneous nature of 
MSCs. The term MSC is vague, and not all MSCs 
are equal in the sense that they are of different 
embryonic origins, and of different potencies for 
differentiation and marker identification.

In general, MSCs are characterized for their 
abilities to adhere to plastic culture dishes to 
form colonies. They can be cultured long term, 
and are able to differentiate into chondrocytes, 
adipogenic, and osteogenic cell types in  vitro. 
Two classes of MSCs can be defined from their 
embryonic origin. Cranial Neural Crest MSCs 
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give rise to cranial bones (excluding maxil-
lary and main body of the mandible), dentine, 
pulp, and periodontal tissues as well as condylar 
bone and cartilage in addition to neural tissues 
in embryos. Trunk MSCs include bone marrow, 
adipose, and other organ derived mesenchymal 
population.

The markers of adult MSCs include stromal 
markers such as CD90, CD44, CD13, CD19, and 
CD79; and pericyte markers such as CD146. In 
the mouse, MSCs are marked within a broader 
stromal population of the Stem Cell Antigen 1 
(Sca-1) positive cohorts [498]. In humans, Stro-1 
and CD34 are described as MSC markers that can 
be used to isolate CFU-F forming cells in vitro, 
although these markers are expressed by other 
cell types and are thus not specific [498]. Cranial 
neural crest MSCs derived from dental origin, 
such as dental pulp stem cells (DPSCs), have 
been shown to express embryonic cell markers 
that are not currently identified in other adult 
MSCs. These markers include Oct-4, Nanog, 
SSEA-3, SSEA-4, TRA-1-60, and TRA-1-81 
[499, 500], and their presence may signify higher 
potency and enhanced stem cell activity for 
DSPCs compared to other adult tissue-derived 
stem cells. In vivo correlation of cultured cells is 
not well studied.

Platelet-derived growth factor receptor alpha 
(PDGFRa) is used to enrich MSC colony- 
forming ability [501, 502] and its use leads to 
higher efficiency of ectopic bone formation, but 
it has not been shown to increase the efficiency of 
chondrocyte differentiation.

Bone marrow MSCs provide an autolo-
gous transplantation opportunity. They have 
been largely trialled in the larger joints of the 
body; direct injection into the TMJ has been 
investigated. This intraarticular route has led 
to improved cartilage repair in early-stage OA 
[503]. However, the effect is largely attributed to 
the trophic effects of injected MSCs that change 
the inflammatory environment without structural 
integration [503, 504] to regenerate the joints. 
Similarly, human umbilical cord-derived MSCs 
display repair benefits which are also thought to 
be from a paracrine effect, by suppressing inflam-
mation in cases of TMJ OA [505].

Human exfoliated deciduous MSCs have been 
injected intravenously into TMJ OA mice, result-
ing in a decrease of IL-1β, iNOS, and MMP-
13 expressing chondrocytes, and an increase in 
proliferation of chondrocytes. This indicates 
their role in slowing the progression of OA via 
cytokine secretion and immunoregulation [506]. 
Their anti-inflammatory effects appear to be 
more potent than bone marrow MSCs for treating 
RA in large joints [507].

DPSCs have also been shown to have colony- 
forming capacity, in addition to odonto/osteo-
genic and adipogenic differentiation capacity. 
Chondrogenic differentiation is evidenced by 
type II collagen and aggrecan immunostaining. 
After in vivo transplantation in mice, these cells 
appear able to generate new cartilage-like tis-
sues [508].

Although “mesenchymal cells” may give rise 
to many of the embryonic connective tissues, adult 
MSCs do not display a promising potential for 
differentiation into functional parenchymal cells. 
This may partly be due to the elusive identity of 
MSCs. It is possible that adult MSCs are too far 
downstream of their embryonic namesakes. As 
well, complexity of finding the “real” stem cells 
in adult tissues has yet to be mastered. However, 
the immune-modulatory effects of MSCs seem 
to withstand the test of time, as demonstrated in 
cell-based therapies in TMD, where the trophic 
effect seems to play a major role in the short term 
due to the reduction in inflammation. A lack of 
engraftment and articular regeneration discour-
ages however any expectations of full anatomical 
and functional recovery of the TMJ.

Another type of stem cell is the so-called 
“Induced Pluripotent Stem Cells” (iPSCs), 
which are fast becoming a focus of stem cell 
research. iPSCs potentially can provide an 
abundant and immune compatible cell source. 
They are pluripotent in nature, and may provide 
functional cell types for chondrocyte differen-
tiation [509, 510], with the advantage of being 
able to produce their own matrix, enabling 
scaffold-free tissue regeneration. However, cell 
generation is time consuming and expensive, 
and uncontrolled de-differentiation poses risks 
for teratogenicity.
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The current focus of iPSC research is around 
cardiovascular and neuronal diseases, with a lack 
of reliable literature on their possible use for TMJ 
regeneration. More research is required before a 
clinically useful modality becomes available.

Lastly, primary cultures of fibrocartilage stem 
cells (FCSCs) or chondrocytes have been used 
for joint regeneration. These include meniscus 
disc chondrocytes and costal cartilage chondro-
cytes. This approach has shown some promising 
results both in vitro and in vivo in animal models 
[511–514]. Perhaps one of the most elegant stud-
ies in this area is that performed by Embree et al. 
[515]. They identified FCSCs residing within 
the superficial zone niche in the TMJ condyle, 
utilizing the BrdU pulse-chase method. BrdU 
was injected into pregnant mice when the foe-
tuses were 16.5 days old, and the label-retaining 
cells were chased in the postnatal offspring at 
16  weeks of age. Single FCSCs isolated from 
the proliferation zone were able to spontaneously 
generate a cartilage anlage, remodel into bone, 
organize a haematopoietic microenvironment, 
and form structurally healthy bone and cartilage 
when transplanted into adult mice [515]. This 
study highlights the importance of an in-depth 
understanding of developmental biology for opti-
mizing stem cell therapeutic modalities [516].

Traditional alloplastic joint replacement treat-
ments have been used in clinical practice since 
1961 where they were first employed in hip 
joint prostheses for the treatment of severe hip 
lesions [517, 518]. A TMJ prosthesis has also 
been applied in the field of craniomaxillofacial 
surgery, with various rates of success [519, 520], 
and more recently using 3D printed precision 
joints, allowing customized fabrication of pros-
theses [521].

The idea of using cell conducive scaffolds is 
to provide structural support and morphologi-
cal guidance, and to permit local stem cells to 
migrate and differentiate into the desired cell 
types that assume normal anatomical morphol-
ogy and function. A range of materials have been 
used, including synthetic materials such as poly-
ethylene glycol (PEG)-based hydrogels [522], 
polylactic acid, and poly(vinyl alcohol) (PVA), 
alone and in combination with hydroxyapatite 

[523]. These hydrogels can be structurally and 
mechanically similar to cartilage, and allow effi-
cient load transfer [524, 525].

PVA hydrogels have been researched exten-
sively. These display the best mechano-weight 
bearing properties for the TMJ, but their main 
disadvantages are non-integration with surround-
ing tissues, and compression failure over time 
[525]. In addition to structural support, these gels 
are also used as drug delivery systems for the 
gradual release of medications such as glucocor-
ticoids and antibiotics [526].

Naturally derived polymers, such as agarose, 
alginate, chitosan, hyaluronan, collagen, fibrin, 
and polysaccharides, are attractive biomateri-
als because they are biochemically similar to 
cartilage, and can be degraded by cell-secreted 
enzymes. Many of these are available commer-
cially (for review, see [527]). As cell-seeded 
tissue engineering scaffolds, hydrogels are also 
extremely useful, as they promote chondrocyte 
attachment in a manner that is similar to cartilage 
ECM [528]. They maintain the chondrocyte phe-
notype in a way that is impossible in monolayer 
culture [529–531]. Their viscoelastic nature per-
mits effective transfer of loads to chondrocytes, 
which depend on mechanical signals for survival 
[532, 533]. Perhaps the success of this approach 
will depend on the health of the cells in situ. 
At present, it is not clear how the inflammatory 
milieu influences the local stem cells. Thus, the 
potential of the local cell reaction is unclear, and 
the prognosis of the treatment may not be pre-
dictable [534, 535].

Bioactive materials such as porcine de- 
cellularized tissue combined with host stem cells 
may provide a time efficient and cost-effective 
alternative. Recent studies have shown that por-
cine cartilage provides type II collagen that causes 
only minor rejection reactions in the human body 
[536, 537]. Using α-galactosidase to remove 
α-gal from porcine cartilage can further reduce 
the likelihood of rejection [512]. Indeed, studies 
have shown that the porcine de- cellularized carti-
lage can enhance cartilage regeneration, prolifer-
ation, and matrix synthesis of TMJ disc-derived 
cells [538]. As yet, its use in condylar cartilage 
regeneration has not been reported.
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Tissue engineering approaches also include 
combinations of scaffolds with ex vivo cell seed-
ing before transplantation. The scaffold provides 
a TMJ-shaped mould for cells to migrate into, 
and then differentiate into anatomically and func-
tionally correct structures. Both synthetic and 
natural scaffolds have been used to host appropri-
ate cell types, and are often used in the presence 
of growth factors and cytokines, and sometimes 
under mechanical inductive conditions [539]. 
TMJ-shaped moulds treated with transforming 
growth factor-β1 have been reported to synergis-
tically increase Young’s modulus and to promote 
collagen fibril alignment, akin to native tissue 
[511]. PVA meshes seeded with TMJ disc cells, 
using a spinner flask, produce thick collagen in 
tissue engineering for the TMJ disc [540].

Autologous bone marrow MSCs combining 
natural hydrogels seem to provide functional ben-
efits and histological improvement of fibrocarti-
lage in large joints [541, 542], however, data on 
TMJ repair are absent. Similarly, human DPSCs 
combined with an alginate hydrogel co- culture 
and implanted in a rabbit model of cartilage 
damage showed significant cartilage regenera-
tion [543]. A PVA scaffold with cultured DPSCs 
combined with exogenous FGF9 was able to 
simultaneously promote the chondrogenesis of 
DPSCs, and could partially inhibit their miner-
alization by enhancing the phosphorylation of 
ERK1/2 in DPSCs [513]. The combined method 
involving DPSCs in a variety of animal models 
including mice, rats, rabbits, and miniature pigs, 
shows promising results in a combined scaffold 
approach [544, 545], with two studies focused on 
preclinical models of cartilage tissue engineer-
ing. Again, the data derives from large joints and 
does not specifically address the TMJ.

Growth factors that enhance chondrogenic 
pathways such as TGF-β1 show some positive 
effects on cellular proliferation and on the produc-
tion of extracellular matrix in TMJ disc implants 
[546], as well as increased collagen synthesis, 
increased Young’s modulus and compressive 
stiffness in co-culture of articular chondrocytes 
and fibrochondrocytes [546]. Additionally, a sig-
nificant increase in collagen and matrix deposi-
tion inside the engineered cartilage is seen [547]. 

GAG synthesis is also significantly stimulated 
by bFGF [511]. PDGF increases GAG synthesis 
[511]. Further, PDGF significantly increases the 
proliferation rate of TMJ- disc derived cells, and 
collagen and hyaluronic acid synthesis in engi-
neered TMJ discs. It upregulates RNA levels of 
type I and II collagens, matrix metalloprotein-
ases (MMPs), and their specific tissue inhibitors 
(TIMPs) [548].

Overall, joint and disc reconstruction and 
regeneration for the TMJ poses a formidable chal-
lenge, but significant experience has accumulated 
by studying large joints. Following a success-
ful clinical trial of a knee joint approach [549], 
full regeneration of bilateral condyles has been 
reported in a patient with TMD. Specifically, the 
patient received transplantation of autologous 
nasal septum derived cells expanded in vitro and 
co-transplanted with glycosaminoglycan [550]. 
The authors speculated that the neural crest ori-
gin of the nasal septum may have contributed to 
the success of the transplanted cells [550].

Preclinical studies in larger animals such as 
dogs and mini pigs also provide valuable guides 
towards successful human studies. In one study 
in canines which involved bilateral resection of 
the meniscus, one side received bladder collagen 
matrix and achieved near perfect disc regenera-
tion, while the control side showed degeneration 
in the fossae [538, 551]. In mini pigs, the use of 
allogeneic costal chondrocytes has been investi-
gated for the development of transplantable, cell- 
based, scaffold-free TMJ implants. Implants were 
found to be well integrated, and the mechanical 
strength of the defects was more robust in the 
implanted meniscus than in untreated defects 
[552]. Combining the accumulated knowledge 
and multidisciplinary approaches including sur-
gery, materials science, and stem cell science 
[514] may provide new therapeutic modalities 
for TMJ repair.

2.6  Orofacial Pain

Pain in the oral and craniofacial region affects 
approximately 5–12% of the population. This 
severely affects the life quality of sufferers, 
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and is costly for society. The normal sensory 
function of the orofacial region is carried out 
by the trigeminal or fifth cranial nerve, which 
contains three sensory branches that innervate 
the oral cavity and facial area. The trigeminal 
nerve has a large representation in the central 
sensory region of the brain, representing 50% of 
the sensory cortex, and it is the only nerve that 
possesses an intracranial distal root ganglion. 
This over representation is partly due to evo-
lutionary needs of small animals to sense their 
locations and environment [553] (e.g., whiskers 
of rodents [554]).

The trigeminal sensory ganglions develop 
early in mammalian embryos from the pharyn-
geal placodes, which have unique structures and 
functional roles in processing orofacial nocicep-
tion as well as non-noxious sensations in com-
parison to the spinal nerve system. The trigeminal 
nerve is distributed to the oral mucosa, tongue, 
teeth, temporomandibular joints, and other orofa-
cial structures by small diameter light myelinated 
A delta and unmyelinated C fibres that process 
orofacial nociception [555].

In humans, heightened sensory nerve function 
may have protective effects under normal physi-
ological conditions. However, in pathology, this 
heightened sensitivity seems to bring especially 
unbearable pain, which is also prolonged for 
the sufferer due to trigeminal neurons becoming 
hyperactive for a considerable time following 
damage or inflammation [556].

Orofacial pain has been defined as “relatively 
localized syndromes of the head and neck” with 
complex aetiologies that include many disor-
ders [557]. Most pain conditions in the orofa-
cial region are caused by odontogenic sources, 
or factors such as infection and inflammation. 
Other sources include masticatory myalgia, and 
debilitating conditions such as neuropathic pain, 
whether idiopathic or iatrogenic [558].

2.6.1  Inflammatory Orofacial Pain
Inflammatory pain usually results from nocicep-
tive stimuli, such as infection, trauma, or under-
lying systemic diseases, and it plays a pivotal role 
in generation of an effective defence to injury. 
Depending on the condition, neutrophils are fol-

lowed typically by macrophages into the wound 
space, and release cytokines and chemokines that 
induce an immune response and the accompa-
nying inflammatory process. Cytokines such as 
TNF-α, IL-1, and IL-6 are initially involved in 
the development of inflammation [559]. Further, 
chemokines that regulate bone metabolism via 
the CCR1, CCR2, CXCR3, and CXCR4 recep-
tors expressed on osteoclast precursors, mature 
osteoclasts, and osteoblasts, can drive osteoclas-
tic activity, and thus bone resorption can occur. 
This is one of the common sequelae of oral 
inflammation that can lead to chronic inflamma-
tory pain.

The key inflammatory factors responsible for 
pain mediation are prostaglandins, which addi-
tionally cause vasodilation, increased blood flow, 
and the formation of inflammatory exudates. The 
majority of oral inflammatory pain can be attrib-
uted to pulpal inflammation originating from 
dental caries and its consequent dento-alveolar 
lesions. Oral mucosal lesions including ulcers, 
infective lesions, and malignancies can also 
cause inflammatory pain.

Inflammatory factors result in sensitization 
of nociceptive nerve endings. Peripheral nerve 
injury or orofacial inflammation often causes 
changes in the excitability of trigeminal neurons, 
thereby resulting in pain hypersensitivities such 
as allodynia and hyperalgesia [560]. Moreover, 
miscommunication in the trigeminal ganglion 
may occur due to dysfunctions of peptide signal-
ling, which alter nitric oxide and nerve growth 
factors (NGF) pathways. This has been found in 
TMJ inflammation [560]. Glial cell abnormalities 
post injury or inflammation of peripheral nerves 
[555] can also contribute.

2.6.2  Neuropathic Orofacial Pain
Neuropathic orofacial pain (NOP), including 
trigeminal neuralgia, is a group of chronic pain 
conditions that affect the trigeminal nerve. These 
result from a dysfunction or primary lesion of the 
nerve [561]. NOP is heterogeneous in nature and 
has a range of aetiological factors. Neuropathic 
pain can be primary, with no recognized patho-
logical process, or pain can be secondary, with 
an underlying pathology, as in painful post-trau-
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matic neuropathies. Based on presenting symp-
toms, NOP can be broadly categorized as follows 
[558]:

 (a) Paroxysmal neuropathy, e.g. trigeminal neu-
ralgia, which is characterized by short elec-
trical or sharp pain.

 (b) Continuous, characterized by the long span 
of painful experience, as seen in post- herpetic 
neuralgia. It is sometimes of a burning qual-
ity, and is a characteristic feature of post- 
traumatic neuropathy.

Trigeminal neuropathic pain may occur due 
to either a decreased pain threshold (allodynia) 
or an increased pain intensity (hyperalgesia), or 
both. Allodynic neuropathic pain patients com-
plain of severe pain normally following non- 
noxious mechanical or thermal stimulation of the 
extensive area innervated by the injured nerve. 
Hyperalgesic patients complain of stronger pain 
compared to that of nociceptive pain [562].

Neuropathic pain has peripheral and central 
hypersensitization of the trigeminal nervous sys-
tem, albeit at much-heightened levels compared 
to nociceptive pain. Dysfunction of the micro-
environment facilitates ectopic firing of periph-
eral nerves, with heightened perception of pain. 
Additionally, products associated with Wallerian 
degeneration that are released near uninjured 
nerves may trigger changes in ion channels and 
in receptor expression in uninjured nerves, con-
tributing to neuropathic pain [562]. Mechanisms 
involved include the dysregulation of microglial 
ATP activities that mediate P2 receptors, and 
brain-derived nerve factor pathways which cause 
disinhibition of the normally inhibitory actions 
of GABA to become excitatory in lamina 1 neu-
rons [563].

2.6.3  Masticatory Myalgia
Myalgia or muscular pain is the most common 
non-dental pain in the orofacial region. It is cat-
egorized as a deep somatic pain that is usually 
constant, dull, and aching, and may be accom-
panied by occasional exacerbations of sharp 
pain that are typically difficult to localize [564]. 
Although the mechanisms of myalgia are not 

well understood, it is generally classified as a 
nociceptive pain due to mechanical overloading 
and inflammatory stimuli. Endogenous inflam-
matory mediators including bradykinin (BK), 
serotonin, and prostaglandin activate the noci-
ceptors that send pain signals to the central ner-
vous system. Similar to inflammatory pain, the 
trigeminal nervous system becomes hypersensi-
tized through NGF, leading to further modula-
tion of GABA disinhibition [565].

Currently, orofacial pain is difficult to treat. 
The existing treatment modalities are typi-
cally removal of the cause if identifiable, as 
well as pharmacotherapeutic agents such as 
anticonvulsants, antidepressants, non-steroidal 
anti- inflammatory drugs, and opioids. These 
medications have strong side effects, and they 
only control the symptoms of the condition with-
out altering its pathological root cause. Patients 
often require long-term treatment with minimal 
benefit, and can go through many episodes of 
relapse during or after therapy.

New therapies and treatment modalities are 
required urgently to address the pathology of oro-
facial pain and to repair damaged nerves. Using 
stem cells may provide opportunities for control-
ling and healing orofacial pain by (1) modula-
tion of factors to alter neuronal pathophysiology 
and produce a disease-modifying effect; and (2) 
regeneration and repair of the damaged nerve to 
restore the anatomy and function of the affected 
nerve.

Inflammatory factors released by injury or 
infection cause changes in the microenvironment 
leading to orofacial pain, which further heightens 
the spontaneous activity of nerve fibres, while 
products associated with Wallerian degeneration 
released near uninjured nerves may contribute 
to neuropathic pain. Therefore, it is of utmost 
importance for the surrounding environment to 
protect the nerve fibres from degeneration as 
this exacerbates neuropathic pain. Neurotrophic 
growth factors are known to promote neuron 
development and survival, and are critical to pro-
viding a protective microenvironment. They also 
maintain functional integrity, promote regen-
eration, regulate neuronal plasticity, and aid in 
repairing damaged nerves [566].
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Neurotrophic factors include various factors 
such as NGF, BDNF, neurotrophin 3 (NT-3), 
NT-4/5, insulin-like growth factor 1 and 2 (IGF 
1/2), glial cell line-derived neurotrophic factor 
(GDNF), neurturin (NRTN), persephin, and cili-
ary neurotrophic factor (CNTF). Various neuro-
trophic factors affect different cell populations 
within the peripheral and central nervous system.

Mesenchymal stem cells (MSCs) produce a 
large variety of trophic factors, and they do not 
trigger immune rejection [567]. This makes them 
suitable for use in a range of conditions. They can 
significantly reduce both mechanical allodynia 
and thermal hyperalgesia in mouse and rat mod-
els. Bone marrow MSCs (BMMSCs) are thought 
to promote peripheral nerve regeneration. This 
happens not only via their direct release of neu-
rotrophic factors, but also through indirect modu-
lation of the behaviours of stem cells. This has 
been shown in a rat sciatic nerve regeneration 
model [568]. The effects of BMMSCs have been 
reported to reduce pain behaviours in mouse and 
rat models when injected intravenously or at the 
site [569, 570].

Adipose-derived stem cells have become a 
popular source for MSCs due to the abundance 
of lipoaspirates. These cells express a range 
of neurotrophic factors, namely NGF, BDNF, 
GDNF, and NT-4 [571]. They may also increase 
angiogenesis [572]. Clinical trials of autologous 
adipose- derived cells injected into female patients 
with neuropathic trigeminal pain lasting 4 months 
to 6 years showed that 6/9 patients had reduced 
pain scores at 6 months after treatment [573].

The secretion of neurotrophic factors by dif-
ferent stem cell populations suggests that no 
matter the source of the stem cell, there is a pos-
sible use for them in treating neuropathic pain, 
by either providing neuroprotection or through 
neuro-regenerative effects.

Recently, matured human induced pluripo-
tent stem cell (iPSC)-derived GABAergic neu-
rons (iGABAergic neurons) were differentiated 
ex vivo and then transplanted into the dorsal horn 
to alleviate pain elicited by spinal nerve injury 
(SNI) as a model of persistent neuropathic pain in 
mice. iGABAergic neurons were able to survive 
in the SNI-injured spinal cord, and were able to 

alleviate pain long term with a single treatment 
[574] similar to iPSC induced GABAergic pro-
genitor transplants from rats and mice [575].

Human iPSCs have been used to model human 
sensory nociceptors, providing a new rationale for 
voltage-gated sodium channel (NaV) 1.7 function, 
which also promises to be a valuable translational 
tool to profile and develop more efficacious clini-
cal analgesics [576]. It is interesting that patient-
derived iPSCs can also be used as “drug testing” 
platforms to identify patient- specific changes in 
nociceptor excitability in peripheral neuropathy, 
to deliver more effective treatments [577].

Human MSCs from Wharton’s jelly (HMSCs) 
are able to differentiate into neuroglial-like cells 
associated with poly (DL-lactide-ε-caprolactone) 
membranes in vitro, however, they failed to repair 
the sciatic nerve injury in a rat model [578]. 
Adipose-derived MSCs have been induced to dif-
ferentiate into neuron-like cells, as evidenced by 
neuronal morphology and the presence of neu-
ronal markers including microtubule-associated 
protein 2, neuronal nuclear antigen, and β-tubulin 
III [579].

Regeneration of damaged nerves has wide 
implications in a range of neurological diseases 
and conditions such as traumatic injury, as well 
as vascular, degenerative, and inflammatory 
conditions of the central and peripheral nervous 
systems. Investigations into stem and progenitor 
cell therapies will likely remain a hot topic of 
research.

Dental pulp stem cells (DPSCs) derived from 
a cranial neural crest lineage, retain a remark-
able potential for neuronal differentiation, and 
additionally they express multiple factors that 
are linked to neuronal and axonal regenerations 
[580, 581]. DPSCs express neural cell mark-
ers such as oligodendrocyte and glial fibrillary 
acidic protein. Osteocytes have been grown from 
dental pulp MSCs in  vitro [582]. DPSCs filled 
in a degradable poly-DL-lactide-co-glycolide 
(PLGA) tube were able to effectively repair 
gaps in the facial nerves with myelinated fibres 
of rats [583]. Transplantation of human DPSCs 
into the completely transected adult rat spinal 
cord resulted in the marked recovery of hind limb 
locomotor functions [584], while BMMSCs or 
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skin-derived fibroblasts led to substantially less 
recovery of locomotor function [585].

A number of published studies have described 
the successful differentiation of NSCs/NPCs from 
iPSCs, and their subsequent engraftment into spi-
nal cord animal models, followed by functional 
recovery from injury [586, 587]. Similarly, periph-
eral nerve rebuilding by regeneration of both 
neuron and supportive cells has been reported in 
sciatic nerve injury models [588, 589]. In the neu-
ropathic pain arena, iPSC induced GABAergic 
progenitors were able to survive long term in the 
injured spinal cord, with evidence of synaptic 
integration. This provides a proof-of-concept for 
possible therapeutic approaches in humans [575].

The regeneration of nervous tissues is a 
long- term goal. There still is a long way to go 
before efficient human therapeutic modalities are 
available. Issues that need to be sorted include 
selection of the correct stem cell types, finding 
appropriate cues for differentiation pathways, 
facilitating the engraftment of transplanted cells, 
and avoiding potential undesired outcomes such 
as teratogenicity of iPSCs.

Stem cells offer an exciting therapeutic poten-
tial for treating neuropathic pain. Although the 
mechanism of action of stem cells is not com-
pletely understood, studies demonstrate that they 
have the potential to arrest degenerative processes, 
inhibit apoptotic pathways, and augment the 
survival/recovery pathways of both injured and 
uninjured nerves. Coupled with the neurotrophic 
factor-releasing nature of stem cells, the ability of 
stem cells to modify cellular processes provides 
for both a protective and a restorative microenvi-
ronment that can potentially fully reverse the onset 
of neuropathic pain. More excitingly, future stem 
cell treatments promise regeneration and repair 
of damaged or degenerated nerves to restore the 
function of neurons and neural tissues.

3  Conclusion and Future 
Directions

Stem cells and regenerative medicine is an evolv-
ing science with significant and exciting clinical 
implications. Despite the substantial advances 

made in these areas, however, the applications 
in terms of diseases affecting the oral and maxil-
lofacial complex have been modest at best. The 
greater majority of advancement has been made 
in terms of craniofacial bone biology and associ-
ated defects. Work on soft tissue applications to 
tackle problems related to oral mucosal diseases, 
head and neck cancers, salivary disorders, and 
temporomandibular and orofacial pain condi-
tions has been less impressive in its progress and 
outcomes.

Bioprinting is an exciting yet challenging 
approach in regenerative medicine, and has the 
potential to change the manner in which many 
oral mucosal, salivary, and neuropathic condi-
tions may be managed or treated. This area of 
investigation, which couples together biology 
and engineering, remains a major hope for the 
future of clinical oral medicine. Homogeneity of 
stem cells, methods of delivery, quality of regen-
erated tissues, and their potential integration into 
the host are still problems, however, requiring 
more research to solve.

Obstacles to clinical stem cell therapy include 
a deficiency in generating sufficient cells, and 
determining how to direct their differentiation into 
functional cells and tissues. Although numerous 
applications have been reported in isolated cases 
or in laboratory settings, clinical applicability is 
still hindered by the lack of robust, controllable, 
and routinely reproducible approaches on a mass 
scale. Until these problems can be resolved, the 
full potential of regenerative medicine in clinical 
oral medicine remains elusive.
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