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ABSTRACT 
 

Regenerative endodontics has become a revolutionizing tissue engineering concept in the 
treatment of immature permanent teeth for over two decades. It has been described as a 
‘paradigm shift’ in the treatment of immature teeth, since it fosters continued root maturation. An 
immature necrotic permanent tooth is usually a result of trauma or infection due to which the tooth 
becomes non-vital before completing root development. In such cases, the root walls are left thin 
and weak with an open apex. Traditional apexification procedures may resolve pathology but have 
not been able to prove tooth survival due to absence of continued root development and risk of 
root fracture. A successful regenerative endodontic procedure (REP) results in resolution of signs 
and symptoms of pathology, radiographic signs of healing, proof of continued root development as 
well as presence of pulp vitality due to the regeneration of pulp tissue in the root canal. Various 
stem cells, growth factors, scaffolds and suitable environment form the tetrad of elements 
necessary to induce regeneration of dental pulp. While there has been some success in isolating 
dental pulp cells with in-vitro experiments, it has been proven to be rather difficult to implement the 
same in a practical perspective ex vivo. Although there has been clinical success related to REP, 
histologically they seem to undergo guided endodontic repair rather than true regeneration of 
physiologic pulp tissue. This review provides an overview of components of tissue engineering, 
clinical protocol and predictable outcomes for REP and recent advances in regenerative dentistry.  
 

Review Article 
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ABBREVIATIONS 
 
BMP : Bone Morphogenic Protein 
BMSSC : Bone Marrow Stem Cells  
DFPC : Dental Follicle Progenitor Cells 
DPSC : Dental Pulp Stem Cells 
PDLSC : Periodontal Ligament Stem Cells  
PRP : Platelet Rich Plasma 
PRF : Platelet Rich Fibrin 
REP : Regenerative Endodontic Procedures 
SCAP :  Stem Cells from Apical Papilla 
SHED :  Stem Cells from Human Exfoliated 

Deciduous Teeth 
 

1. INTRODUCTION 
  
One of the greatest challenges in endodontics is 
the management of an immature permanent 
tooth with a non-vital pulp. Incorporation of 
traditional endodontic treatment like apexification 
in a non-vital immature permanent tooth results 
in cessation of root development which renders 
the formation of thin and weak roots that are 
highly prone to root fractures [1-2]. Hence, 
alternative approaches that allow quantitative 
and/or qualitative increase in length and 
thickness of the root should be pursued.  
 
According to American Association of 
Endodontists Glossary of Endodontic Terms, 
regenerative endodontic procedures are 
biologically based procedures designed to 
physiologically replace damaged tooth 
structures, including dentin and root structures, 
as well as cells of the pulp-dentin complex [3-4]. 
The primary function of pulp is to produce and 
maintain the vitality of dentin. Therefore, 
regenerative pulp should be capable of forming 
dentin to replace and repair the lost tissues. The 
term regenerative endodontics procedures (REP) 
refers to all the events that aim to regenerate and 
repair the pulp-dentin complex. 
 

The first evidence of regeneration of dental 
tissues was in 1932 by G. L. Feldman, who 
showed evidence of regeneration of dental               
pulp under certain optimal biological conditions 
[5].  In 1971, a pioneer study in regenerative 
endodontics conducted by Nygaard-Ostby 
concluded that bleeding induced within a vital or 
necrotic canal led to resolution of signs and 
symptoms of necrotic cases and in certain cases, 
apical closure [6]. In the year 2000, Gronthos et 
al. identified and isolated odontogenic progenitor 

cells in an adult dental pulp, which proved to be a 
breakthrough in the regeneration of dental 
tissues [7].  
 
Tissue engineering is the field of functional 
restoration of tissue structure and physiology for 
impaired or damaged tissues because of cancer, 
diseases and trauma [8]. Regenerative 
endodontics, a type of tissue engineering, has 
two common terminologies associated with it- 
revascularization and revitalization. Revasculari-
zation refers to the re-establishment of 
vascularity in the pulp space post-injury to the 
original vascularity of the pulp of a traumatized 
immature tooth. Revitalization, on the other hand, 
describes non-specific vital tissues rather than 
just blood vessels [9]. For immature teeth with 
non-vital pulp, such revascularization/ 
revitalization treatment induces physiological root 
formation (apexogenesis), which thus results in 
tissue regeneration. By restoring root 
development and reinforcing dentinal walls, the 
strength of the root, and hence, long term 
retention of the tooth increases. Such treatment 
modality can prove to be an efficient alternative 
to conventional apexification procedures [10].  
 
The aim of the present review is to perform 
critical analysis and summarize the available 
evidence on components of tissue engineering, 
clinical protocol, predictable outcomes and 
limitations of REP. To perform this review, a 
web-based search on PubMed was done to find 
relevant literature on REP published in the last 
10 years. Both abstracts and free full text articles 
of dental journals were reviewed. A combination 
of keywords were used as search terms. These 
include ‘regenerative endodontics’, ‘tissue 
engineering’, ‘outcomes’, ‘dental stem cells’, 
‘challenges’, ‘dental scaffolds’, ‘growth factors’. 
 

2. REGENERATIVE CAPACITY OF 
DENTAL TISSUES 

 
The tooth is a complex organ that is formed by 
highly organized mineralized tissues encasing 
the dental pulp. Different mineralized tissues 
have different regenerative capabilities. 
Ameloblasts, derived from ectoderm, produce 
enamel after being stimulated by the 
odontoblasts. These cells have no regenerative 
capacity and undergo apoptosis after the 
formation of enamel matrix [11]. Odontoblasts 
and cementoblasts derived from ectomesen-
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chyme lead to the formation of dentin and 
cementum respectively. These cells, unlike 
ameloblasts, have limited regenerative capacity. 
In response to stimuli causing mild injury at the 
pulp-dentin interface, progenitor cells are derived 
from pulp which produce tertiary dentin [12]. The 
dentin so produced helps in separating the 
damaged tooth structure from pulp, thus 
maintaining pulp vitality. Another example of 
regenerative capacity of dentin is dentin-bridge 
formation upon application of calcium hydroxide 
as a pulp capping agent [13]. Similar to dentin, 
cementum is also laid down throughout life in the 
form of cellular cementum at the root apex to 
compensate for passive eruption of the tooth 
[14]. Alveolar bone is derived from osteoblasts, 
which exhibit rapid turnover in response to 
mechanical stimulus [15]. Guided Tissue 
Regeneration (GTR) has been successfully 
incorporated into clinical practice to               
allow selective regeneration of functional 
periodontal ligament by using a barrier 
membrane [16]. 
 

3. ELEMENTS OF TISSUE ENGINEERING 
 
The components of tissue engineering include 
stem cells, scaffolds and growth factors. The 
process involves incorporation of ex vivo 
expanded stem cells and growth factors 
incorporated within a 3-dimensional natural or 
synthetic polymer that provide an environment 
for cell proliferation and differentiation [17]. 
Although these three components are important, 
they cannot yield successful results without the 
fourth major component - a conducive 
environment. Tissue engineering approach 
involved in regenerative dentistry includes either 
in vivo implantation of an in-vitro cell culture 
with/without polymers or direct in vivo 
implantation of isolated cells and scaffolds           
[18].  
 

3.1 Stem Cells 
 
Stem cell biology is one of the fundamental 
components of regenerative medicine. The origin 
of any tissue can be traced back to its stem cells. 
Stem cells exhibit two properties- self renewal 
and plasticity. Self-renewal explains the property 
of these cells to divide thus producing more of 
themselves, while the potential of these cells to 
differentiate into different mature cell types is 
explained by the term plasticity [19]. 
 
These cells can be classified based on their 
origin as be embryonic stem cells (ES) or post-

natal stem cells and based on their plasticity as 
pluripotent (capacity of maturing into cells 
belonging to any of the three germ layers) or 
multipotent (capacity to differentiate only into 
cells of the tissues from which they are derived) 
[20].  Although ES cells are more valuable in 
tissue engineering due to their pluripotency and 
greater plasticity, legal and ethical issues 
associated with their sourcing is a concern. 
Hence, multipotent post-natal stem cells are 
widely studied. Further, these cells could either 
be autogenous, allogeneic or xenogeneic. 
 
A stem cell niche, identified in several connective 
tissues, is the microenvironment in which the 
stem cells reside and represents as little as 1% 
of total population. The identification of such 
niches is best performed after stimulation of 
injury to the tissues [20]. However, the source of 
these cells is still unclear. Most stem cells found 
in the orofacial region are mesenchymal stem 
cells. Stem cell population applied in REP 
include.  
 
3.1.1 Dental pulp stem cells (DPSC) 
 
These cells, isolated from human dental pulp, are 
capable of regenerating the odontoblasts with 
mineralized tubules and fibrous tissues with 
blood vessels; very similar to the pulp-dentin 
complex of a normal human tooth and have the 
unique ability to form mineralized tissues both in-
vitro and in-vivo [7]. DPSCs share a similarity in 
gene expression with the precursors of 
osteoblasts, ie, Bone Marrow Stem Cells 
(BMSSCs): they exhibit the capacity of self-
renewal following in-vivo transplantation and can 
develop into diverse phenotypes like adipocytes 
and neural precursors [21]. However, in           
contrast to BMSSCs, these cells have 30%                     
higher proliferation rate and higher growth 
potential [22].  
 
3.1.2 Stem cells from apical papilla (scap) 
 
These unique post-natal stem cells are released 
in the root canal space from the apical papilla, 
when it is lacerated during the evoked-bleeding 
step of REP. They have greater capacity for 
dentin and tissue regeneration than DPSCs and 
high proliferative potential, reflected by higher 
telomerase activity [23]. These cells have high 
survival rate despite challenging conditions such 
as periapical infections, as they are equipped to 
receive nutrients and oxygen via diffusion from 
the apical surrounding tissues such as the 
vascularized granulomatous tissue present in 



 
 
 
 

Mallishery and Shah; JAMMR, 32(7): 83-98, 2020; Article no.JAMMR.57036 
 
 

 
86 

 

apical periodontitis and are highly significant in 
REP [20]. 
 
3.1.3 Periodontal ligament stem cells (pdlsc) 
 
These are mesenchymal stem-cells isolated not 
just from human permanent teeth but also from 
deciduous and supernumerary teeth [24], which 
can differentiate into periodontal ligaments, 
cementum, alveolar bone, blood vessels and 
peripheral nerves. However, obtaining these cells 
could be difficult since they are collected from 
atraumatic extraction of healthy teeth, which is 
practiced only in the case of impacted teeth or for 
orthodontic purpose. It is now stated that PDLSC 
can also be isolated and expanded from inflamed 
PDL tissues, such as granulation tissue of 
periodontitis affected intra-bony pockets (i-
PDLSC) [25]. However, i-PDLSCs have lesser 
osteogenic and cementum regeneration capacity 
compared to cells derived from healthy teeth 
[26]. Further, PDLSCs obtained from older adults 
have lesser regenerative capacity compared to 
younger donors [27]. 
 
3.1.4 Dental follicle progenitor cells (dfpcs) 
 
DFPCs are isolated from the ectomesenchymal 
dental follicle or dental sac, which is responsible 
for the formation of periodontium [28-29]. Like 
other stem cells, they demonstrate adipogenic, 
neurogenic and osteogenic differentiation [30]. 
However, these cells are more proliferative than 
DPCS and SCAP [31] and display fibroblast-like 
morphology [28]. In vitro, they are capable of 
differentiating into PDL-like structures or calcified 
nodules with bone or cementum-like attributes. 
These calcified nodules resemble calcifications 
seen in calcifying epithelial odontogenic tumors 
or cemento-ossifying fibroma [32]. Further, after 
in-vivo implantation, STRO-1 positive dental 
follicle stem cells can form cementum and 
immortalized dental follicle stem cells are 
capable of forming new PDL [33].  
 
3.1.5 Stem cells from human exfoliated 

deciduous teeth (shed) 
 
These cells were isolated and expanded ex vivo 
by Miura et al. from the remnants of living, 
normal pulp tissue in exfoliated deciduous crown 
[34]. SHED develop at the 6th week of embryonic 
development and share common molecular 
characteristics with neural crest cells. Unlike 
other dental stem cells, SHED are easily 
accessible since they are sourced from naturally 
occurring tooth exfoliation phenomena. 

Compared to their adult counterparts (DPSCs), 
SHED have higher proliferative capacity and are 
less mature, hence exhibit greater potential of 
multi potential differentiation [35]. Due to their 
higher neurogenic potential, SHED have been 
extensively studied for the treatment of neural 
tissue injury or degenerative diseases, like 
Parkinson’s Disease [36]. Researchers believe 
these cells can be stored (SHED banking) and 
can be used as a successful stem cell therapy for 
the treatment of various medical conditions [37]. 
 

3.2 Growth Factors/Morphogens 
 
Growth factors are extracellularly secreted 
signals that bind to specific receptors on cells 
and play a major role in regulation of 
endogenous cells or stem cell recruitment, 
migration, proliferation and differentiation. The 
growth factors may be released by blood clot, 
Platelet Rich Plasma (PRP), Platelet Rich Fibrin 
(PRF) or from dentin matrix upon 
demineralization (caries, acid etching etc). 
Growth factors used in regenerative endodontics 
are platelet-derived growth factor (PDGF), 
transforming growth factor (TGF-β), Bone 
Morphogenic Protein (BMP), vascular endothelial 
growth factor (VEGF), basic fibroblast growth 
factor (bFGF), Colony stimulating factor (CSF), 
platelet derived growth factor (PDGF), epidermal 
growth factor (EFG) and insulin-like growth factor 
(IGF) [38].  These can be used for- 
 

● Proliferation and differentiation of stem 
cells- PDGF, BMP, CSF, EGF, FGF, IGF 

● Modulation of humoral and cellular immune 
response- Interleukin 1-13 

● Angiogenesis- VEGF 
● Wound healing and tissue regeneration- 

TGF alpha and beta. 
 
Amongst these growth factors, BMP and TGF 
are the most crucial in regeneration of dental 
tissues in adults. They can either be used in vivo, 
where they are directly applied to exposed pulp 
or ex vivo, where they are first isolated with 
dental pulp stem cells which stimulate the 
formation of odontoblasts and finally transplanted 
to regenerate dentin [39].  
 

3.3 Scaffold 
 

Scaffolds are porous, degradable structures that 
can be implanted alone or in a combination with 
stem cells and growth factors to provide a 3-
dimensional framework (sheets, gels or highly 
complex structures) that can support cell growth 



 
 
 
 

Mallishery and Shah; JAMMR, 32(7): 83-98, 2020; Article no.JAMMR.57036 
 
 

 
87 

 

and differentiation. Ideal properties of a scaffold 
include scaffold porosity to facilitate diffusion, 
biocompatibility and biodegradability, effective 
transportation of oxygen and nutrients, ability to 
support cell growth and differentiation, non-
toxicity and adequate physical and mechanical 
strength [40]. Scaffolds can either be natural or 
synthetic. 
 
3.3.1 Natural scaffolds 
 

Natural scaffolds can be autologous like PRP, 
PRF and blood clot or derived from natural 
substances like collagen or glycosaminoglycans. 
PRP and PRF are first- and second-generation 
platelet concentrates respectively that stimulate 
the proliferation of stem cells. Although PRP has 
a rich source of growth factors, PRF has higher 
concentration of cytokines and stimulates faster 
healing. Blood clot has fewer cytokines and 
growth factors than PRP or PRF [40]. Intentional 
periapical filing to induce blood clot formation or 
venous blood drawn from patients can cause 
discomfort to the patient. Hence, collagen and 
glycosaminoglycan are used, which provide 
excellent tensile strength to the tissues, allow 
easy placement of stem cells and growth factors 
and control over resorption rate by altering its 
density. However, it is observed that collagen 
may adversely affect pulp tissue regeneration 
since pulp cells in collagen undergo marked 
contraction [41]. 
 

3.3.2 Synthetic scaffolds 
 

Polymers such as polyglycolic acid (PGA), 
polylactic acid (PLA), polylactic co-glycolic acid 
(PLGA), polycaprolactone (PCL) are 
commercially available synthetic scaffolds. They 
allow precise control of physiochemical features 
like degradation rate, microstructure, strength, 
porosity and undergo degeneration by hydrolysis 
[42]. Scaffolds containing inorganic compounds 
like hydroxyapatite and tricalcium phosphate can 
be used to enhance osteoconductivity. The major 
disadvantage associated with synthetic scaffolds 
is inflammation at the site of implantation [42]. 
 

3.4 Environment 
 

Tissue engineering, or regeneration of tissues 
requires a tetrad of elements. A conducive 
environment is crucial for any stem cell to 
proliferate or differentiate in vivo or in vitro. 
These include- A well-sealed restoration in vivo 
to prevent contamination of pulp [43], disinfection 
of the root canal system using intracanal irrigants 
like Sodium hypochlorite or chlorhexidine and 

antibiotic pastes [2] and large-scale in vitro 
regeneration of tissues requires bioreactors that 
mimic the internal environment of the body and 
provide appropriate physiological stress to 
enhance the mechanical properties of 
regenerated tissues [44]. 
 

4. PROCEDURE 
 

REP is the mainly considered for a permanent 
necrotic tooth with an open apex in a compliant 
patient with no allergy to medications and 
antibiotics used in the procedure. Moreover, 
since the pulp canal space is involved in the 
procedure, it should be ensured that this canal 
space is not required for other restorative 
purpose [45].  
 

Based on Cvek’s classification of root 
development, immature necrotic permanent teeth 
suitable for REP include Stage 1 (less than one-
half of root formation with open apex), stage 2 
(one-half of root formation) and stage 3 (two-third 
of root development with open apex), due to 
short root, thin canals and wide-open apex. 
However, teeth at stage 4 of root development 
(nearly completed root with an open apex) can 
be treated by both REP and apexification, since 
the root has developed enough to withstand 
apexification [46].  
 

Because of the encouraging results of 
regenerative procedures in young immature 
permanent teeth it has been tried for use in adult 
teeth with closed apices. 
 

4.1 Traditional REP for Permanent Teeth 
with an Open Apex 

 

Traditional REP is performed by inducing 
bleeding into the canal by over-instrumentation in 
immature permanent teeth. 
 

4.2 REP Using Platelet Rich Plasma for 
Permanent Teeth with an Open Apex 

 

Liu et al. showed that PRP stimulates cell 
proliferation and differentiation of the dentin-pulp 
complex, which suggested that PRP could be 
used as a scaffold for pulp capping [47]. 
 

4.3 Rep for Adult Mature Permanent 
Teeth 

 

This procedure includes dental pulp and dentin 
regeneration in mature permanent teeth in 
adults. Broadly, there are 2 distinctive strategies 
for dental pulp and/or dentin regeneration in 
infected or traumatized mature permanent teeth 
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in adults. These include cell transplantation of ex 
vivo cultivated stem/progenitor cells and cell 
homing by molecules that recruit the patient’s 
resident cells [49]. 
 
In a series of case reports, Paryani K et al. and 
Saoud et al. used modified regenerative 

endodontic procedures to enhance the 
probability of pulp revascularization in mature 
necrotic teeth. The resolution of apical 
radiolucency and regression of clinical signs and 
symptoms along with ingrowth of new vital tissue 
into the chemo-mechanically debrided canals 
were observed at recall appointments [50-51]. 

 

  
 

 
 
Fig. 1. Traditional regenerative endodontic procedure for a permanent tooth with an open apex 

as outlined by American Association of Endodontics (AAE) [45] 
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Fig. 2. Regenerative endodontic procedure using Platelet Rich Plasma (PRP) for a permanent 

tooth with an open apex [48] 
 
The size of the apical foramen has been much 
stressed upon when attempting regeneration in a 
permanent tooth with closed apex. Cells such as 
fibroblasts, osteoblasts, cementoblasts and 
endothelial cells migrate through the apical 
foramen into the canal to produce PDL, bone, 
cementum, blood vessels in the canal space. 

Based on the size range of these cells (10-100 
microns), it is believed that they can easily 
migrate through an apical foramen of diameter 
lesser than 0.5 mm [46]. However, Fang et al. 
concluded that the highest success rate of REP 
is attained in apical diameters of 0.5-1 mm [52]. 
Further research is needed in this area to 
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determine if the size of the apical foramen 
actually influences the outcome of REP in teeth 
with closed apex.  
 

5. OUTCOME OF REGENERATIVE 
ENDODONTIC PROCEDURES 

 
For any clinical procedure, the challenge starts 
when we try to define what a successful outcome 
is. When results for revascularization procedures 
are considered, evidence of root formation and 
reestablishment of pulpal function is vital to 
measure the success of treatment [3]. 
 
Reports demonstrate that regenerative 
endodontics is a viable treatment option which 
has been described as a ‘paradigm shift’ that 
allows for continued root development, a return 
of vitality and health in formerly necrotic 
immature teeth [53]. Successful outcome of REP 
could mean different things in patient, clinician 
and researcher-centered perspective [54]. 
 

5.1 Patient-based Outcomes 
 
Criteria of treatment success for clinicians and 
researchers may not always meet the needs and 
desires of the patients. Outcomes need to focus 
more on patient satisfaction as they are the 
primary contributors for their own health and we 
need to respect patient autonomy. The following 
are patient-centered outcomes of REP. 
 
5.1.1 Resolution of symptoms  
 
When standardized treatment protocols for REPs 
and apexification procedures (MTA and Calcium 
hydroxide) were compared, REP and MTA plug 
apexification procedures were equally effective in 
resolving signs and symptoms of disease and 
survival over 18 months in 100% and 95% of all 
patients, respectively, whereas apexification 
procedures using calcium hydroxide were 
significantly less effective (77%) [10]. However, 
Alobiad et al. found REPs to promote healing in 
79% of patients treated, whereas apexification 
procedures promoted healing in 100% of the 
patients [55]. 
 
5.1.2 Survival of tooth 
 

From a patient’s perspective, an ideal treatment 
should result in increased functional life of the 
tooth. This is especially important when survival 
of an immature permanent tooth is considered, 
since early loss of a permanent tooth will not only 
cause malocclusion, but also impair craniofacial 

development. As mentioned earlier, REP has 
shown greater survival rate than MTA [10].  
 

5.1.3 Esthetics 
 

An important patient-centered outcome is 
preservation or restoration of esthetics. However, 
coronal staining may occur when TAP or MTA is 
used as an intracanal medicament. This staining 
is believed to be caused by minocycline, a 
constituent of TAP [56-58]. However, this coronal 
staining can be prevented by either using a 
dentinal adhesive to block dentinal tubules or by 
substituting minocycline with cefuroxime or 
Arestin [59]. 
 

5.2 Clinician-based Outcomes 
 
Clinicians base the success of treatment based 
on clinical and radiographic exam such as no 
pain, soft tissue swelling or sinus tract (between 
first and second appointments), resolution of 
apical radiolucency (6-12 months after treatment) 
and positive response to pulp sensitivity tests. 
 
5.2.1 Radiographic signs 
 
One of the primary clinician-centered outcomes 
is radiographic signs of resolution of apical lesion 
and continued root development. Increased width 
of root walls is generally observed before 
apparent increase in root length and often occurs 
12-24 months after treatment. In comparison to 
apexification, a significant increase in root canal 
length and width was seen in teeth treated with 
REP as compared to the teeth treated for MTA or 
Calcium Hydroxide Apexification [60-61]. Several 
studies have concluded that although REPs 
predictably promote healing of apical 
periodontitis in more than 90% of the cases, 
radiographic root development is far less 
predictable [23].  
 
5.2.2 Vitality response 
 
Positive response to pulp sensitivity test is 
considered to be a sign of pulp vitality [62]. Re-
establishment of pain perception indicates the 
presence of vital, vascularized tissues with 
normal physiological response. Clinicians have 
noted positive response to cold or electric pulp 
sensitivity testing in 60% of published cases [63]. 
 

5.3 Scientist/researcher-based Outcomes 
 

Scientist-based outcomes are the ones that are 
not directly related to clinical success of REP, but 
address difficulties in the procedure through 
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research, to promote substantial future advances 
in regenerative endodontics. 
 
5.3.1 Animal studies 
 
Several animal studies were conducted to 
determine the histological outcome of 
regenerative endodontic procedures. The effect 
of different combinations of stem cells, growth 
factors and scaffolds has been studied 
extensively on dog and ferret models [64-67]. All 
these studies showed formation of hard tissues 
at the apex and apical closure, however none of 
the studies showed true regeneration of the pulp-
dentin complex. It has been observed that           
the newly formed hard tissue appears              
cellular, atubular, hence resembling cementum 
[68].  
 
5.3.2 Histology 
 
According to a study conducted by Torabinejad 
et al. and Nosrat et al. on human immature 
permanent teeth using PRP, the tissues that 
grow into the root canals after regenerative 
endodontic procedures resemble periodontium, 
that is, fibrotic PDL, collagen fibres and 
cementum-like hard tissues [67,69]. However, no 
evidence of odontoblasts could be seen 
histologically. Nosrat et al. compared the 
histological sections of human immature 
permanent teeth using a novel hydroxyapatite 
scaffold and blood clot. All the specimens 
histologically showed dentin, dentin associated 
newly formed mineralized tissue, newly formed 
connective tissues and the PDL. However, none 
of the specimens showed pulp-like tissues [70]. 
 

6. FUTURE OF REGENERATIVE 
ENDODONTICS 

 

Regenerative procedures require more research 
as they have a potential to replace conventional 
root canal therapy in the future, provided a 
predictable, feasible and economical protocol 
can be developed for the same [10,71-73]. Since 
its onset over 40 years ago, several research 
advancements have been made in the field. 
These mainly include components of cell-based 
regenerative therapy and tissue engineering. 
Potential areas of research in the development of 
regenerative endodontics include. 
 

6.1 3-D Bioprinting 
 
Synthetic 3D scaffolds can be generated using a 
bioink, which is composed of blending printable 

alginate hydrogel with soluble and insoluble 
fractions of the dentin matrix [74]. It involves 
precise placement of cells into a soft scaffold as 
directed by a computer-aided design. The 
soluble dentin molecules of the matrix 
significantly enhance odontogenic differentiation 
of the mesenchymal stem cells encapsulated in 
these bioprinted hydrogels. Such bioprinting 
allows for precise and reproducible positioning of 
cellularized scaffolds, which can be useful to 
study cell interactions and the effect of cell 
organization on cell growth and function [74].  
 
6.1.1 Injectable scaffold 
 
This is a type of 3-D scaffold, composed of 
injectable hydrogel, which is placed in the root 
canal to provide a substrate for organized cell 
proliferation. To promote bone regeneration, 
calcium phosphate cement scaffolds have been 
used along with osteoinductive growth factors 
[75].  
 

6.2 Gene Therapy 
 
Gene therapy involves introducing specific genes 
into target cells, either to compensate for 
abnormal genetic material or to stimulate the 
natural biological process for regeneration of a 
desired tissue. These genes can be delivered 
using viral (adenovirus, lentivirus, herpes simplex 
virus) or non-viral (plasmids, peptides, DNA-
ligand complexes, liposomes) vectors, either ex 
vivo or in vitro [76,3]. The viral vectors are 
modified such that they do not cause disease but 
are capable to stimulate an infection. Gene 
therapy can be applied in regenerative 
endodontics by delivering mineralizing genes into 
the vital pulp cells of necrotic or symptomatic 
teeth [77]. The ex vivo therapy is preferred for 
stimulation of reparative dentin [78]. However, 
except for a research done by Rutherford in 2001 
using c-DNA encoded mouse BMP-7 [79], 
currently the knowledge based on this therapy is 
purely theoretical. Widespread clinical application 
of such therapy is yet to be developed 
considering the potential health hazard posed by 
the vectors in this therapy [80]. 
 

6.3 Vascular and Nervous Regeneration 
 
Pulp hemostasis is primarily regulated by its 
nervous and vascular supply. As mentioned 
earlier, stem cells like DPSCs and SHED have 
neurogenic potential. It is also demonstrated that 
members of the BMP family have beneficial 
effects on nerve regeneration. Pulp vasculature 
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is vital for proliferation and differentiation of stem 
cells [8]. Angiogenesis can be accelerated in an 
engineered tissue by slowly releasing growth 
factors like VEGF from the scaffold. Utilizing 
gene therapy along with VEGF and BMP can be 
potentially used in regeneration of pulp-dentin 
complex [81]. 
 

6.4 Bioengineered Tooth 
 
It is said that an organ can be bioengineered by 
reproducing the developmental processes during 
organogenesis [82]. Like tooth, several organs 
develop from interactions between epithelial and 
mesenchymal cells. Hence a bioengineered tooth 
can be developed in vitro by replicating the steps 
of development of a tooth germ. Ikeda et al. and 
Oshima et al. demonstrated in an adult mouse, 
that a fully functional bioengineered tooth can be 
achieved through the transplantation of a 
bioengineered tooth germ. This tooth, which was 
erupted and occluded, had the correct tooth and 
alveolar structure, hardness of mineralized 
tissues for mastication, and response to noxious 
stimulations in cooperation with tissues of oral 
and maxillofacial region [83-84]. Therefore, these 
bioengineered teeth can be used as a 
replacement for missing or lost teeth. 
 

7. LIMITATIONS 
 

7.1 Patient Co-operation 
 
REP is usually indicated for relatively young 
patients. Such patients are often nervous, 
frightened, or impatient. Further, when PRP is 
utilized for such procedures, venipuncture                      
is required. Hence, REP could be challenging                  
to perform if patient cooperation is compromised. 
 

7.2 Barriers in Stem Cell Transplantation 
 
Stem cell transplantation is a common practice in 
medicine, especially in the treatment of 
haematopoeitic disorders. However, extensive ex 
vivo culturing of mesenchymal stem cells is 
required, while ensuring proper protocols of 
isolation and expansion are followed. Lack of 
such affordable facilities and dental stem cell 
banking system, and the risks of immune 
rejection restricts the use of these cell-based 
therapies in clinical practice [85,86].  
 

7.3 Tooth Discolouration 
 

As mentioned earlier, coronal staining may occur 
when antibiotics pastes containing minocycline 

and bismuth oxide are used as an intracanal 
medicament [56-58]. Additionally, these materials 
show greater color change when they come in 
contact with blood [87]. 
 

7.4 Unpredictable Outcome 
 
The nature of tissue formed in the canal after 
REP remains unpredictable. According to studies 
conducted by Nosrat et al. and Torabinejad et al., 
the regenerated tissues resemble periodontium, 
rather than the pulp. However, Shimizu et al. 
showed the presence of pulp-like connective 
tissue after revascularization in more than one-
half of the canal [88]. Further, clinical trials 
involving long-term prognosis and impact of REP 
beyond 18 months are limited, and hence, 
unknown [89]. 
 

7.5 Lack of expertise 
 
Treatment of teeth with immature roots is 
challenging due to thin dentin walls, hence root 
fracture can easily occur during mechanical 
debridement.  Lack of both endodontic expertise 
and facilities involved in the handling of stem 
cells for clinical application of cell-based REP 
makes it a challenging technique currently. 
 

8. CONCLUSION  
 
Regenerative endodontic procedures provide a 
successful alternative for the treatment of 
necrotic teeth with open apex, by permitting 
continued root development. Several studies 
have demonstrated root development with high 
rates of resolution of clinical and radiographic 
signs and symptoms upon treatment using REP. 
However, current clinical protocols of REP foster 
repair rather than regeneration. Moreover, the 
resemblance of the regenerated tissue to a 
healthy pulp-dentin complex is debatable.  
 

No matter how theoretically correct these clinical 
attempts are, their outcome will be variable due 
to multifactorial reasons like practitioner skill and 
variation, severity of the disease, patient’s 
intrinsic response, and case selection. Although 
regenerative endodontics has a promising 
potential to be an effective biological approach to 
restore the vitality of teeth, additional research 
and clinical trials are required to develop clinical 
applications and outline predictable outcomes for 
the procedure. Upon significant research, over 
time, regenerative endodontics may open doors 
to a wide range of possibilities of dental tissue 
regeneration. 
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