
446  |   	﻿�  Int Endod J. 2022;55(Suppl. 2):446–455.wileyonlinelibrary.com/journal/iej

INTRODUCTION

In recent decades, dentistry has witnessed great advances 
in knowledge and treatment options involving tissue en-
gineering and tissue regeneration strategies. Among the 
areas that have benefited from these advances, endodon-
tics stands out; it has evolved remarkably, with a broader 
array of concepts and treatment options becoming routine 
elements in the endodontist's arsenal.

In this context, much has been discussed about the 
importance of the reestablishment of the dentine–pulp 
complex. One of this complex of tissues’ important func-
tions involves the completion of the formation of the root 
in the case of immature teeth (Schmalz et al., 2020). The 
continued formation of the root can be encouraged by 
administering vital pulp therapy; however, the complete 
development of the apex and root length is not possible in 

teeth with necrotic pulps, so alternatives to improve the 
long-term prognosis must be investigated (Fouad, 2017; 
Schmalz et al., 2020). The literature provides good exam-
ples of current treatment strategies that can be effective, 
such as the use of mineral trioxide aggregate (MTA) plugs 
(Torabinejad et al., 2017). On the other hand, the perspec-
tive of achieving complete recovery of tooth functions is 
attractive, as it can benefit patients and promote health 
by dealing with disease and promoting the regeneration 
of lost tissues.

The first studies on pulp regeneration focused on the 
revitalization process, which promotes bleeding into the 
canal (Banchs & Trope, 2004; Nosrat et al., 2011). Although 
this procedure has been shown to be effective in promot-
ing an increase in root wall thickness, histological findings 
demonstrate that, at the moment, the clinician cannot 
control the type of tissue formed in the root canal; some 
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Abstract
With advances in knowledge and treatment options, pulp regeneration is now a clear 
objective in clinical dental practice. For this purpose, many methodologies have been 
developed in attempts to address the putative questions raised both in research and 
in clinical practice. In the first part of this review, laboratory-based methods will 
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strate the need for alignment between two-dimensional and three-dimensional labo-
ratory techniques to accomplish the range of objectives in terms of cell responses and 
tissue differentiation. The second part will cover observations relating to orthotopic 
animal studies, describing the current models used for this purpose and how they 
contribute to the translation of regenerative techniques to the clinic.
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histological reports show the formation of root cementum 
and connective tissue resembling those in a periodontal 
ligament (Lui et al., 2020). On the other hand, studies on 
cell homing have revealed more complex cellular inter-
actions, with the recruitment of bone marrow stem cells 
(Widbiller et al., 2018). While the clinical revitalization ul-
timately results in clinical success, it confirms that regen-
eration was not achieved. Nonetheless, through advances 
in tissue engineering in the medical field associated with 
the discovery of stem cells originating from pulp tissues, 
new approaches have been developed that lead to an array 
of viable ways towards regenerating pulp tissue and, con-
sequently, allowing for new dentine formation and pulp 
protection. This paper will focus on these aspects of the 
methodologies and strategies, from two-dimensional (2D) 
and three-dimensional (3D) cell culture analyses to stud-
ies on human subjects.

TECHNOLOGIES FOR PULP 
REGENERATION

Two-dimensional research systems (2DSs) and 3D ap-
proaches (3DAs) have resulted in major breakthroughs 
in the field of dental pulp tissue engineering. Both 2DSs 
and 3DAs have potential but also limitations. For in-
stance, a 2DS is a reliable and cost-effective method to set 
up subculturing procedures that allow for rapid, conveni-
ent treatment of cells and high-yield extraction of genetic 
and protein material to study differentiation mechanisms 
(Kapałczyńska et al., 2018). On the other hand, the cells 
in 2DSs are largely distributed in monolayers, an arrange-
ment that offers good access to culture media ingredients 
and metabolites that are not equally distributed in living 
tissues and organs with varying architectures (Gelain 
et al., 2007; Pampaloni et al., 2007; Rosa et al., 2013). 
Alternatively, a 3DA aims to mimic the in vivo micro-
architectures more closely, allowing for greater cell-to-cell 
contact and signalling networks (Abbott, 2003; Rosa et al., 
2013). Nonetheless, the procedures used to produce 3D 
structures are more labourious and often demand specific 
skillsets and equipment (Bhargav et al., 2020; Muthusamy 
et al., 2021; Sriram et al., 2019). The following sections 
will discuss the potential uses of such technologies for 
the advancement of dental pulp tissue engineering and 
regeneration.

TWO -DIMENSIONAL RESEARCH 
SYSTEMS

Two-dimensional systems allow for high testing yields and 
cost-effective analyses. The use of 2DSs has been vital to 

characterizing and unveiling the differentiation potential 
of dental pulp stem cells (DPSCs) towards odontoblast-
like cells, neurons, and endothelial cells, all of which are 
essential for the regeneration of functional dental pulp tis-
sues (Gronthos et al., 2000; Madanagopal et al., 2020; Rosa 
et al., 2013; Sakai et al., 2010).

The establishment of odontoblasts is required for the 
regeneration of fully functional dental pulps. Nonetheless, 
maintaining ex vivo odontoblasts in vitro or inducing the 
promotion of the differentiation of stem cells towards 
true odontoblasts remain some of the most challenging 
issues in dental research, due to factors such as the vari-
ety of induction protocols with varying compositions and 
treatment duration used to promote the differentiation of 
stem cells into odontoblasts in a laboratory setting (Natu 
et al., 2015; Sabbagh et al., 2020). Notably, the derivation 
of odontoblast-like cells able to produce tubular dentine in 
vivo has been achieved via different strategies (Dissanayaka 
et al., 2014; Rosa et al., 2013; Sakai et al., 2010; Xie et al., 
2018). However, no marker can uniquely identify and 
distinguish differentiated odontoblasts from other phe-
notypes. Even dentine matrix acidic phosphoprotein 1 
(DMP-1) and dentine sialophosphoprotein (DSPP), which 
are commonly used to evaluate odontoblastic differentia-
tion, are also expressed by osteoblasts and osteocytes (Lu 
et al., 2011; Sabbagh et al., 2020). Hence, many proxy eval-
uations (i.e., quantification of mineral deposition and ex-
pressions of Runt-related transcription factor 2 (RUNX2), 
DMP-1, DSPP, and other genes and proteins are frequently 
used to characterize the differentiation processes and re-
sultant odontoblastic-like cells in vitro (Tziafas, 2019).

Two-dimensional systems have been used to unveil 
many environmental triggers and processes involved in 
odontoblastic differentiation. For instance, hydraulic ce-
ments can increase environmental alkalinity and promote 
genetic and protein expression of DMP-1 and DSPP, and 
mineralization deposition by stem cells isolated from the 
dental pulp (Natu et al., 2015; Xie et al., 2018). Alternatively, 
osteogenic induction media (OM) have commonly been 
used to convert dental stem cells into odontoblast-like 
cells. The OM cocktail can increase the expression of 
RUNX2 and DSSP by DPSC as early as within three days 
of treatment (Deng et al., 2021). Many cellular pathways 
are involved in OM-induced odontoblastic differentiation, 
including increased β-catenin activity and the activation 
of RUNX2, a transcriptional factor that regulates osteo-
blastic differentiation (Deng et al., 2021; Han et al., 2014). 
The RUNX2 is likely to be involved in odontoblastic dif-
ferentiation during reparative dentine formation through 
a mechanism that involves β-catenin activation (Han 
et al., 2014). Notably, it can also inhibit the terminal dif-
ferentiation of odontoblasts, promoting the conversion of 
stem cells into osteoblasts at the late differentiation stage  
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(Li et al., 2011). This transdifferentiation must be con-
trolled when aiming for the regeneration of a dental pulp 
containing functional odontoblasts able to secrete dentine.

Two-dimensional systems have also been instrumental 
in elucidating the role of growth factors, such as bone mor-
phogenetic proteins (BMPs), in odontoblastic differentia-
tion. It is known that BMP-2 and BMP-7 control the onset 
of tooth mineralization and induce reparative dentino-
genesis (Malik et al., 2020), and BMP-2 is required for the 
differentiation of stem cells from human exfoliated decid-
uous teeth (SHED) towards odontoblast-like cells in vitro 
(Casagrande et al., 2010). Moreover, induced pluripotent 
stem cells resulted in significant increases in the expres-
sion of markers of odontoblastic differentiation such as 
matrix extracellular phosphoglycoprotein (MEPE), MSX-
1, DMP-1, and DSPP after being treated for 10 days with 
OM-supplemented BMP-4 (Xie et al., 2018). Likewise, em-
bryonic stem cell-derived mesenchymal stem cells have 
acquired an odontoblast-like phenotype after being stim-
ulated with BMP-4 and fibroblast growth factor 8 (Kidwai 
et al., 2014), and mouse embryonic stem cells cultured in 
a collagen type-I scaffold combined with BMP-4 presented 
high DSPP gene expression and high alkaline phospha-
tase activity (Kawai et al., 2014). Besides BMP-4, dentine-
derived BMP-2 also induces strong expression of MEPE, 
DMP-1, and DSPP in SHED (Casagrande et al., 2010).

The regeneration of functional dental pulp requires 
the reestablishment of vascularized tissue within the 
root canal (Rosa et al., 2012; Schmalz et al., 2020). It has 
been shown that stem cells from the dental pulp pres-
ent positive expression for vascular cell adhesion mole-
cule 1, endostatin, von Willebrand factor domains 1 and 
2, and angiotensin-converting enzyme (d'Aquino et al., 
2007; Gronthos et al., 2000; Miura et al., 2003). Indeed, 
SHED treated with vascular endothelial growth factor 
(VEGF)-induced endothelial differentiation through the 
phosphorylation of extracellular-signal-regulated kinase 
and protein kinases (AKT; Sakai et al., 2010). Likewise, 
a growth factor milieu obtained from an endothelial con-
ditioned medium increased the expression of Bmi-1 and 
induced signal transducer and activator of transcription 
3 (STAT3) phosphorylation in both DPSC and SHED (Oh 
et al., 2020). These results suggest that endothelial factors 
activate pathways that promote the emergence of func-
tional blood vessels in engineered dental pulps and sup-
port differentiation into odontoblasts capable of secreting 
dentine.

Despite the many achievements outlined in the litera-
ture, the lack of unique markers to ascertain odontoblastic 
differentiation has yet to be resolved. Moreover, the estab-
lishment of a standardized odontogenic induction protocol 
could allow for improved comparisons among the various 
strategies employed to promote and guide odontoblastic 

differentiation (Koh et al., 2021). Nonetheless, the pro-
tocol diversity in 2DSs also broadens the strategies, pro-
moting the differentiation of stem cells from dental pulp 
towards phenotypes relevant to the establishment of the 
functional dental pulp (Casagrande et al., 2010; Natu 
et al., 2015; Sakai et al., 2010; Xie et al., 2018).

NOVEL 3D APPROACHES FOR  
TISSUE ENGINEERING 
APPLICATIONS

Regenerative strategies often employ progenitor cells seeded 
in 3D scaffolds (supplemented or not with exogenous pro-
moters such as growth factors, bioceramics, and other com-
pounds; Rosa et al., 2012). A valuable 3DA for studying pulp 
regeneration is the tooth slice/scaffold model in which an 
extracted tooth crown is sectioned into slices (a few millime-
tres thick) and a porous biodegradable scaffold is placed in 
the cavity once occupied by the pulp (Sakai et al., 2011). This 
3DA is a cost-effective model that does not require special-
ized manpower or advanced technologies for preparation. 
It has been used to maintain the vitality of human pulp im-
planted in severe combined immunodeficient mice for up 
to 7  days (Goncalves et al., 2007) and to demonstrate the 
feasibility of engineering well-vascularized pulp-like tissue 
using SHED (Cordeiro et al., 2008). Notably, this 3DA en-
hanced pulp microvessel density when the human pulp was 
treated with VEGF prior to transplantation (Mullane et al., 
2008). A similar angiogenic response was observed in the 
transplantation of the tooth slice model seeded with DPSC, 
which enabled the establishment of numerous blood vessels 
throughout the engineered pulp (Piva et al., 2017). This 3DA 
revealed the importance of dentine-derived morphogenic 
signals (e.g., BMP-2) in inducing odontoblastic differentia-
tion (Casagrande et al., 2010).

Alternatively, in animal models, cell perfusion cham-
bers may also be used to reconstruct the dentine–pulp 
interface (pulp analogue) or to test the effects of external 
stimuli in dental stem cells. In this 3DA, the dentine discs 
containing scaffolds (nylon, polyamide, and polystyrene) 
and cells are sandwiched between two chambers, and 
culture media is perfused on the pulpal side; the dentine 
side is used for exposure to external stimuli such as dental 
materials (Galler et al., 2005; Jiang et al., 2017; Schmalz 
et al., 1999; Sengün et al., 2011). The dynamic perfusion 
of culture media is intended to mimic pulpal blood and 
fluid flow. One of the main challenges for this 3DA is the 
variability in the thickness of dentine discs’ and morphol-
ogies, which results in the varied distribution and density 
of dentinal tubules that potentially affect the permeation 
of the test substances and experimental outcomes (Galler 
et al., 2005; Jiang et al., 2017). Similarly, sterilizing the 
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dentine discs with an autoclave prior to testing may cause 
the denaturation of collagen and other proteins and may 
impact the diffusion of the test substances (Jiang et al., 
2017).

Despite this mimicry of the 3D architecture of the 
dentine–pulp complex, studies using perfusion chambers 
have primarily used simple proliferation assays as sur-
rogate tools for the assessment of material cytotoxicity. 
Future studies should focus on construct miniaturization 
and high-end techniques, such as microfluidic technolo-
gies, whole-mount immunostaining, and multiphoton, 
confocal reflectance, and light-sheet microscopy, for direct 
visualization of pulpal responses (Athirasala et al., 2017; 
Franca et al., 2019; Hartmann et al., 2006; Sriram et al., 
2018, 2020).

Organoid-based reconstruction strategies have emerged 
as a potential 3DA for reconstructing dental tissues. These 
strategies involve the replication of the spatial-temporal 
cell interactions via co-culture or the compartmentaliza-
tion of dental epithelial and mesenchymal cells digested 
from tooth germs within scaffolds followed by the organ-
oid culture within a bioreactor or in vivo transplantation 
(Gao et al., 2021). Vascular endothelial cells have been in-
corporated into the system to develop vascularized tooth 
germ organoids (Smith et al., 2017). This developmental 
approach allows tooth germ organoids to develop into nat-
ural tooth-like structures containing dentine and pulp (Cai 
et al., 2017; Nakao et al., 2007; Smith et al., 2017; Zhang 
et al., 2017). However, tooth bud organoids, on occasion, 
fail to produce distinct enamel or dentine (Smith et al., 
2017). Nonetheless, the tooth bud model is an innovative 
approach with the potential to reconstruct both soft and 
hard tissue, providing many opportunities to study odon-
togenesis and pulp regeneration. This model demands the 
development of a certain skillset; specifically, it requires 
the ability to isolate embryonic tooth tissues and com-
partmentalize dental epithelial and mesenchymal cells, 
isolating them from tooth germs. Alternatively, induced 
pluripotent stem cells can be used to differentiate dental 
epithelial and mesenchymal cells (Kim et al., 2019; Xie 
et al., 2018). Another promising 3DA for pulp tissue engi-
neering is the use of DPSC-derived (with or without endo-
thelial cells) microtissue spheroids, which have been able 
to produce pulp-like tissue containing odontoblast-like 
cells with positive expression for DSPP, lining the dentine 
of root canals implanted in animal models (Dissanayaka 
et al., 2014). Future research on effective induction meth-
ods, cell sources, and multifunctional materials that can 
improve control over the size, shape, and types of tissues 
formed are essential for the advancement of pulp regener-
ation reconstruction using this 3DA.

Technological advancements in microfabrication have 
led to the incorporation of microfluidic (organ-on-a-chip) 

devices for dental pulp regeneration. These devices are 
made of microchambers and microchannels linked to 
pumps. The organ/tooth-on-a-chip devices offer advan-
tages such as:

1.	 controlled flow of nutrients, oxygen, and test sub-
stances, as well as the drainage of metabolic wastes 
and the collection of cell-derived factors for down-
stream analysis (Alberti et al., 2017; Sriram et al., 
2018);

2.	 label-free visualization of structures and cells such as 
fibroblasts and collagen fibres (Sriram et al., 2018); and

3.	 analysis of cell–material interactions and possible cy-
totoxic responses through live-cell imaging at a micro-
scopic scale (Franca et al., 2020).

These organ-on-a-chip devices are gaining interest for 
craniofacial research with the development of tooth-, oral 
mucosa-, skin-, salivary glands-, and nasal mucosa-on-a-
chip (Alberti et al., 2017; Bal-Ozturk et al., 2018; Franca 
et al., 2020; Na et al., 2017; Rahimi et al., 2018; Song et al., 
2021; Sriram et al., 2018, 2019; Wang et al., 2014). Hence, 
the in vivo-like microenvironment enabled by the organ/
tooth-on-a-chip devices can be extended for real-time 
monitoring, cellular and tissue responses to biomaterials, 
and the tracking of differentiation cues and mechanisms 
through imaging and built-in biosensors.

The goal of dental pulp tissue engineering strategies 
is the development of a vascularized and innervated den-
tal pulp that is able to deposit dentine and sustain nor-
mal root development. The rigid scaffold cast in the tooth 
slice model has enabled many advancements but does not 
take into full account the complex 3D geometry of root 
canals (Rosa et al., 2013). Hence, 3D hydrogels (e.g., col-
lagen decellularized pulp matrix GelMa, self-assembling 
peptides, and others) have been explored and developed 
for pulp regeneration (Cavalcanti et al., 2013; Chen et al., 
2015; Galler et al., 2018; Iohara et al., 2013; Khayat et al., 
2017; Rosa et al., 2013). Natural materials such as fibrin, 
collagen, gelatin, and decellularized matrix offer excel-
lent environments for differentiation and control over 
biodegradability. Alternatively, hybrid hydrogels contain-
ing crosslinking agents provide opportunities to finetune 
handling characteristics as well as physical and mechani-
cal properties (Hadjichristou et al., 2020; Han et al., 2019; 
Qu et al., 2015). For instance, the addition of polyethylene 
glycol (PEG) diacrylate can be used to increase the stor-
age modulus (G′) of PEG/fibrinogen scaffold from 140 
to 3601  Pa. This increase in rigidity induces overexpres-
sion (>100-fold) of DSPP and DMP-1 genes in DPSC (Lu 
et al., 2015). Likewise, the incorporation of 1 µM simvas-
tatin into a chitosan/calcium hydroxide scaffold, through 
DPSC using an artificial pulp chamber assay, has been 
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able to increase cell migration and the expression of al-
kaline phosphatase (ALP), DSPP, and DMP-1 using an ar-
tificial pulp chamber assay (Soares et al., 2021). Scaffolds 
can be further personalized via additive manufacturing 
technologies (3D printing). Poly-caprolactone (PCL) is 
commonly used to print biocompatible scaffolds, but it 
is not bioactive, nor does it have natural cell recognition 
sites to promote cell differentiation (Li et al., 2017). To 
overcome PCL’s inertness, MTA can be incorporated into 
the PCL matrix (Lee et al., 2012). Indeed, the addition of 
4% MTA to 3D-printed PCL scaffolds increases their deg-
radation rate, modulus of elasticity cell proliferation rate, 
and the genetic expression of MSX-1, ALP, and COL-I in 
DPSC after 30 days (Bhargav et al., 2020). Another prom-
ising strategy is to bioprint 3D freeform cellular constructs 
and patient-specific tooth tissue structures. This can be 
done via computer-controlled biofabrication using scaf-
fold materials and bioinks. Recent advances in this 3DA 
include the odontogenic differentiation of DPSC and the 
production of dentine–pulp complexes by serial printing 
PCL (to control shape) and layering two cell-laden hybrid 
fibrin-hyaluronic acid-based bioinks (Han et al., 2019). 
However, due to poor cell survival in thick constructs, the 
reconstruction of tissues through 3D bioprinting remains 
limited.

Fast-paced innovations in biotechnology and molec-
ular biology will continue to provide new and exciting 
routes for the advancement of dental pulp tissue engineer-
ing. Combining the benefits of different 2DSs with 3DAs 
such as microfluidics, perfusion, and 3D bioprinting can 
allow for fast, cost-effective, and clinically predictable re-
construction of functional dentine–pulp complexes.

IN  VIVO  ANIMAL MODELS FOR 
PULP REGENERATION

As explored above, 2D and 3D methods have come a long 
way and are capable of simulating more advanced and 
deeper aspects of cell interactions (Figure 1). The use of 
animal models in those proof of principle analyses has 
consolidated the viability of both cell-dependent (Rosa 
et al., 2013) and cell homing strategies (Widbiller et al., 
2018) and allowed for a better understanding of the effects 
of different scaffolds and extracellular factors on these ec-
topic and semiorthotopic approaches. These approaches 
(Figure 2) refer to the use of other connective tissues (e.g., 
subcutaneous and renal capsule) to provide vasculariza-
tion to the pulp constructs, either using a 3D cell culture 
direct implantation (ectopic) or using a human tooth as 
a framework for the cell constructs (semiorthotopic). The 
answers obtained in these types of studies are varied, as 
explained in the previous section, and they serve as an 

important background for the application of pulp regen-
eration strategies in clinical practice, which is the ultimate 
objective of regeneration research.

ORTHOTOPIC ANIMAL MODELS

Compared to semiorthotopic animal models, orthotopic 
(using animal teeth in a technique similar to that involv-
ing human teeth) regenerative studies are relevant; they 
allow for the assessment of the safety and effectiveness 
of new clinical approaches, and they can provide an as-
sessment of necessary changes or adjustments to clinical 
protocols (Nakashima et al., 2019). With regard to pulp re-
generation, no animal model is completely effective, due 
to the nature of cell turnover, apical anatomy, or immune 
system response.

In general, small animal studies are limited; the pulp 
chambers are small and do not allow for relevant data col-
lection regarding the organization of the newly formed 
tissue or even for an adequate assessment of clinical pro-
tocols (Kim et al., 2015). Moreover, as most small animal 
models are rodents, there is always the concern about high 
cell turnover and constant root development, which do not 
mimic the conditions found in humans. Nonetheless, pulp 
regeneration studies that specifically address the effects of 
pulp capping materials and/or pulpotomies are still possi-
ble in rodents, as some studies have proven (Minic et al., 
2021). However, for full pulp regeneration studies, these 
species present too many disadvantages to provide mean-
ingful data, leading to the preference for larger animal 
models (Mangione et al., 2021; Nakashima et al., 2019). 
Among these larger models, the literature has studies that 
use various animal groups (e.g., sheep, minipig, ferret, and 
dog), each with advantages and disadvantages.

STUDIES USING SHEEP AND 
MINIPIGS

Sheep (Ovis aries) studies are not very common but show 
good results in pulp regeneration (Altaii et al., 2017) due 
to the animal size and shape of the teeth. There are dis-
advantages to these studies, such as the fact that sheep 
are ruminants, which can affect the oral pH (Mangione 
et al., 2021), and the fact that not many dental studies 
used this species. Minipig (Sus scrofa) models are an-
other emerging alternative for the study of pulp regen-
eration. They have been utilized in dental research for 
years, mainly due to anatomical similarities between 
their teeth and human teeth. They also allow for the iso-
lation of dental pulp stem cells (Zhu et al., 2018), and, 
although the dentine produced by the minipig cells has 
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different characteristics from human dentine (Huang & 
Garcia-Godoy, 2014), this model is promising, as their 
anatomy can simulate both single-rooted and multi-
rooted teeth (Zhu et al., 2018).

STUDIES USING FERRETS

Among animals with more availability in the literature, 
ferrets (Mustela poturios furo) are an interesting model, 
given that they have been used for years in endodontic 
studies to assess pulp and periapical responses to proce-
dures and materials (Torabinejad et al., 2011). The use 
of ferrets for pulp regeneration has been limited, and 
only a few papers have used this model for the assess-
ment of scaffolds or isolation of dental pulp stem cells 
(Homayounfar et al., 2016). The major advantage of this 
animal model in orthotopic studies is that its immature 
canines have very similar features to those observed in 
immature human teeth (e.g., open apex and narrow den-
tine walls; Torabinejad et al., 2011). Considering this plus 
the reproducibility of creating periapical infection (Fouad 
et al., 1993), ferrets can be considered a step forward in 

pulp regeneration studies and will allow for better analy-
sis of irrigation and medication protocols as well as com-
parisons among different types of scaffolds.

STUDIES USING DOGS

The canine model (Canis lupus familiaris) is one of the 
models of choice for orthotopic pulp regeneration. This 
model has advantages, such as the wide array of dental 
pulp analyses that have been made (Nakashima et al., 
2019), which brings familiarity and predictability to the 
responses. In addition, dogs have suitable-sized teeth, 
which can facilitate clinical procedures. Their pulps also 
have dental pulp stem cells, which have proven to be effec-
tive in autologous transplantation procedures using good 
manufacturing practices (Ishizaka et al., 2012), although 
some of the stemness of canine cells may be lost compared 
to human cells (Wang et al., 2020). Nonetheless, dog teeth 
have disadvantages, such as the absence of an apical fo-
ramen and the presence of an apical delta, which make 
the simulation of human anatomy more difficult. Studies 
have shown that an apical opening needs to be created to 

F I G U R E  1   (A) The implantation of tooth slices containing dental pulp stem cells from the dental pulp (exfoliated or permanent teeth) 
has been instrumental for the development of pulp regeneration strategies (Cordeiro et al. 2008). (B, C)The transplantation of tooth slices 
containing freshly extracted human pulp pre-treated with VEGF allowed the development and enhancement of the pulp microvessel density 
with positive expression of Factor VIII (Gonçalves et al. 2007). (D) The tooth slice model has also been used to produce dentine (orange 
arrows) containing entrapped odontoblastic-like projections from induced pluripotent stem cells. (E) Dental pulp tissue engineering with 
SHED injected into human root canals with microvessel presenting positive expression of Factor VIII (arrows, Rosa et al. 2012). Figures 
adapted with permission from Elsevier.
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mimic the apical opening of human teeth (Ishizaka et al., 
2012). In addition, the dog model has proven to be reli-
able in the induction of periapical lesions (Ferreira et al., 
2006), an important factor when studying pulp regenera-
tion in infected root canals.

Clearly, independent of the model, there are difficulties 
in the translation to human models. There are too many 
unknowns regarding the correct protocols for instrumen-
tation and disinfection, and the animal models can only 
go as far as the repair capacity and technical hurdles that 
these models present. Therefore, studies on humans are 
still the gold standard, and although such studies are rare 
and primarily confined to case reports in revitalization, 
they should be the objective because they allow for ade-
quate translation.

CONCLUSIONS

The increasing number of studies on pulp regeneration 
brings many answers and an equal number of questions 
that need to be addressed to allow for the development 

of this area of interest. Although the ultimate goal is the 
application of superior techniques that aid human pa-
tients, the questions raised cannot be answered in the 
clinic due to risks and ethical reasons. In this context, in 
vitro cell culture models and in vivo animal models can 
assist in addressing these issues and in understanding the 
biological mechanisms involved in the regeneration pro-
cess. Consequently, this review has presented many of the 
methodologies involved, along with the possibilities that 
each methodology brings. The right answer lies not in 
the idea that one methodology is better than another but, 
rather, in the comprehensive application of these different 
methodologies that can be used in conjunction, offsetting 
each other's disadvantages, and collectively improving 
clinical practice.
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F I G U R E  2   In vivo approaches for cell-based pulp tissue engineering. (a) Ectopic cell transplantation, based on the use of allogenic stem 
cells associated with scaffolds, is implanted in different animal tissue. (b) Semi-orthotopic cell transplantation, based on the same concept as 
ectopic, but using tooth structures (e.g., tooth slices or roots) to be implanted in different animal tissue. (c) Orthotopic cell transplantation, 
based on good manufacturing practices to avoid any bacteria or foreign cell contamination, these strategies simulate the clinical practice by 
obtaining cells from the same species and implanting them in functional teeth
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