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ABSTRACT
Pulpal necrosis resulting from carious destruction, traumatic injury, or polymicrobial endodontic
infection affects millions of patients globally. Conventional endodontic therapy, while effective,
affects the tooth biologically by disturbing the neurovascular pulp complex. The emergence of
regenerative endodontics and whole-tooth bioengineering acts as an alternative towards biological
restoration of the pulp-dentin complex. Existing clinical trials on pulp regeneration are largely based
on small sample sizes, short follow-up durations, and absence of standardized histological outcome
criteria. The biological difference between true pulp regeneration and non-specific revascularization
remains inadequately studied in majority of protocols. Growth factor delivery systems reported in
the literature lack long-term pharmacokinetic data within the root canal microenvironment, and
scaffold biomaterial studies are predominantly restricted to in vitro or short-term settings without
longitudinal functional assessment. A comprehensive narrative review of peer-reviewed literature
was conducted using PubMed, Scopus, and Web of Science databases, encompassing publications
from 2000 to 2024. Search terms included "dental pulp regeneration," "dental stem cells," "tooth
bioengineering," "regenerative endodontics," "scaffold biomaterials," and "clinical trials pulp
revascularization." A total of 54 articles were critically studied, including in vitro studies, animal
model investigations, and human clinical trials. The review provides a comprehensive, critical study
on the current evidence on dental pulp regeneration and whole-tooth bioengineering. It removes the
distinctions between pulp revascularization and pulp regeneration, and evaluate the odontogenic,
angiogenic, and neurogenic potential of documented stem cell populations including DPSCs, SHED,
SCAP, and periodontal ligament stem cells.
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  Regenerative dentistry has emerged as an alternative for
restoring the functional properties of dental tissues. Under this
practice, dental pulp regeneration focuses on re-establishing a
vital, vascularized, and innervated pulp-dentin structure using
stem cells, growth factors, and biomaterial scaffolds. Whole-
tooth bioengineering presents an advanced method that
regenerates an entire functional tooth through the
recapitulation of embryonic tooth development processes. This
involves the interaction of epithelial and mesenchymal stem
cells, biomimetic scaffolds, and morphogenetic signalling
pathways  to  generate  bioengineered  tooth  units  capable  of 

Oral diseases act as a major global health concern and is
recognized as major contributor to the total percentage of
non-communicable diseases. Dental caries and their sequelae,
including pulpitis and periapical pathologies, represent the
primary causes of dental morbidity and tooth loss. The dental
pulp plays a major role in maintaining tooth vitality through
sensory, immunological, and reparative functions. However, its
rigid dentinal walls limit its capacity to accommodate
inflammatory changes, making it vulnerable to irreversible
injury following microbial infiltration. Once the inflammatory
process exceeds the threshold of reversibility, progressive
degeneration of the pulp continues in necrosis [1].

  Endodontic diseases are generally microbial in origin, with
dental caries identified as the major factor. Progressive carious
lesions help bacterial penetration into the pulp chamber,
triggering inflammatory responses. Epidemiological evidence
mentions pulpal and periapical diseases for a major proportion
of dental treatments globally [2].

  The global burden of oral diseases remains high despite
developments in preventive and therapeutic strategies.
According to the World Health Organization (WHO),
approximately 3.5 billion individuals were affected by oral
diseases in 2019, with untreated dental caries alone impacting
nearly 2.5 billion people worldwide. Also, severe periodontal
disease affects approximately 1 billion individuals, while
complete  tooth  loss (edentulism)  is  reported  in  nearly 350 

million people globally [3]. Tooth loss increases with age, with
global estimates indicating that approximately 7% of adults and
up to 23% of individuals aged over 60 years undergo complete
tooth loss. These outcomes are culminative effects of chronic
oral pathologies, including untreated caries and pulp-related
infections [4]. Studies report that irreversible pulpitis and
chronic apical periodontitis register for approximately 34-35%
of diagnosed endodontic conditions, making them the most
common pathologies. Also, systematic analyses indicate that
more than 50% of adults worldwide have undergone at least
one endodontic treatment, reflecting the widespread
occurrence of pulp-related diseases [5,6]. The number of
dental caries continues to rise affecting 2.24 billion individuals
globally, with projections suggesting further increases due to
population growth and aging [7]. 
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integration and function within the oral cavity. While pulp
regeneration has progressed into early clinical trials, whole-
tooth bioengineering remains largely confined to preclinical
and experimental models [8].

 Earlier, substantial research had been directed toward
understanding the biological mechanisms for dental tissue
regeneration. Mesenchymal stem cells derived from dental
tissues, including dental pulp stem cells (DPSCs), stem cells
from human exfoliated deciduous teeth (SHED), and stem cells
from the apical papilla (SCAP), have demonstrated potential for
odontogenic differentiation and tissue regeneration. These
cells show properties such as self-renewal, multilineage
differentiation, and immunomodulation, making them suitable
candidates for regenerative applications [9].

   With stem cells, growth factors such as vascular endothelial
growth factor (VEGF), bone morphogenetic proteins (BMPs),
and transforming growth factor-beta (TGF-β) play crucial roles
in regulating angiogenesis, cell proliferation, and differentiation
during pulp regeneration. Biomaterials, including natural
polymers like collagen and synthetic polymers such as
polylactic-co-glycolic acid (PLGA), have been developed to
provide structural support and facilitate regulated delivery of
bioactive molecules [10].

   Recent studies have also explored cell-free approaches based
on endogenous cell homing, as well as advanced bio-
fabrication techniques such as three-dimensional bioprinting
to improve spatial organization and vascularization of
regenerated tissues. Clinical investigations, including early-
phase trials using autologous stem cells, have demonstrated
the formation of pulp-like tissue with evidence of
vascularization and innervation, indicating translational
potential [11].

  With whole-tooth regeneration, studies have successfully
demonstrated the formation of bioengineered tooth structures
in animal models through the recombination of epithelial and
mesenchymal cells. Developments in induced pluripotent stem
cell (iPSC) technology and gene editing tools such as CRISPR-
Cas9 have further expanded the opportunities for generating
patient-specific dental tissues. However, these methods
remain in early developmental stages, with challenges related
to morphological control, vascular integration, and functional
eruption [12].

    Despite progress in regenerative dentistry, its routine clinical
application is still limited due to the lack of predictable and
functional regeneration of the pulp–dentin complex,
particularly in achieving reliable vascularization. Traditional
endodontic treatments are effective in removing infections but
do not restore the biological functions of the dental pulp.
Regenerative methods show variable outcomes and limited
control over tissue organization and integration. These
challenges are controlled by difficulties associated with stem
cell use, including sourcing, handling, and safety concerns, as
well as the inability to replicate the natural structure and
function of dental tissues in whole-tooth engineering. This
review aims to examine the current biological and
technological developments in dental pulp regeneration and
tooth bioengineering, with a focus on understanding the
factors that affect treatment predictability and functional
success. By analysing evidence from both preclinical and
clinical studies, this review intends to identify existing gaps and 

Stem cell sources

Mesenchymal stem cells derived from dental tissues play a
central role in regenerative endodontics due to their capacity
for self-renewal and multilineage differentiation. Dental pulp
stem cells (DPSCs), stem cells from human exfoliated
deciduous teeth (SHED), and stem cells from the apical papilla
(SCAP) are extensively studied. DPSCs show the ability of
differentiation into odontoblast-like cells and contribute to
dentin formation, supporting pulp-dentin complex
regeneration [13]. SHEDs are characterized by a higher
proliferative rate and enhanced angiogenic potential compared
to DPSCs, suitable for rapid tissue regeneration [14]. SCAP,
located in the apical region of developing teeth, presents
strong odontogenic differentiation capacity and are important
in root development and maturation. However, the clinical
applicability of these cells is influenced by factors, including
the availability of donor tissue, ex vivo expansion requirements,
and variability in biological performance. Donor-related factors
such as age affect stem cell function, with reduced proliferative
and differentiation potential observed in cells derived from
older individuals [15].

Biological Structures of Dental Pulp Regeneration

Growth factors and molecular signalling pathways

Growth factors are essential regulators of cellular behaviour
during dental pulp regeneration, influencing angiogenesis, cell
migration, and differentiation. Vascular endothelial growth
factor (VEGF) plays a key role in promoting angiogenesis, which
is required for the survival and integration of regenerated pulp
tissue. Bone morphogenetic proteins (BMPs), particularly BMP-
2 and BMP-7, are involved in odontoblastic differentiation and
reparative dentin formation. Basic fibroblast growth factor
(bFGF) supports cell proliferation and tissue repair, while
transforming growth factor-beta (TGF-β) regulates
extracellular matrix formation and cellular differentiation.
These signalling molecules act through molecular pathways
coordinating tissue regeneration. Controlled delivery of growth
factors remains a challenge, as rapid degradation and diffusion
limits their therapeutic effectiveness. So, various delivery
systems such as hydrogels and nanoparticle-based carriers
have been developed for sustainable release [16].

Biomaterials and scaffold design

Scaffolds are a fundamental component of regenerative
endodontics, providing a three-dimensional framework that
supports cell attachment, proliferation, and tissue formation.
These materials are classified into natural, synthetic, and
hybrid scaffolds. Natural scaffolds such as collagen and fibrin
closely resemble the native extracellular matrix and promote
cell adhesion and biocompatibility [17]. Synthetic polymers,
polyglycolic acid (PGA) and polylactic-co-glycolic acid (PLGA),
offer advantages such as controlled degradation rates and
mechanical strength but may lack bioactivity. Hybrid and
biomimetic scaffolds, such as decellularized dental pulp matrix
(DDPM), combine structural and biochemical cues that closely
mimic the natural pulp environment, enhancing regenerative
potential. An ideal scaffold should have key properties
including  biocompatibility,  appropriate  porosity,  and 

guide future research toward developing clinically applicable
regenerative therapies.
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Cell-based regeneration

maintaining cell viability and promoting differentiation. The
ability to control spatial distribution of cells and materials
allows for the creation of organized tissue structures that
closely mimic the natural pulp–dentin interface. Bioprinting
improves cell-cell and cell-matrix interactions, which are
essential for functional tissue regeneration. Strategies to
promote vascularization, such as incorporating endothelial
cells or angiogenic growth factors, are being explored to
improve nutrient diffusion and tissue survival [21].

controlled degradation kinetics to match the rate of tissue
formation [18] (Table 1).
Table 1. Biomaterials used in regenerative dentistry.

Clinical UseMaterial Type Examples

Pulp regeneration, periodontal
scaffolds

Hydrogels GelMA, Alginate

Bone regeneration, ridge
augmentation

Bioactive
Ceramics

Hydroxyapatite,
β-TCP

Bone and periodontal tissue
repair

Composite
Scaffolds

PCL–Collagen,
PLGA–HA

Pulp angiogenesis, immune
modulation

Exosomes DPSC-derived
exosomes

Tooth bud engineering, complex
tissue regeneration

3D Bioprinted
Constructs

DLP-based,
FDM-based
constructs

Strategy for Dental Pulp Regeneration

Cell-based regenerative method involves the transplantation of
stem cells into the disinfected root canal space to promote the
regeneration of a functional pulp–dentin complex. This utilize
either autologous stem cells, derived from the same patient, or
allogenic stem cells, obtained from donor sources. Autologous
transplantation is preferred due to its reduced risk of immune
rejection and better biological compatibility but is limited by
the availability of suitable donor tissue and the need for ex vivo
cell expansion. Allogenic stem cells offer advantages in
accessibility and scalability but may pose risks related to
immunogenicity and disease transmission. The mechanism of
pulp-dentin complex regeneration involves the differentiation
of transplanted mesenchymal stem cells into odontoblast-like
cells, along with the formation of vascular and neural networks
within the regenerated tissue. These are supported by
signaling molecules and the local microenvironment, which
together facilitate tissue organization and functional
integration [19].

Cell homing

Cell-free regenerative strategies are based on endogenous cell
homing, where bioactive molecules are used to recruit host
stem/progenitor cells into the root canal space to facilitate
tissue regeneration. This approach eliminates the need for
direct cell transplantation and depends on intrinsic
regenerative capacity. Molecules such as stromal cell-derived
factor-1 (SDF-1), vascular endothelial growth factor (VEGF), and
basic fibroblast growth factor (bFGF) are incorporated into
scaffolds or hydrogels to promote cell migration, proliferation,
and differentiation. These factors form chemotactic gradient
that directs endogenous stem cells toward the site of injury,
thus initiating tissue repair [20].

Advanced bio-fabrication

Developments in bioengineering have introduced three-
dimensional (3D) bioprinting as an alternative for dental pulp
regeneration. This technique ensures precise fabrication of
tissue constructs by depositing cells and biomaterials layer-by-
layer to replicate the complex architecture of native pulp
tissue. Bioink composition is a critical factor in 3D bioprinting
and typically includes a combination of stem cells, hydrogels
(such as gelatin methacrylate or collagen), and bioactive
molecules. These components provide structural support while 

Bioengineered Teeth

Tooth germ engineering

Tooth germ engineering is based on developmental biology, the
processes that control natural tooth formation during
embryogenesis. Tooth development is regulated by reciprocal
interactions between oral epithelial cells and neural crest–
derived mesenchymal cells, which control cell proliferation,
differentiation, and morphogenesis. These interactions are
required for the formation of enamel, dentin, and supporting
structures. Experimental methods are performed to combine
the dissociated epithelial and mesenchymal cells to form
bioengineered tooth germ constructs. Preclinical studies have
demonstrated that such constructs, when transplanted into
animal models, can develop into tooth-like structures with
dental tissues, enamel, dentin, and pulp [22].

Induced Pluripotent Stem Cells (iPSCs)

Induced pluripotent stem cells (iPSCs) are produced through
reprogramming of somatic cells into a pluripotent state by
specific transcription factors. This process helps acquire
embryonic stem cell-like properties, like the ability to
differentiate into multiple cell lineages. iPSCs have been
studied as a potential source of both epithelial and
mesenchymal components for tooth development. Studies
have proved that iPSCs can be used to differentiate into dental-
related cell types, including odontoblast-like and ameloblast-
like cells. This provides a significant advantage over
mesenchymal stem cells (MSCs), which are generally limited to
mesenchymal lineages and lack the ability to generate
epithelial components necessary for complete tooth formation
[23].

Scaffold-free and organoid-based methods

Scaffold-free method involves use of self-organizing cell
systems, referred to as organoids. These depend on the
intrinsic ability of stem cells to undergo spatial organization
and differentiation that mimics natural tissue development. In
dental applications, organoid-based models have been used to
generate tooth-like structures by interactions between
epithelial and mesenchymal cell populations. One of the major
advantages of scaffold-free approaches is their ability to
replicate the native microenvironment and cellular interactions
observed during tooth development. This reduces the
dependence on artificial scaffolds and allows for tissue
formation. But issues in controlling the size and shape of the
resulting structures, limited reproducibility during
experiments, and inadequate vascularization, affecting nutrient
diffusion and long-term tissue viability are some major
limitations [24].

Gene editing and molecular engineering
Gene editing processes, particularly CRISPR-Cas9, have
introduced  new  domains  for  targeted  modification  of genes 
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integration. Another major challenge is forming functional
integration with surrounding tissues, including alveolar bone,
periodontal ligament, and neural networks [29].

involved in tooth development and regeneration. It ensures
precise editing of specific DNA sequences, allowing for the
activation or suppression of genes that regulate odontogenesis.
Major genes involved in tooth development include Pax9, Msx1,
and BMP4, which play critical roles in early tooth
morphogenesis and differentiation. Mutations or dysregulation
of these genes are linked with developmental abnormalities.
Thus, gene editing aims to improve the regenerative capacity
of stem cells and improve the efficiency of bioengineered tooth
formation. With its potential, the gene editing application in
regenerative dentistry is associated with ethical and
translational concerns. These include the risk of off-target
effects, unintended genetic modifications, and long-term
safety measures [25].

Clinical trials in dental pulp regeneration

Clinical Trails and Human Study

Clinical trials of dental pulp regeneration developed from
preclinical models to early-phase human trials, focused on
stem cell–based regenerative strategies. Most clinical studies
have used autologous DPSCs under controlled laboratory
conditions and transplanted into disinfected root canals along
with scaffolds and growth factors. These studies are typically
designed as pilot or phase I/II trials for evaluating safety,
feasibility, and preliminary efficacy. Regenerated pulp-like
tissue has shown evidence of vascularization and innervation,
which are required for restoring pulp vitality [26]. Clinical
studies have reported positive responses to electric pulp
testing, indicating functional sensory recovery, with
radiographic evidence of dentin formation and tissue
organization within the root canal. MRI studies have also
shown that regenerated tissue provides characteristics like
native pulp, resulting in successful tissue integration.
Preclinical and translational studies further support the
findings, demonstrating that stem cell transplantation results
in the formation of vascularized and innervated pulp tissue.
Angiogenesis and neurogenesis are considered critical as they
support nutrient supply, immune defence, and sensory
function within the regenerated tissue. Comparative analysis of
available clinical trials indicates that outcomes are favourable
in safety and initial functional recovery, but the sample sizes
remain small, and long-term follow-up data are limited [27].

Bioengineered teeth in preclinical models

Whole-tooth bioengineering remains in the preclinical stage,
with most studies conducted in animal models. Experimental
approaches have successfully demonstrated the generation of
bioengineered tooth structures through the recombination of
epithelial and mesenchymal cells, followed by transplantation
into host tissues. These studies have shown that bioengineered
tooth units can develop organized structures, including
enamel, dentin, pulp, and periodontal ligament, and in some
cases, exhibit eruption and functional integration within the
oral environment [28]. Transplantation of bioengineered tooth
germs in murine models has demonstrated the formation of
structurally and functionally comparable teeth, capable of
responding to mechanical stimuli and participating in
occlusion. These findings highlight the potential of
developmental biology–based approaches for complete tooth
regeneration. But challenges remain in translating these
findings into human applications. One of the primary
limitations is the lack of precise control over tooth morphology
and size, which  is  critical  for  functional  and  aesthetic 

Challenges and Ethical Considerations

Immunological barriers

One of the primary challenges in regenerative dentistry is the
host immune response to transplanted cells and biomaterials.
MSCs are considered to have immunomodulatory properties,
but the use of allogenic stem cells may trigger immune
reactions, leading to reduced cell survival and compromised
regenerative outcomes. Immune rejection can result from
differences in major histocompatibility complex (MHC)
expression and host immune activation, mainly in inflamed or
infected environments [30].

Tumorigenicity

The potential for tumour formation is a critical concern in stem
cell–based regenerative therapies, particularly with the use of
iPSCs. Due to their high proliferative capacity and
pluripotency, iPSCs carry a risk of forming teratomas if
undifferentiated cells remain after transplantation. Also,
genetic and epigenetic changes during the reprogramming
process may lead to genomic instability and increase
oncogenic potential [31]. 

Regulatory and clinical approval

The clinical application of regenerative therapies is under strict
regulatory rules to ensure safety, efficacy, and quality. Stem
cell–based treatments are classified as advanced therapy
medicinal products (ATMPs) in many regions and must follow
with guidelines related to manufacturing, quality control, and
clinical testing. These regulations require good manufacturing
practice (GMP) standards, extensive preclinical data, and multi-
phase clinical trials before approval. But these requirements
create barriers to commercialization and clinical use. High
costs associated with cell processing, infrastructure
requirements, and regulatory approval processes restricts
accessibility and scalability [32].

Recent advances in regenerative medicine have shown the
potential of stem cell-free approaches, mainly those based on
secretomes and extracellular vesicles. Stem cell secretomes
consist of a complex mixture of growth factors, cytokines, and
signalling molecules that control the therapeutic effects of
stem cells. Exosomes play a major role in intercellular
communication and promote angiogenesis, cell proliferation,
and tissue repair. Exosome-based therapy has shown the
ability to induce pulp-like tissue formation and enhance
vascularization without direct cell transplantation. This offers
many advantages, like reduced risk of immune rejection,
elimination of tumorigenicity associated with live cells, and
simplified storage and handling requirements [33]. 

  The development of smart biomaterials provides a major
development in scaffold design for regenerative dentistry.
These are engineered to respond to environmental stimuli,
such as pH, temperature, or enzymatic activity, ensuring
controlled and site-specific delivery of therapeutic agents.
Hydrogels, nanoparticles, and composite materials are used to
release bioactive molecules, improving regenerative outcomes
and reducing the need for repeated interventions [34].
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Walsh D, Quigley R, Ekperuoh A, Duncan HF. Objectively
Diagnosing Pulpitis: Opportunities and Methodological
Challenges in the Development of Point-of-Care Assays. Int J
Mol Sci. 2025;27(1):355. 
https://doi.org/10.3390/ijms27010355

1.

  The use of artificial intelligence with bioengineering is
emerging as promising research to improve the design and
predictability of regenerative therapies. AI-based algorithms
can analyse large datasets to identify optimal scaffold
compositions, structural configurations, and treatment
parameters for tissue regeneration. AI-assisted scaffold
design helps development of customized biomaterials with
enhanced mechanical and biological properties [35].

Conclusion
Regenerative dentistry has developed significantly in recent
years, followed by stem cell biology, molecular signalling, and
biomaterial science. Evidence from preclinical and early clinical
studies supports dental pulp regeneration through the
regulated use of mesenchymal stem cells, growth factors, and
scaffold systems. These have proved the ability to restore the
biological features of the pulp-dentin complex, including
vascularization, innervation, and dentin formation, indicating
their potential for clinical application. But research gap exists
between the status of dental pulp regeneration and whole-
tooth bioengineering. Regenerative endodontic procedures,
particularly involving cell-based and cell-free strategies, have
moved into clinical trials and show promise as alternatives to
root canal therapy. But, whole-tooth engineering remains
experimental, with evidence from animal models. Future
developments in regenerative dentistry are expected to focus
on improving the predictability and safety of existing therapies,
as well as integrating emerging technologies such as stem cell-
free approaches, smart biomaterials, and gene-based
strategies. With continued research, regenerative methods
have the potential to transition from experimental applications
to routine clinical practices. This review examined the
biological foundations, present regenerative methods, and
clinical approach in both dental pulp regeneration and
bioengineered tooth development. By adding the study findings
from stem cell research, growth factor biology, scaffold design,
and emerging technologies, the review mentions the
differential translational status. Further research is required to
improve the predictability and safety of regenerative
procedures. Development of standardized clinical protocols,
long-term evaluation of treatment outcomes, optimization of
stem cell-free therapeutic strategies, and enhancement of
scaffold design for improved tissue integration are required. In
whole-tooth bioengineering, future studies should focus on
achieving precise control over tooth morphology, improving
vascular and neural integration.
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