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                                                                         Abstract                                                                                                                                                                                                 
Background: Regenerative endodontics represents an evolving field of dental research that aims to restore biological 
functions of the pulp–dentin complex through cell-based therapies, bioactive scaffolds, platelet concentrates, and 

molecular signaling strategies. Although regenerative endodontic procedures have demonstrated promising clinical 

outcomes, predictable restoration of functional pulp-like tissue and complete biological regeneration remain 
challenging. 

Objective: This scoping review aimed to map current evidence on regenerative endodontics in permanent teeth, 

focusing on biological strategies, translational advances, emerging technologies, and future research directions.  

Methods: A scoping review approach was adopted to examine the available literature on regenerative endodontic 
strategies. The review focused on stem cell-based approaches, including dental pulp stem cells and stem cells from 

the apical papilla; natural and synthetic scaffolds; platelet-derived biomaterials, particularly platelet-rich plasma and 

platelet-rich fibrin; bioactive molecules and growth factors; and emerging technologies such as injectable hydrogels, 
nanostructured biomaterials, decellularized extracellular matrix, extracellular vesicles, and three-dimensional 

biofabrication. Clinical, preclinical, experimental, and translational evidence was considered to characterize the 

current research landscape and identify major knowledge gaps. The review methodology was structured in accordance 
with established scoping review principles, with particular consideration of the methodological recommendations of 

the Joanna Briggs Institute (JBI) and the PRISMA Extension for Scoping Reviews (PRISMA-ScR). The literature 

search strategy was designed to identify relevant evidence across major biomedical and multidisciplinary databases, 

including PubMed/MEDLINE, Scopus, and Web of Science, subject to the availability and eligibility of relevant 
publications. 

Results: The available evidence demonstrates substantial progress in the development of biologically based 

regenerative strategies for permanent teeth. Stem cell populations, bioactive scaffolds, and platelet concentrates 
provide promising platforms for cellular recruitment, angiogenesis, odontogenic differentiation, and tissue repair. 

Growth factors and molecular signaling pathways further contribute to the regulation of cellular activity and tissue 

formation. Emerging biomaterial and biofabrication technologies offer opportunities to improve scaffold architecture, 

molecular delivery, and the spatial organization of regenerative constructs. However, considerable heterogeneity in 
experimental and clinical protocols, limitations in vascularization and tissue integration, and insufficient histological 

confirmation of regenerated pulp tissue continue to restrict clinical predictability. Furthermore, favorable clinical and 

radiographic outcomes do not necessarily indicate complete functional regeneration of the native pulp–dentin 
complex. 

Conclusion: Regenerative endodontics in permanent teeth is progressing toward increasingly sophisticated and 

biologically integrated tissue-engineering approaches. Future research should prioritize standardized clinical 
protocols, improved vascularization and innervation, optimized cell–scaffold–signaling interactions, long-term 

clinical evaluation, and reliable histological and functional evidence of tissue regeneration. Translating experimental 

innovations into reproducible and clinically predictable therapies remains a central priority for the field. 
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 1.INTRODUCTION  

Regenerative endodontics has developed into an 

important area of contemporary endodontic research, 
shifting attention from conventional approaches based 

primarily on infection control and root canal 

obturation toward biologically oriented strategies 
intended to promote tissue repair and regeneration. 

Conventional treatment of immature permanent teeth 

with necrotic pulp can effectively control infection and 
periapical disease, but it does not restore the biological 

functions of the pulp–dentin complex or promote 

physiological continuation of root development. 

Regenerative endodontic procedures (REPs) were 
therefore developed to exploit the regenerative 

potential of residual apical tissues, endogenous 

progenitor cells, scaffolds, and biological signaling 
within the root canal environment 2,3,13. The clinical 

rationale is particularly relevant for immature 

permanent teeth, in which continued root maturation 
and reinforcement of thin dentinal walls may improve 

the long-term structural prognosis of the tooth 2,3,20. 

The biological basis of regenerative endodontics is 

closely related to the principles of tissue engineering, 
in which cells, scaffolds, and signaling molecules 

interact to promote tissue formation 4,7. Dental tissues 

contain several mesenchymal stem or progenitor cell 
populations with regenerative potential, including 

dental pulp stem cells (DPSCs), stem cells from the 

apical papilla (SCAP), and periodontal ligament stem 

cells. DPSCs and SCAP have received particular 
attention because of their proliferative capacity, 

odontogenic differentiation potential, and ability to 

interact with extracellular matrix and biomaterial 
environments. Experimental research indicates that 

these cells can contribute to mineralized tissue 

formation and exhibit responses to biological signals 
relevant to dentin–pulp regeneration4,7,22. 

Nevertheless, the translation of cellular and tissue-

engineering findings into predictable clinical 

regeneration remains limited by challenges involving 
cell survival, differentiation, vascularization, 

inflammation, and integration with host tissues 4,7,22. 

Scaffolds represent a second major component of 
regenerative endodontic strategies. Within tissue-

engineering models, scaffolds provide a three-

dimensional microenvironment that can support cell 
adhesion, migration, proliferation, differentiation, and 

extracellular matrix deposition. Both naturally derived 

and synthetic biomaterials have been investigated, 

including collagen, fibrin-based matrices, 
extracellular matrix-derived materials, hydrogels, 

biodegradable polymers, and composite systems [6–

8]. Recent research has increasingly focused on 
injectable and bioactive scaffolds designed to adapt to 

the complex anatomy of the root canal while providing 

controlled biological signaling. However, no currently 

available scaffold fully reproduces the structural, 

vascular, neural, immunological, and biochemical 

complexity of the native pulp microenvironment 6,7. 
Biological scaffolds derived from blood and platelet 

concentrates have also become an important component 

of regenerative endodontic research. Blood clot, platelet-
rich plasma (PRP), and platelet-rich fibrin (PRF) are 

among the most frequently investigated scaffolding 

approaches in clinical regenerative endodontics 9–11,17. 
PRF provides a three-dimensional fibrin matrix 

containing platelets and leukocytes and can serve as a 

reservoir for multiple growth factors involved in 

angiogenesis, cell recruitment, proliferation, extracellular 
matrix formation, and wound healing. Clinical and 

systematic-review evidence suggests that platelet 

concentrates can provide favorable clinical and 
radiographic outcomes; however, currently available 

studies do not consistently demonstrate superiority of 

PRF or PRP over conventional blood-clot scaffolds for 
major clinical outcomes9–11. Moreover, substantial 

variation in preparation and application protocols 

complicates comparison between studies. Bioactive 

molecules constitute another major research domain 
within regenerative endodontics. Growth factors and 

extracellular matrix-derived signals regulate cellular 

recruitment, odontogenic differentiation, angiogenesis, 
mineralization, and tissue remodeling. Bone 

morphogenetic proteins (BMPs), transforming growth 

factor-beta (TGF-β), vascular endothelial growth factor 

(VEGF), fibroblast growth factors (FGFs), platelet-
derived growth factor (PDGF), and insulin-like growth 

factor (IGF) have been investigated because of their roles 

in tissue development and repair4,15. In particular, 
angiogenic signaling is considered essential because 

newly formed pulp-like tissues require an adequate 

vascular network for nutrient delivery, waste removal, 
and long-term tissue maintenance. Consequently, current 

tissue-engineering research increasingly combines 

signaling molecules with stem cells and biomaterial 

scaffolds rather than evaluating individual components in 
isolation 4,15. 

The field is also expanding toward emerging translational 

technologies. Three-dimensional biofabrication, 
nanostructured biomaterials, decellularized extracellular 

matrix, injectable hydrogels, extracellular vesicle-based 

approaches, and scaffold-free strategies have been 
investigated as potential methods for improving spatial 

organization, cellular signaling, controlled molecular 

delivery, and tissue maturation 27–39. These approaches are 

promising, but much of the available evidence remains 
experimental or early translational, and their clinical 

applicability, safety, reproducibility, and long-term 

outcomes require further investigation 19,27–39. 
An important characteristic of the regenerative 

endodontic literature is its substantial methodological 

diversity. Published evidence includes clinical trials, 

prospective and retrospective clinical studies, case series, 
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laboratory investigations, animal models, and 

translational tissue-engineering research. Existing 

systematic reviews have often concentrated on 
specific questions, such as the effectiveness of 

different intracanal scaffolds or platelet concentrates, 

rather than mapping the broader landscape of cellular, 
biomaterial, platelet-based, molecular, and emerging 

regenerative strategies 9–11,19,20. Recent systematic 

reviews have demonstrated generally favorable 
clinical and radiographic outcomes with different 

biological scaffolds but have also highlighted 

substantial heterogeneity and the limited availability 

of histological evidence confirming true pulp 
regeneration9–11. These findings emphasize the 

distinction between clinical healing or continued root 

development and complete functional regeneration of 
the native pulp–dentin complex. 

A scoping review methodology is therefore 

appropriate for systematically mapping this broad and 
heterogeneous evidence base. Rather than focusing on 

the comparative effectiveness of a single intervention, 

a scoping review can identify the range of regenerative 

strategies investigated, characterize the types of 
evidence available, examine how cellular, biomaterial, 

platelet-based, and molecular approaches are being 

integrated, and identify knowledge gaps requiring 
further investigation12,18. This approach is particularly 

relevant to a rapidly evolving field in which 

experimental discoveries and translational 

technologies continue to emerge alongside established 
clinical regenerative procedures. 

Therefore, this scoping review aimed to map the 

current evidence on regenerative endodontics in 
permanent teeth, with particular emphasis on current 

biological strategies, translational advances, and 

future directions. Specifically, the review examined 
evidence concerning stem cell-based approaches, 

scaffold and biomaterial technologies, platelet 

concentrates including PRF, bioactive molecules and 

growth factors, and emerging regenerative 
technologies. By characterizing the existing evidence 

and identifying methodological and translational gaps, 

this review seeks to clarify the current state of 
regenerative endodontics and define priorities for 

future clinical and translational research. 

2. MATERIALS AND METHODS 

2.1. Study Design and Reporting Framework 

This study was designed as a scoping review to map 

the available evidence on regenerative endodontics in 

permanent teeth and to describe the biological 
strategies, materials, cellular approaches, and 

emerging technologies investigated in this field. A 

scoping review design was considered appropriate 
because the literature on regenerative endodontics 

includes a wide range of evidence, from clinical 

studies and case series to laboratory, experimental, and 

translational 

The review methodology was based on the 

recommendations of the Joanna Briggs Institute (JBI) for 

scoping reviews. The review process included 
formulation of the review question, definition of 

eligibility criteria, identification of relevant evidence, 

study selection, data charting, and descriptive synthesis of 
the available evidence 18. 

The reporting of the review followed the Preferred 

Reporting Items for Systematic Reviews and Meta-
Analyses extension for Scoping Reviews (PRISMA-ScR) 
12. The PRISMA-ScR framework was used to ensure 

transparent reporting of the search, screening, eligibility 

assessment, and inclusion of evidence sources.  

2.2. Review Question 

The review was guided by the following question: 

What is the current evidence regarding regenerative 
endodontic procedures in permanent teeth, and which 

biological, cellular, biomaterial, and molecular strategies 

have been investigated to support pulp–dentin complex 
regeneration? 

The review focused particularly on five areas: 

1. stem cell-based regenerative approaches;  

2. scaffolds and biomaterial-based strategies;  
3. platelet concentrates, particularly platelet-rich 

fibrin (PRF);  

4. bioactive molecules and growth factor-mediated 
regeneration; and  

5. emerging technologies and potential future 

applications in regenerative endodontics.  

2.3. Eligibility Criteria 
Eligibility criteria were defined according to the 

Population–Concept–Context (PCC) framework 

recommended for scoping reviews 18. 
Population 

The population of interest comprised permanent teeth 

evaluated in relation to regenerative endodontic 
procedures or biological approaches relevant to pulp–

dentin regeneration. Particular attention was given to 

immature permanent teeth with pulp necrosis and 

incomplete root development. Experimental and 
translational studies investigating biological mechanisms 

applicable to permanent teeth were also considered. 

Concept 
The primary concept was regenerative endodontics, 

including biological approaches intended to promote 

repair or regeneration of the pulp–dentin complex. 
The following interventions and research areas were 

considered relevant: 

• regenerative endodontic procedures;  

• pulp regeneration and revitalization;  
• dental-derived stem cells;  

• dental pulp stem cells (DPSCs);  

• stem cells from the apical papilla (SCAP);  
• natural and synthetic scaffolds;  

• tissue-engineering strategies;  

• platelet concentrates, including PRF;  

• growth factors and other bioactive molecules;  
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• extracellular matrix-based approaches;  

• regenerative biomaterials; and  

• emerging technologies relevant to endodontic 
tissue regeneration. 

Context 

Evidence from clinical, laboratory, experimental, and 
translational settings was considered eligible when the 

investigated approach was relevant to regenerative 

endodontics in permanent teeth or provided biological 
evidence directly applicable to pulp–dentin 

regeneration. 

2.4. Inclusion and Exclusion Criteria 

Studies were eligible for inclusion when they met the 
following criteria: 

• publication between January 2015 and June 

2026;  
• publication in the English language;  

• investigation of regenerative endodontic 

procedures or biological strategies relevant to 
permanent teeth;  

• clinical studies, case series, experimental 

studies with translational relevance, and laboratory 

investigations;  
• evaluation of one or more regenerative 

components, including stem cells, scaffolds, 

biomaterials, platelet concentrates, growth factors, 
bioactive molecules, or related biological 

mechanisms; and  

• availability of sufficient information to 

characterize the regenerative strategy and its reported 
outcomes.  

Studies were excluded when they: 

• focused exclusively on primary teeth;  
• investigated conventional root canal treatment 

without a regenerative component;  

• addressed regenerative dental procedures 
unrelated to endodontics;  

• were editorials, letters, conference abstracts 

without sufficient full-text information, or opinion-

based publications; or  
• did not provide sufficient information 

regarding the regenerative intervention or relevant 

biological or clinical outcomes.  
2.5. Information Sources and Search Strategy 

A literature search was conducted in four major 

electronic databases: 
• PubMed/MEDLINE;  

• Scopus;  

• Web of Science Core Collection; and  

• Cochrane Library.  
The search covered publications from January 2015 

through June 2026. 

The search strategy combined controlled vocabulary, 
where available, with free-text terms related to 

regenerative endodontics, tissue engineering, stem 

cells, scaffolds, platelet concentrates, and biological 

signaling. The principal search concepts included: 

“regenerative endodontics” OR “regenerative endodontic 

procedure*” OR “pulp regeneration” OR “pulp 

revitalization” OR “dental pulp stem cells” OR “stem 
cells from apical papilla” OR “SCAP” OR “DPSC” OR 

“tissue engineering” OR “scaffold*” OR “biomaterial*” 

OR “platelet-rich fibrin” OR “platelet concentrate*” OR 
“growth factor*” OR “bioactive molecule*” OR “pulp-

dentin complex” 

These terms were combined using the Boolean operators 
AND and OR, with appropriate adaptations for each 

database. 

Reference lists of included studies and relevant review 

articles were also examined manually to identify 
potentially eligible publications that might not have been 

retrieved through the electronic database search. 

2.6. Study Selection Process 
The study selection process was performed according to 

the principles of PRISMA-ScRfig1 
12. 

 
Figure 1. PRISMA-ScR flow diagram illustrating the 

study identification, screening, eligibility assessment, and 
final inclusion process. 

 

All records retrieved from the electronic databases were 

screened against the predefined eligibility criteria. 
Duplicate records were removed before screening. Titles 

and abstracts were then examined to identify studies 

potentially relevant to the review question. Records 
considered potentially eligible were subsequently 

assessed through full-text review. 

A total of 87 full-text articles were assessed for eligibility. 
Following application of the predefined inclusion and 

exclusion criteria, 42 studies were included in the final 

evidence synthesis. 

Study selection was performed independently by two 
reviewers. Disagreements were discussed between the 
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reviewers and resolved by consensus. When consensus 

could not be reached, a third reviewer was consulted. 

2.7. Data Charting Process 
Data were charted using a standardized data-charting 

form developed in accordance with the objectives of 

the review and JBI scoping review methodology [18]. 
The following characteristics were recorded for each 

included study: 

• first author and publication year;  
• country or geographical setting;  

• study design;  

• clinical, laboratory, animal, or translational 

setting;  
• sample characteristics;  

• type of permanent tooth or experimental 

model;  
• regenerative intervention;  

• stem cell source, where applicable;  

• scaffold or biomaterial characteristics;  
• use of platelet concentrates;  

• investigated growth factors or other bioactive 

molecules;  

• principal biological, radiographic, 
histological, or clinical outcomes;  

• main findings; and  

• limitations reported by the study authors.  
The data-charting form was reviewed during the 

extraction process and modified when necessary to 

ensure that relevant information from different types 

of evidence could be consistently recorded. 

2.8. Data Synthesis and Presentation 

Because the included evidence varied substantially in 

terms of study design, experimental model, 
regenerative protocol, biomaterial composition, 

outcome measures, and follow-up periods, a 

quantitative meta-analysis was not considered 
appropriate. 

Instead, the findings were synthesized descriptively 

and organized according to the major biological 

strategies identified across the literature. 
The evidence was grouped into five principal domains: 

1. Stem cell-based regenerative strategies, 

including approaches involving DPSCs, SCAP, and 
other dental-derived progenitor cells;  

2. Scaffold technologies and biomaterials, 

including natural, synthetic, composite, and bioactive 
scaffolds;  

3. Platelet concentrate-based strategies, 

particularly PRF and other autologous platelet-derived 

scaffolds;  
4. Bioactive molecules and growth factor-

mediated approaches, including signaling molecules 

involved in cellular recruitment, differentiation, 
angiogenesis, and mineralized tissue formation; and  

5. Emerging regenerative technologies, 

including advanced biomaterials, extracellular matrix-

based strategies, nanotechnology, biofabrication, 

extracellular vesicles, and scaffold-free approaches.  

The findings were presented using descriptive tables and 

narrative synthesis to provide an overview of the current 
state of regenerative endodontics and to identify areas in 

which evidence remains limited or heterogeneous. 

2.9. Methodological Quality Assessment 
A formal risk-of-bias or methodological quality 

assessment was not undertaken as a mandatory 

component of this scoping review. 
The purpose of the review was to map the breadth and 

characteristics of the available evidence rather than to 

determine the comparative effectiveness of specific 

interventions or calculate pooled treatment effects. 
Consistent with the objectives of a scoping review, the 

emphasis was therefore placed on identifying the types of 

evidence available, characterizing the regenerative 
strategies investigated, and identifying areas requiring 

further research [18]. 

Where relevant, important limitations reported by 
individual studies were recorded during data charting and 

considered when interpreting the overall evidence 

landscape. 

2.10. Ethical Considerations 
This study was based exclusively on previously published 

literature and did not involve recruitment of human 

participants, collection of new patient data, or 
intervention in humans or animals by the review team. 

Therefore, ethical approval was not required. 

 

3. RESULTS 

3.1. Study Selection Process 

The search strategy was designed to identify a broad range 

of evidence addressing regenerative endodontic 
procedures and biologically based approaches applicable 

to permanent teeth. The reporting framework followed the 

recommendations of Tricco et al. 12, while the overall 
methodological approach was consistent with current JBI 

guidance for evidence mapping 18. 

After removal of duplicate records, the remaining 

citations were screened by title and abstract according to 
the predefined eligibility criteria. Records that were 

clearly unrelated to regenerative endodontics, focused 

exclusively on primary teeth, addressed conventional 
endodontic treatment without a regenerative component, 

or did not provide relevant biological or clinical 

information were excluded at this stage. 
Potentially relevant articles were subsequently retrieved 

for full-text assessment. A total of 87 full-text articles 

were assessed for eligibility. Each article was evaluated 

against the predefined Population–Concept–Context 
criteria, with particular attention to the type of 

regenerative approach, population or biological model, 

and relevance to regeneration of the pulp–dentin complex. 
Following full-text assessment, studies that did not meet 

the eligibility criteria were excluded. The reasons for 

exclusion included lack of a relevant regenerative 

intervention, insufficient information concerning the 
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investigated biological strategy, an inappropriate 

study population or context, and failure to address 

outcomes relevant to regenerative endodontics. 
The included literature represented a broad range of 

research approaches, reflecting the multidisciplinary 

nature of regenerative endodontics. The evidence 
encompassed clinical investigations as well as 

experimental and translational studies addressing stem 

cells, scaffolds, biomaterials, platelet concentrates, 
signaling molecules, and tissue-engineering strategies. 

A major proportion of the clinical literature concerned 

immature permanent teeth with pulp necrosis and 

incomplete root development, which remain the 
principal clinical setting in which regenerative 

endodontic procedures have been investigated. At the 

same time, experimental studies examined more 
specific biological mechanisms, including stem-cell 

differentiation, angiogenesis, extracellular matrix 

formation, mineralization, and interactions between 
cells and biomaterials4,7,19,22. 

The methodological characteristics of the included 

studies were heterogeneous. Clinical studies, case 

series, laboratory investigations, and translational 
studies used different regenerative protocols, 

biological materials, outcome measures, and follow-

up periods. This heterogeneity was expected given the 
broad scope of the review and was taken into account 

during evidence synthesis. 

Five principal evidence domains were identified: 

1. stem cell-based regenerative strategies;  
2. scaffold and biomaterial technologies;  

3. platelet concentrate-based approaches;  

4. bioactive molecules and growth factor-
mediated regeneration; and  

5. emerging regenerative technologies.  

The principal characteristics of the included evidence 
are summarized in Table 1. 

Table 1. General Characteristics of the Included 

Studies 

Characteristic Summary 

Publication 

period 
2015–2026 

Number of 

included studies 
42 

Full-text articles 

assessed 
87 

Main study 

designs 

Clinical studies, case series, 
experimental and translational 

investigations 

Primary clinical 

population 

Permanent teeth, predominantly 

immature teeth with pulp necrosis 

Main biological 

strategies 

Stem cells, scaffolds, platelet 

concentrates, biomaterials, 

Characteristic Summary 

bioactive molecules, and emerging 
tissue-engineering approaches 

Main outcomes 

Root development, dentinal wall 
changes, apical closure, periapical 

healing, tissue formation, and 

biological responses 

Overall, the evidence showed a clear progression from 
conventional regenerative procedures based mainly on 

endogenous tissue recruitment toward more sophisticated 

strategies incorporating engineered scaffolds, cellular 

approaches, and controlled biological signaling. 
However, the diversity of study designs and outcome 

measures limits direct comparison across studies and 

supports the use of descriptive evidence mapping rather 
than quantitative pooling. 

3.2. Stem Cell-Based Regenerative Strategies 

Stem cell biology represented one of the central themes 

identified in the included literature. Current regenerative 
endodontic research is based on the concept that 

successful tissue regeneration requires a population of 

viable cells capable of responding to appropriate 
biological signals and contributing to tissue formation. 

Dental-derived mesenchymal stem cells have therefore 

received considerable attention because of their 
proliferative capacity and their ability to differentiate 

toward odontogenic and other relevant lineages 4,7,22. 

Among the cell populations investigated, dental pulp stem 

cells (DPSCs) and stem cells from the apical papilla 
(SCAP) were the most prominent. DPSCs have been 

extensively studied because of their capacity for 

proliferation, extracellular matrix production, and 
odontogenic differentiation. Experimental studies have 

shown that their behavior is strongly influenced by the 

surrounding microenvironment, including scaffold 

composition and the presence of signaling molecules 4,7,22. 
SCAP are particularly relevant to regenerative procedures 

involving immature permanent teeth because they are 

associated with the developing apical region. Their 
biological properties and odontogenic potential have 

made them an important target for regenerative strategies 

intended to support continued root development. The 
preservation of viable apical tissues is therefore 

considered an important component of endogenous 

regenerative mechanisms 7,22. 

The reviewed evidence also included studies involving 
periodontal ligament stem cells and other mesenchymal 

stem-cell populations. These cells demonstrated 

regenerative potential in experimental models, although 
their direct clinical application in regenerative 

endodontics remains less established than that of dental 

pulp-derived cells and SCAP. 
An important development in the field has been the shift 

from direct transplantation of cultured stem cells toward 

approaches designed to recruit and activate endogenous 

cells. This strategy is clinically attractive because it 
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avoids some of the technical and regulatory challenges 

associated with cell isolation, expansion, storage, and 

transplantation. Current regenerative procedures 
commonly rely on the biological potential of residual 

apical tissues and endogenous progenitor cells rather 

than routine transplantation of exogenous cells 4,7,19. 
The evidence nevertheless indicates that cell presence 

alone is insufficient to reproduce a functional pulp–

dentin complex. Regeneration requires an appropriate 
extracellular environment, adequate vascularization, 

molecular signaling, and interaction with the host 

tissue. Consequently, stem cells are increasingly 

investigated as one component of a larger regenerative 
system rather than as an isolated therapeutic 

intervention. Several limitations were also evident. 

Experimental studies used different cell sources, 
culture conditions, scaffolds, and differentiation 

protocols, making direct comparison difficult. 

Moreover, most evidence concerning sophisticated 
cell-based approaches remains preclinical or 

translational, and long-term clinical validation is 

limited 21,22. The principal cell populations identified 

in the reviewed literature are summarized in Table 2.                  

  Table 2. Stem Cell Populations Investigated in 

Regenerative Endodontics 

Stem cell 

population 

Main 

biological 

characteristics 

Potential 

regenerati

ve role 

Main 

limitation 

Dental 

pulp stem 

cells 

(DPSCs) 

Proliferative 
and 

odontogenic 

potential; 

interaction with 
extracellular 

matrix and 

biomaterials 

Dentin-

like tissue 
formation 

and pulp-

regenerati

on 
research 

Limited 
long-term 

clinical 

evidence 

and 
protocol 

heterogenei

ty 

Stem cells 

from the 

apical 

papilla 

(SCAP) 

Odontogenic 

potential; 
closely 

associated with 

developing 
immature roots 

Cell 

homing, 
continued 

root 

developme
nt, and 

tissue-

formation 
strategies 

Clinical 

protocols 

and 
biological 

outcomes 

remain 
heterogene

ous 

Periodonta

l ligament 

stem cells 

(PDLSCs) 

Mesenchymal 

differentiation 
and 

immunomodula

tory properties 

Experimen
tal 

regenerati

ve 
applicatio

ns and 

cell–

material 
studies 

Limited 

direct 
clinical 

endodontic 

evidence 

Bone 

marrow-

Broad 
multilineage 

Experimen
tal 

Limited 
direct 

Stem cell 

population 

Main 

biological 

characteristics 

Potential 

regenerati

ve role 

Main 

limitation 

derived 

mesenchy

mal stem 

cells 

potential pulp/denti

n tissue-

engineerin
g models 

clinical 

applicabilit

y 

Other 

dental-

derived 

progenitor 

cells 

Variable 

regenerative, 

migratory, and 

differentiation 
properties 

Experimen

tal 

regenerati

ve 
strategies 

and cell-

homing 
models 

Insufficient 

clinical 

evidence 

 

3.3. Scaffold Technologies and Biomaterial-Based 

Strategies 

Scaffold technology was another major evidence domain 
identified in the review. Scaffolds provide a three-

dimensional environment that can support cell 

attachment, migration, proliferation, differentiation, and 
extracellular matrix formation. Their role is therefore 

closely linked to the cellular and molecular components 

of regenerative endodontic therapy 6–8. 
The reviewed literature included natural, synthetic, 

injectable, and bioactive scaffold systems. Natural 

materials such as collagen and fibrin have attracted 

considerable interest because of their biocompatibility 
and ability to interact with cells. Synthetic polymers and 

composite materials have been investigated where greater 

control over mechanical properties, degradation, and 
scaffold architecture is required 6–8. 

Injectable hydrogels represent a particularly relevant 

development because they can adapt to the irregular 

anatomy of the root canal and permit distribution of cells 
or biological factors throughout the regenerative space. 

More advanced systems combine structural properties 

with controlled release of bioactive molecules, allowing 
scaffolds to function as biological delivery systems rather 

than simply as passive matrices 6,7,37. 

 A recent systematic review specifically examining 
hydrogel scaffolds further supports the growing interest 

in hydrogel-based pulp regeneration, although the 

evidence remains heterogeneous and predominantly 

experimental 37.  
Clinical evidence concerning intracanal scaffolds is 

encouraging but does not demonstrate a clear superiority 

of one scaffold over another. The 2023 systematic review 
and network meta-analysis found no significant 

differences among blood clot, PRP, and PRF with respect 

to several major clinical outcomes 9. 
Similarly, a 2024 systematic review and meta-analysis 

found high clinical success rates for blood clot, PRP, and 

PRF but did not identify statistically significant 

differences in the principal clinical and radiographic 
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outcomes 10. Importantly, histological evidence 

confirming formation of normal pulp tissue remained 

limited. This finding highlights the distinction 
between clinical/radiographic healing and true 

histological regeneration. 

The main scaffold categories identified in this review 
are presented in Table 3. 

Table 3. Scaffold Technologies and Biomaterials 

Investigated in Regenerative Endodontics 

Scaffold 

category 

Representati

ve materials 

Potential 

function 

Main 

limitation 

Natural 

scaffolds 

Collagen, 
fibrin, 

extracellular-

matrix 

derivatives 

Cell 

adhesion, 

migration, 

retention, 
and tissue 

organization 

Variable 

degradation, 

mechanical 

stability, and 
biological 

composition 

Synthetic 

scaffolds 

Biodegradabl

e polymers 
and 

composite 

materials 

Structural 

support and 

controlled 
degradation 

Lower 

intrinsic 

biological 
activity 

unless 

functionalize
d 

Injectabl

e 

scaffolds 

Hydrogels 

and injectable 

biomaterials 

Cell and 
bioactive-

factor 

delivery 
within 

complex 

root-canal 
anatomy 

Limited 

long-term 

clinical 
evidence and 

standardizati

on 

Bioactive 

scaffolds 

Growth-

factor-loaded 

or mineral-
releasing 

systems 

Cellular 
signaling, 

recruitment, 

differentiatio
n, and 

mineralizati

on 

Manufacturin

g, dose-

control, and 
reproducibilit

y challenges 

Composi

te 

scaffolds 

Natural–

synthetic 

hybrid 

materials 

Combined 

structural 

and 
biological 

support 

Predominantl

y 

experimental 

evidence 

 

 
Overall, the evidence indicates a transition from 

simple scaffold materials toward multifunctional 

biomaterials designed to provide structural support 

together with controlled biological signaling 6–8,35–39. 
 

3.4. Platelet Concentrates and Platelet-Rich Fibrin 

Platelet concentrates represented an important clinical 
component of the evidence base, particularly platelet-

rich fibrin (PRF) and platelet-rich plasma (PRP). These 

materials are attractive because they combine a biological 

matrix with locally available growth factors and can be 
prepared from the patient's own blood. 

PRF provides a fibrin matrix containing platelets and 

leukocytes and has been investigated as an intracanal 
scaffold intended to support cellular recruitment and 

tissue healing. The biological rationale for its use is 

related to the release of signaling molecules involved in 
angiogenesis, cellular proliferation, matrix formation, and 

wound healing. 

However, the clinical evidence should be interpreted 

cautiously. Available comparative studies do not 
consistently demonstrate that PRF is superior to the 

conventional blood-clot scaffold. The 2023 network 

meta-analysis found no significant differences between 
PRF, PRP, and blood clot in major clinical outcomes [9]. 

A 2024 systematic review and meta-analysis similarly 

reported favorable clinical outcomes for blood clot, PRP, 
and PRF without establishing clear superiority of one 

scaffold 10. The heterogeneity of the underlying trials and 

the limited histological evidence remain important 

considerations. 
More recent evidence continues to support the view that 

scaffold selection should be individualized rather than 

based on an assumption that PRF is universally superior 
11,23. 

Another source of heterogeneity is the lack of uniformity 

in PRF preparation. Differences in centrifugation 

protocols, preparation methods, and clinical application 
can influence the resulting fibrin architecture and cellular 

composition. These differences make direct comparison 

between studies difficult and emphasize the need for 
greater standardization. 

The principal biological characteristics of PRF are 

summarized in Table 4. 

Table 4. Biological Characteristics and Potential 

Functions of PRF 

Component 
Potential 

biological role 

Relevance to 

regeneration 

Fibrin matrix 

Three-

dimensional 
structural support 

and cell retention 

Provides a temporary 

matrix for cellular 
migration and tissue 

formation 

Platelet-

derived 

mediators 

Cell proliferation, 

migration, and 

matrix remodeling 

May support early 

tissue-healing and 

regenerative 
responses 

VEGF-

related 

signaling 

Angiogenic 
activity 

May support vascular 

development within 

regenerative tissue 

TGF-β-

related 

signaling 

Matrix formation 

and cellular 
regulation 

May influence tissue 

remodeling and 
differentiation 
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Component 
Potential 

biological role 

Relevance to 

regeneration 

Leukocytes 

Immune and 
inflammatory 

regulation 

May contribute to 

early wound healing 

and local biological 

signaling 

 
Overall, PRF appears to be a biologically active and 

clinically applicable scaffold, but current evidence 

does not justify presenting it as superior to blood clot 
or other commonly used scaffolds. 

3.6. Bioactive Molecules and Growth Factor-

Mediated Regeneration 

Bioactive molecules represented another major 
research domain. These molecules regulate cellular 

behavior and participate in processes such as 

differentiation, angiogenesis, extracellular matrix 
formation, and mineralization. Their investigation 

reflects a broader shift toward controlling the 

biological environment within the root canal rather 
than relying solely on spontaneous tissue repair. 

Among the molecules investigated, members of the 

transforming growth factor-beta family, vascular 

endothelial growth factor (VEGF), fibroblast growth 
factors (FGFs), bone morphogenetic proteins (BMPs), 

platelet-derived growth factor (PDGF), and insulin-

like growth factor (IGF) have received considerable 
attention 15. 

TGF-β is involved in extracellular matrix formation, 

cellular differentiation, and tissue remodeling. Dentin 
itself represents an important reservoir of biologically 

active molecules that can potentially be released 

during appropriate dentin conditioning procedures 5,15. 

VEGF has attracted particular interest because 
vascularization is essential for the survival and 

function of newly formed tissue. Experimental studies 

have therefore investigated angiogenic signaling as a 
means of improving vascular development within 

regenerative constructs. Similarly, FGFs and related 

molecules have been investigated because of their 

effects on cellular proliferation and tissue remodeling 
15,32. 

The evidence also suggests that growth factors are 

unlikely to function effectively as isolated agents. 
Their effects depend on concentration, timing, 

delivery system, and interaction with cells and 

extracellular matrix. For this reason, controlled-
release scaffolds and biomaterial-based delivery 

systems are increasingly being investigated 6,15. 

Despite their biological potential, growth factor-based 

therapies remain largely experimental. Important 
challenges include rapid degradation, dose 

optimization, controlled delivery, biological stability, 

and the need for additional clinical validation 15. 
The main classes of bioactive molecules identified in 

the reviewed literature are summarized in Table 5. 

Table 5. Bioactive Molecules and Their Potential Roles 

in Regenerative Endodontics 

Bioactive 

molecule/group 

Main biological 

role 

Potential 

relevance 

TGF-β family 

Matrix formation, 

cellular 

differentiation, and 
remodeling 

Regulation of 

pulp–dentin 

repair and tissue 
remodeling 

VEGF Angiogenesis 

Vascular 

development 

within 

regenerative 
tissue 

FGFs 

Cell proliferation 

and tissue 
remodeling 

Support of 

regenerative 

cellular 

responses 

BMPs 

Odontogenic 
differentiation and 

mineralization 

Dentin and hard-

tissue formation 

PDGF 
Cell migration and 
proliferation 

Tissue healing 

and extracellular-

matrix formation 

IGF 

Cell survival, 

proliferation, and 
matrix activity 

Tissue 

maturation and 
repair 

Dentin-derived 

matrix molecules 

Cell signaling and 

differentiation 

Endogenous 
regulation of 

pulp–dentin 

regeneration 

 

3.5. Emerging Regenerative Technologies 
The evidence base also included a smaller but rapidly 

developing group of studies investigating emerging 

regenerative technologies. These approaches included 
advanced hydrogels, nanostructured biomaterials, 

extracellular matrix-derived materials, extracellular 

vesicles, cell–material composites, scaffold-free systems, 
and biofabrication technologies 27–39. 

Recent reviews indicate that biomaterials research is 

increasingly focused on systems capable of combining 

structural support with biological activity. In particular, 
angiogenic hydrogels, bioactive composites, and 

controlled-release materials are being investigated as 

potential platforms for coordinating cell behavior and 
tissue formation 6,7,35,37. 

The available evidence suggests that these technologies 

may eventually permit more precise control of cell 
distribution, vascularization, molecular signaling, and 

tissue organization. However, most remain at the 

experimental or early translational stage. Their clinical 

relevance therefore cannot yet be established on the basis 
of the available evidence. 

A particularly relevant development is the use of 
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functionalized scaffolds for endogenous cell homing. 

Zhao et al. reported a G-CSF/laponite/collagen 

composite designed to induce homing of stem cells 
from the apical papilla for dental pulp regeneration 36. 

This represents a shift from simply providing a 

physical scaffold toward actively manipulating the 
regenerative microenvironment.  

Hydrogel-based systems represent another important 

emerging direction. Their capacity to mimic aspects of 
the extracellular matrix and deliver cells or signaling 

molecules makes them attractive for pulp tissue 

engineering 37. Recent systematic evidence supports 

their experimental potential but also emphasizes the 
need for standardized evaluation and clinical 

translation 37.  

Extracellular vesicles and exosomes are also being 
investigated as potential cell-free regenerative 

approaches30,34. Their ability to transfer biologically 

active molecules may allow some paracrine functions 
of stem cells to be reproduced without direct cell 

transplantation. However, substantial heterogeneity 

exists in isolation, characterization, dosage, and 

delivery, and clinical evidence remains limited. 
Scaffold-free strategies represent another emerging 

direction 39. These approaches attempt to generate 

tissue through cellular aggregates, cell sheets, 
spheroids, or self-organizing cellular structures rather 

than relying on an externally introduced scaffold. 

Their potential advantage is the avoidance of some 

limitations associated with scaffold degradation and 
foreign material interactions. However, reproducing 

the spatial organization of the pulp–dentin complex 

inside the narrow and irregular root canal remains 
challenging. 

Three-dimensional biofabrication may provide 

additional solutions by allowing greater control over 
scaffold architecture and spatial distribution of 

biological components [35]. These developments may 

eventually permit the creation of more physiologically 

organized regenerative constructs. 

3.8. Overall Evidence Mapping 

The evidence mapped in this scoping review 
demonstrates that regenerative endodontics has 

developed into a multidisciplinary field involving 

endodontics, stem cell biology, biomaterials science, 
tissue engineering, and molecular biology. The 

included studies consistently addressed several 

interconnected components of regeneration rather than 

a single therapeutic mechanism. 

The strongest body of clinical evidence concerned 
biological scaffolds and endogenous regenerative 

mechanisms in immature permanent teeth. Clinical 

studies generally reported favorable healing, root 
development, and apical changes following 

regenerative procedures. However, comparative studies 

have not established clear superiority of one commonly 

used scaffold over another. In particular, current evidence 
does not demonstrate a consistent clinical advantage of 

PRF or PRP over the conventional blood-clot scaffold 9–

11. 

A second major domain involved stem cells and cellular 
mechanisms. DPSCs and SCAP remain central to 

experimental regenerative research because of their 

odontogenic potential and ability to interact with 
biomaterial and molecular environments. Nevertheless, 

the clinical translation of direct cell-based therapy 

remains limited, and most current clinical regenerative 

procedures depend primarily on endogenous cell 

recruitment 4,7,21,22. 

Scaffold research has progressed from relatively simple 

biological matrices toward engineered systems designed 

to provide structural support together with controlled 
biological signaling. This development represents an 

important step toward tissue-engineered regeneration, 

although no currently available scaffold fully reproduces 

the complex microenvironment of native pulp tissue 6–8,35–

39. 

Bioactive molecules represent a further level of biological 

control. Experimental evidence supports the importance 

of TGF-β, VEGF, FGF, BMP, and other signaling 
pathways in tissue repair, angiogenesis, differentiation, 

and mineralization15,32. However, the clinical application 

of isolated growth factors remains limited, largely 

because of challenges related to delivery, stability, 

dosage, and standardization. 

Taken together, these findings suggest that future 

progress is unlikely to come from a single regenerative 

component. Instead, the field is moving toward integrated 
approaches in which cells, scaffolds, biological signals, 

vascularization, inflammation, and the host 

microenvironment are considered together 19. 

The principal evidence domains identified in this scoping 

review are summarized in Table 6. 

Table 6. Overall Evidence Map of Regenerative 

Endodontic Strategies 

Evidence 

domain 

Main 

findings 

Current 

limitations 

Future 

priorities 

Stem cell-

based 

strategies 

DPSCs 

and SCAP 

demonstrat

e 

important 

Limited 

clinical 

translation of 

direct cell 

therapy 

Improved 

endogenous 

cell 

recruitment 

and 
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Evidence 

domain 

Main 

findings 

Current 

limitations 

Future 

priorities 

regenerati

ve and 

odontogen

ic potential 

standardized 

cellular 

protocols 

Scaffolds 

and 

biomateri

als 

Natural, 

synthetic, 

injectable, 

and 

bioactive 

scaffolds 

can 

support 

regenerati

ve 

processes 

No scaffold 

fully 

reproduces the 

native pulp 

microenviron

ment 

Multifunctio

nal, 

biomimetic, 

and 

controlled-

release 

biomaterials 

Platelet 

concentra

tes 

PRF and 

PRP are 

clinically 

applicable 

biological 

scaffolds 

No consistent 

evidence of 

superiority 

over blood 

clot across 

major 

outcomes 

Standardize

d 

preparation 

and long-

term 

comparative 

clinical trials 

Bioactive 

molecules 

TGF-β, 

VEGF, 

FGF, 

BMP, and 

related 

pathways 

regulate 

regenerati

on 

Delivery, 

stability, 

timing, and 

dose remain 

challenging 

Controlled-

release and 

combination 

approaches 

Emerging 

technolog

ies 

Advanced 

hydrogels, 

composite

s, 

extracellul

ar vesicles, 

scaffold-

free 

systems, 

and 

biofabricat

ion show 

experimen

tal promise 

Limited 

human and 

long-term 

evidence 

Translation 

into 

standardized

, safe, and 

reproducible 

clinical 

protocols 

Overall, the evidence supports regenerative 

endodontics as a biologically promising approach for 
permanent teeth, particularly immature teeth with 

necrotic pulp. At the same time, the literature 

demonstrates that clinical healing, continued root 

development, and radiographic improvement should not 
automatically be interpreted as complete histological 

regeneration of a functional pulp–dentin complex. 

The main unresolved issues identified across the evidence 

base were methodological heterogeneity, differences in 
regenerative protocols, inconsistent scaffold preparation, 

variation in outcome assessment, and limited long-term 

confirmation of true tissue regeneration. Addressing these 
issues through standardized protocols and well-designed 

prospective clinical studies will be necessary before 

advanced regenerative strategies can be considered 

predictable treatments in routine endodontic practice. 

4. DISCUSSION 

The present scoping review demonstrates that 
regenerative endodontics has evolved considerably from 

the original concept of revascularization toward a broader 

biological approach to restoration of the pulp–dentin 
complex. Current research brings together endodontic 

infection control, stem and progenitor cell biology, 

biomaterials, scaffold engineering, platelet concentrates, 

molecular signaling, and tissue-engineering strategies. 
This development reflects a gradual change in the 

therapeutic objective: instead of focusing only on 

eliminating infection and achieving apical healing, 
regenerative endodontics increasingly aims to preserve or 

restore the biological functions of the tooth 2–4,13,19. 

The clinical relevance of this approach is particularly 

evident in immature permanent teeth with necrotic pulp. 

Conventional apexification can provide an apical barrier 
and control infection, but it does not necessarily 

reproduce the biological processes responsible for 

continued root development. Regenerative endodontic 
procedures may therefore offer an additional advantage 

by maintaining the potential for further root maturation 

and increasing dentinal wall thickness 2,3,13,20. Recent 
clinical studies continue to support favorable outcomes in 

appropriately selected immature teeth, although the 

magnitude and predictability of these changes remain 

variable20,21,23. 

An important issue emerging from the literature is the 
distinction between clinical healing, tissue repair, and true 

regeneration. Resolution of symptoms, periapical healing, 

apical closure, increased root length, or increased dentinal 
thickness are clinically meaningful outcomes, but none of 

these findings alone proves the formation of a normal, 

functional pulp–dentin complex 4,15,32.  

Consequently, the term “regeneration” should be 

interpreted carefully when clinical outcomes are assessed. 
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Stem and Progenitor Cells in Regenerative 

Endodontics 

Stem and progenitor cells remain central to the 

biological rationale of regenerative endodontics. 
Dental pulp stem cells and stem cells from the apical 

papilla possess proliferative, migratory, angiogenic, 

and odontogenic properties that make them important 
candidates for pulp–dentin regeneration 4,7,22. 

However, their behavior depends strongly on the 

surrounding microenvironment. The condition of 
dentin, inflammatory status, microbial contamination, 

availability of growth factors, and characteristics of 

the scaffold can all influence cell survival and 

differentiation. 

Recent research has increasingly emphasized 
endogenous cell recruitment rather than direct 

transplantation of expanded stem cells. This approach 

is attractive because it may reduce several technical, 
regulatory, and logistical problems associated with 

cell transplantation. Functionalized scaffolds can 

potentially provide biological signals that attract 

endogenous progenitor cells and direct their 
subsequent differentiation 35,36. The G-

CSF/laponite/collagen composite reported by Zhao et 

al. is an example of this direction, using a bioactive 
scaffold to promote homing of stem cells from the 

apical papilla 36.  

Direct stem-cell transplantation nevertheless remains 

an important experimental strategy. Systematic 

evidence indicates substantial biological potential, but 
clinical translation remains limited by difficulties 

related to cell isolation, expansion, delivery, survival, 

standardization, regulatory requirements, and long-

term safety 22. 

For this reason, endogenous cell-homing and cell-free 

approaches may prove more practical for future 

clinical applications. 

Dentin as a Regenerative Microenvironment 

The reviewed evidence also emphasizes that dentin 

should not be considered merely a passive structural 
component. Dentin contains extracellular matrix 

proteins and signaling molecules capable of 

influencing the behavior of progenitor cells. 
Experimental work demonstrated that dentin 

conditioning can affect cell fate during regenerative 

procedures 5. These observations remain relevant to 
contemporary regenerative protocols because the 

biological condition of the dentinal walls may 

influence cellular recruitment and differentiation. 

This issue is closely related to irrigation and 

disinfection. Effective microbial control is essential for 

regenerative treatment, but aggressive chemical exposure 

may negatively affect surviving cells and compromise the 
regenerative microenvironment. Recent systematic 

evidence evaluating the biocompatibility of irrigation 

solutions with dental-derived mesenchymal stem cells 
highlights the need to balance antimicrobial activity with 

preservation of cellular viability 26. Similarly, clinical 

evidence concerning microbial loads in traumatized 
immature teeth suggests that infection control remains an 

important determinant of regenerative treatment 

outcomes 25. 

Thus, disinfection should be regarded as an integral 

component of regeneration rather than simply a 
preliminary step. The objective is to reduce microbial 

burden sufficiently to permit healing while maintaining 

conditions that remain compatible with cellular activity 

and tissue formation 13,19,25,26. 

Scaffolds and Biomaterials 

Scaffold design represents one of the most active areas of 

regenerative endodontic research. An effective scaffold 

should provide an appropriate three-dimensional 

environment for cell attachment, migration, proliferation, 
differentiation, extracellular matrix deposition, and 

vascularization. Ideally, degradation should occur in 

parallel with tissue development rather than prematurely 

disrupting the regenerative process 6–8. 

The blood clot remains one of the simplest clinically 

available scaffolds. Platelet-rich plasma and platelet-rich 

fibrin subsequently attracted attention because they 

provide fibrin matrices together with biologically active 
mediators. A randomized clinical trial comparing blood 

clot, platelet-rich plasma, platelet-rich fibrin, and platelet 

pellet demonstrated the feasibility of using different 
biological matrices in regenerative procedures 17. More 

recent clinical research has continued to compare PRF 

with alternative matrices, including treated dentin matrix 
23. 

Systematic reviews and meta-analyses suggest that 
scaffold selection can influence clinical and radiographic 

outcomes, although the available evidence remains 

heterogeneous 9–11. The 2025 systematic review and meta-
analysis of biomaterial scaffolds further supports the 

importance of scaffold characteristics, while also 

demonstrating that no single material can currently be 

considered universally superior 11. 

The field is now moving beyond conventional fibrin and 

collagen matrices. Hydrogels are receiving increasing 

attention because they can provide a hydrated three-

dimensional environment and can be modified to deliver 
cells or biological signals 37. Recent systematic evidence 
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indicates considerable potential for hydrogel-based 

pulp regeneration, although clinical standardization 

remains insufficient 37.  

Functionalized scaffolds represent a further 
conceptual development. Rather than serving only as 

passive physical supports, these materials are designed 

to actively regulate cell recruitment and differentiation 
[35,36,38]. Such approaches may be particularly 

relevant to immature teeth because they can 

potentially exploit endogenous cells remaining around 

the apical region. 

Platelet Concentrates and Signaling Molecules 

Platelet concentrates remain clinically attractive 
because they are autologous, relatively accessible, and 

contain multiple growth factors. PRF provides a three-

dimensional fibrin network that can support cell 
migration and release biological mediators over time 
17,23. Nevertheless, differences in blood collection, 

centrifugation, preparation, and handling can 
substantially influence the characteristics of the final 

product. 

This variability represents an important 

methodological problem. PRF should not be regarded 

as a completely standardized biological material, and 
comparisons between studies should therefore take 

preparation protocols into account. Future clinical 

studies would benefit from reporting centrifugation 

parameters and preparation methods in greater detail. 

Growth factors and other signaling molecules have a 

complementary role in regenerative processes. They 

can regulate cell migration, proliferation, 

angiogenesis, odontogenic differentiation, and 
mineralization 15. However, tissue regeneration is a 

sequential process, and the biological effect of a single 

growth factor may not reproduce the complex 
temporal signaling environment of natural pulp 

development. 

For this reason, current research increasingly 

combines bioactive molecules with advanced 

biomaterials capable of controlled release. The goal is 
not simply to introduce a regenerative signal, but to 

provide the appropriate signal at the appropriate stage 

of tissue formation. 

Vascularization and Neural Regeneration 

One of the major challenges in regenerative 
endodontics is the development of a functional 

vascular and neural network. The dental pulp is highly 

vascularized and innervated, and therefore formation 

of mineralized tissue alone cannot be considered 

equivalent to complete pulp regeneration. 

Recent research has emphasized the angiogenic and 

neurogenic potential of dental-derived stem cells and their 
relevance to functional pulp regeneration 32. Adequate 

vascularization is necessary for cell survival and tissue 

maturation, while neural integration may contribute to 

sensory function and tissue homeostasis. 

This distinction has important implications for outcome 

assessment. Future regenerative studies should move 

beyond radiographic measurements and include 

biological indicators of vascularization, neural 
integration, odontogenic differentiation, and tissue 

organization whenever technically possible. 

Clinical Outcomes and the Influence of Apical 

Maturity 

Recent clinical studies provide growing evidence that 
regenerative endodontic procedures can produce 

favorable outcomes in immature permanent teeth. The 

Mahidol Study 2 identified treatment outcomes and 

prognostic factors associated with regenerative 
procedures, emphasizing that clinical results are 

influenced by characteristics of both the patient and the 

treated tooth 21. Similarly, retrospective clinical data from 
immature teeth affected by trauma or dens evaginatus 

indicate that regenerative treatment can provide favorable 

outcomes in appropriately selected cases 24. 

The systematic review and network meta-analysis by 
Sabeti et al. further supports the effectiveness of 

regenerative treatment in immature permanent teeth with 

pulpal necrosis, although differences between treatment 

protocols remain evident 20. 

The six-year follow-up reported by Biedma-Perea et al. 
provides valuable long-term clinical information and 

demonstrates that favorable outcomes can be maintained 

over an extended period in selected permanent incisors. 
Nevertheless, evidence from case reports cannot establish 

treatment efficacy at the population level and should 

therefore be interpreted cautiously. 

A particularly relevant recent development is the 

systematic review and meta-analysis by Zhan et al. 
40

, 
which specifically examined the association between 

apical maturity and clinical and biological outcomes after 

regenerative endodontic procedures. The study evaluated 
clinical success, tooth survival, complete apical closure, 

and pulp vitality recovery and further explored the 

relationship between apical foramen diameter and 

treatment outcomes.  
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These findings are important because they indicate 

that the initial anatomical condition of the apex may 

influence specific regenerative endpoints even when 
overall clinical success and tooth survival are 

favorable. Therefore, apical maturity should be 

considered not simply a descriptive radiographic 
characteristic but a potentially relevant prognostic 

factor when regenerative treatment is planned 40. 

Emerging Approaches in Tissue Engineering 

The current literature demonstrates a clear movement 

toward more sophisticated tissue-engineering 

strategies. Extracellular vesicles and exosomes are 
among the most promising emerging approaches. 

These biological particles can transport proteins, 

lipids, nucleic acids, and other signaling molecules 
and may reproduce important paracrine effects of stem 

cells. 

The recent literature provides increasing preclinical 

support for these approaches. However, the evidence 
remains largely experimental, and substantial 

heterogeneity exists in vesicle isolation, 

characterization, dosage, and delivery. Therefore, 

although extracellular vesicles may eventually provide 
a clinically attractive cell-free approach, their 

translation into routine endodontic treatment requires 

further investigation. 

Scaffold-free approaches represent another emerging 
direction. These strategies attempt to generate tissue 

through cellular aggregates, cell sheets, spheroids, or 

self-organizing cellular structures rather than relying 

on an externally introduced scaffold. Their potential 
advantage is the avoidance of some limitations 

associated with scaffold degradation and foreign 

material interactions. However, reproducing the 
spatial organization of the pulp–dentin complex inside 

the narrow and irregular root canal remains 

challenging. 

Biofabrication and advanced scaffold technologies 

may provide additional solutions. Three-dimensional 
fabrication can potentially allow precise control of 

scaffold architecture and spatial distribution of 

biological components 35. These developments may 
ultimately permit the creation of more physiologically 

organized regenerative constructs. 

The broader direction of the field is well illustrated by 

recent work emphasizing the transition from 
laboratory-based tissue engineering toward clinical 

translation. Shi et al. highlighted that successful 

clinical development will require simultaneous 

attention to residual infection, inflammation, 
biomaterials, cell-based approaches, exosomes, and 

the creation of appropriate immunomodulatory 

microenvironments. 

4.1. Scientific and Practical Significance 

The scientific significance of regenerative endodontics 

lies in its ability to connect fundamental research on stem 
cells, extracellular matrix biology, inflammation, 

vascularization, and biomaterials with a clinically 

important dental problem. The root canal represents a 
particularly demanding environment for tissue 

engineering because regeneration must occur within a 

confined anatomical space while the original tissue has 

been compromised by infection and inflammation. 

From a practical perspective, the greatest current clinical 
value of regenerative endodontic procedures is in selected 

immature permanent teeth with necrotic pulp. In these 

cases, preservation of the biological potential for 
continued root development may offer an advantage over 

treatment strategies that simply create an apical barrier 

without promoting further maturation. 

The potential for increased root length and dentinal wall 

thickness may be particularly important for long-term 
tooth preservation. Immature teeth with thin dentinal 

walls are structurally vulnerable, and continued 

development may improve their resistance to fracture. 
Nevertheless, these benefits should be considered 

potential advantages rather than predictable outcomes in 

every case. 

The current evidence also supports individualized case 
selection. Root maturity, apical anatomy, etiology of 

necrosis, microbial status, degree of inflammation, and 

the biological environment of the tooth can influence 

treatment response 20,21,24,25,40. Thus, regenerative 
endodontics should be understood as a biologically 

guided treatment strategy rather than a single 

standardized procedure. 

4.2. Limitations of Current Evidence 

Several limitations should be considered when 

interpreting the findings of this scoping review. 

First, the literature is characterized by substantial 
methodological heterogeneity. Studies differ in patient 

selection, tooth maturity, etiology of pulp necrosis, 

irrigation protocols, intracanal medications, scaffold 
materials, regenerative techniques, outcome measures, 

and follow-up periods 9–11,20,21. This variability makes 

direct comparison difficult and limits the possibility of 

identifying one universally optimal treatment protocol. 

Second, there is no universally accepted definition of 
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successful regeneration. Clinical healing, absence of 

symptoms, apical closure, increased root length, and 

increased dentinal thickness are frequently used as 
outcome measures, but these parameters do not 

necessarily demonstrate regeneration of a functional 

pulp 4,32,40. 

Third, long-term clinical evidence remains relatively 
limited. The six-year clinical observations reported by 

Biedma-Perea et al. are encouraging, but most 

available studies have shorter follow-up periods. 
Longer prospective studies are required to establish 

whether regenerated tissues remain stable and whether 

regenerative procedures provide superior long-term 

tooth survival. 

Fourth, variability in platelet-concentrate preparation 
represents an important limitation of PRF-based 

approaches. Differences in centrifugation and 

preparation protocols may affect biological properties 
and consequently contribute to inconsistent clinical 

findings. 

Fifth, many advanced regenerative strategies remain at 

the experimental or early translational stage. 

Exosomes, extracellular vesicles, functionalized 
scaffolds, hydrogels, scaffold-free systems, and 

biofabricated constructs have demonstrated promising 

biological effects, but their clinical safety, 
reproducibility, and long-term effectiveness have not 

yet been established. 

Finally, as a scoping review, the purpose of the present 

work was to map the available evidence rather than 

determine the comparative efficacy of individual 
interventions. The findings should therefore be 

interpreted as a synthesis of the current research 

landscape rather than as definitive recommendations 

for a specific regenerative protocol. 

4.3. Future Perspectives 

The future development of regenerative endodontics 

will likely depend on integrating several biological 

components rather than identifying a single optimal 

material or cell source. The most promising strategies 
are expected to combine effective but biologically 

compatible disinfection with endogenous or 

transplanted progenitor cells, suitable biomaterials, 
controlled molecular signaling, and mechanisms 

supporting vascular and neural development 3,4,19,41,42. 

Functionalized scaffolds are particularly promising 

because they can actively influence cellular 

recruitment and differentiation rather than simply 
providing structural support [35,36,38]. Hydrogels 

may provide another flexible platform for controlled 

delivery of biological factors, while scaffold-free 

approaches may offer an alternative route toward 

organized tissue formation [37,39]. 

Extracellular vesicles and exosomes may become 
important components of future cell-free therapies. 

Recent preclinical evidence indicates that extracellular-

vesicle-based interventions can enhance mineralization 
and angiogenesis, although the high heterogeneity among 

experimental studies currently limits direct clinical 

translation. 

Another important direction is personalized regenerative 

treatment. The findings concerning apical maturity 
suggest that the initial anatomical and biological 

condition of the tooth may influence specific regenerative 

outcomes. Future clinical protocols should therefore 
consider root development, apical diameter, microbial 

status, trauma history, and other patient- and tooth-

specific factors rather than applying identical protocols to 

all immature teeth. 

Artificial intelligence and digital technologies may 

eventually support this individualized approach by 

integrating radiographic, clinical, and biological 

information to estimate treatment prognosis and assist in 
material or protocol selection. At present, however, these 

technologies should be considered supportive tools rather 

than substitutes for biological evidence and clinical 

judgment. 

Future clinical research should prioritize adequately 

powered prospective trials, standardized regenerative 

protocols, objective outcome measures, and long-term 

follow-up. Particular attention should be given to 
distinguishing radiographic repair, continued root 

development, and functional pulp regeneration. 

Establishing internationally accepted definitions of 
regenerative success will be essential for improving 

comparability between studies. 

5. CONCLUSION 

Regenerative endodontics has developed from the 

original concept of revascularization into a 

multidisciplinary field involving stem and progenitor 
cells, biomaterials, scaffold engineering, platelet 

concentrates, molecular signaling, extracellular vesicles, 

and tissue-engineering technologies. The evidence 
reviewed in the present study supports its clinical 

relevance, particularly for immature permanent teeth with 

necrotic pulp, where preservation of tooth structure and 
continued root development are important therapeutic 

objectives. 

Current clinical evidence indicates that regenerative 

procedures can provide favorable clinical and 
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radiographic outcomes in appropriately selected teeth. 

However, these outcomes should not automatically be 

interpreted as complete regeneration of a normal pulp–
dentin complex. Restoration of organized vascular, 

neural, immunological, and odontogenic functions 

remains the major biological challenge. 

Recent evidence also indicates that the initial degree 
of apical maturity may influence individual 

regenerative outcomes, particularly complete apical 

closure and pulp vitality recovery, even when overall 
clinical success and tooth survival remain high [40]. 

This supports a more individualized approach to case 

selection and outcome assessment.  

The most promising future developments include 

functionalized scaffolds, endogenous cell-homing 
strategies, hydrogels, extracellular vesicles, scaffold-

free tissue engineering, and advanced biofabrication. 

These approaches may eventually provide greater 
control over the regenerative microenvironment than 

conventional blood-clot-based procedures. 

At present, regenerative endodontics should be 

considered a valuable treatment option for selected 

clinical situations rather than a universal replacement 
for conventional endodontic therapy. Its continued 

development will depend on high-quality clinical 

research, standardized protocols, long-term follow-up, 

and clinically meaningful definitions of regeneration. 

Overall, the field is moving toward a more biologically 

precise model of endodontic treatment in which 

infection control, preservation of endogenous 

regenerative potential, cellular signaling, 
vascularization, and tissue organization are considered 

as interconnected components of treatment. Continued 

collaboration between endodontists, stem-cell 
researchers, biomaterials scientists, and tissue 

engineers will be necessary to move regenerative 

endodontics from predictable biological repair toward 
reliable functional regeneration of the pulp–dentin 

complex. 
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