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Protected by the surrounding mineralized barriers of enamel, dentin, and cementum,
dental pulp is a functionally versatile tissue that fulfills multiple roles. In addition to the
perception of thermal and mechanical stimuli as a warning system and the deposition of
dentin, the pulp performs a variety of immunological functions against invading microor-
ganisms, both in terms of recognition and defense. Especially, in young patients, dental
pulp is essential for the completion of root development, and early pulp necrosis results in
fracture-prone teeth with fragile root walls [1–4]. Whether in young or adult patients, the
loss of pulp tissue due to caries or trauma requires a therapeutic intervention by means of
root canal treatment and obturation with a synthetic material.

In recent years, innovative attempts have been made to regenerate dental pulp using
advanced molecular biology techniques [5,6]. Promising approaches, based on tissue
engineering and regenerative medicine, have been developed for this purpose [7,8]. In this
context, stem cell-based or primarily cell-free approaches use specifically tailored scaffold
materials and signaling molecules to achieve pulp regeneration, both in terms of tissue
microarchitecture and functionality (Figure 1). Several of these approaches already take
into account the requirements of potential clinical applications [9–11].

Figure 1. The goal of regenerative endodontics is the restoration of the dentin–pulp complex with
all its cellular and structural elements. (a) Histological image of the dentin–pulp complex. The
odontoblast layer lies on tubular dentin (blue). Vessels and nerve fibers cross the pulp tissue.
(b) Odontoblasts seen through a scanning electron microscope. The cells extend their processes into
the dentin tubules [12].

Essentially, all these methods follow the traditional principles of tissue engineering.
They involve the incorporation of stem cells and growth factors into a scaffold material
(Figure 2). Ongoing scientific research is, therefore, focusing on advances in three key areas:
stem cell biology, scaffold materials, and molecular signaling. The ultimate goal is to bring
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us closer to the potential of biological regeneration within the root canal. Consequently, the
purpose of this Special Issue is to present scientific advances in pulp regeneration, which
play a crucial role in translating knowledge from the research setting to the clinic.

Figure 2. The tissue engineering paradigm involves delivering stem cells and signaling molecules in
a scaffold material [13,14].

Accurately defining the goal of regenerative endodontic treatment is paramount [7,15–17].
Biologically, this treatment aims to fully restore all cellular and structural elements of the
dentin–pulp complex, while at the same time enabling the newly formed tissue to perform
all functions of the original pulp tissue. As it is difficult to assess these criteria directly
in a clinical setting, scientists are more dependent than ever on appropriate experimental
models to gain insights into treatment outcomes at the tissue and cell level.

Ohlsson et al. have undertaken a comprehensive compilation of preclinical study
models [18]. Their review provides an overview of various ectopic, semi-orthotopic,
and orthotopic in vitro and in vivo models to investigate regenerative endodontics. One
key focus is the critical evaluation of the monolayer and three-dimensional cell cultures.
Additionally, a semi-orthotopic transplantation model, as well as various animal models for
orthotopic in-vivo-investigations, are presented and critically contrasted against each other.
Nowadays, different three-dimensional cell culture techniques offer viable alternatives to
animal experimentation. Certain research questions can be easily addressed in vitro, and
the continued development of organoid and spheroid cultures, for example, may expand
their applications in the future. However, in order to gain further insight into the results in
a physiological environment, animal studies are still necessary, and the final evaluation
of the research objective must be carried out using an in situ approach. Considering the
diversity of in vitro and in vivo study models available, there is no single model that can
answer all questions related to pulp regeneration. Depending on the research question, the
appropriate model situation must be selected.

To provide an overview of the possible outcomes of regenerative endodontic proce-
dures and to highlight the inconsistency of criteria for the successful regeneration in both
animal models and human studies, Minic et al. conducted a systematic review [19]. The
aim was to categorize the characteristics of the resulting tissues that could be evaluated
in each study design. In addition to the tissue engineering approaches, the search also
included blood clot-based procedures. With the latter, tissue formation is initiated by
induced bleeding into the root canal. The search identified 75 studies in humans and
49 studies, which reported data from animal models. In humans, the assessment criteria
were mainly based on clinical and radiographic examinations, with the majority of studies
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reporting successful clinical outcomes with relief of symptoms, healing of apical lesions,
and increases in root thickness and length. In animal studies, evaluations included both
histological and radiological criteria. None of the studies included in the analysis reported
successful regeneration of the dentin–pulp complex based on biological criteria. Instead,
both preclinical and clinical studies demonstrated the presence of connective tissue, ac-
companied by cementum or bone-like tissue within the root canal. Several animal studies
reported the presence of vascularized and innervated regenerated pulp, however, the clini-
cal response to these findings remained unclear. In human studies, a proportion of patients
have regained sensitivity following regenerative endodontic therapy approaches. While
the formation of repair tissue may meet the clinical needs of patients and clinicians, further
research is needed to identify procedures that come closer to the goal of pulp regeneration.

One key is to identify the molecular–biological signaling pathways that may drive the
differentiation of individual cell types. The most distinctive cell type found in dental pulp
tissue is the odontoblast, which forms a closed cell layer at the interface of dentin. This
unique histological feature is of great importance, as only native odontoblasts have the
ability to produce new tubular dentin, known as reactionary dentin. However, other cell
types predominantly deposit hard tissue without characteristic tubular morphology. Due
to the complexity of regenerating the dentin–pulp complex, many studies have focused
on identifying novel molecular biological strategies. One such strategy is to target Wnt
proteins, as they have demonstrated their potential as highly relevant stem cell factors ca-
pable of regulating the self-renewal and proliferation of various adult stem cell populations.
This ability makes Wnt proteins suitable for maintaining homeostasis, promoting tissue
healing, and facilitating regeneration. With this in mind, Florimond et al. conducted a
systematic review to outline different agents that target Wnt signaling [20]. The aim was
to identify strategies to harness Wnt signaling via modulatory molecules and to evaluate
their applicability in the dental environment. Numerous studies have highlighted the
importance of Wnt signals in the formation and repair of the dentin–pulp complex. Fur-
thermore, research groups have successfully demonstrated that a Wnt stimulus can induce
tissue regeneration. As a result, small molecule drugs that stimulate the Wnt/β-catenin
pathway have emerged as a promising therapy. However, it is crucial to consider the local
application of these drugs to avoid potential systemic side effects. Although there is still a
need for proof-of-concept, these advancements bring us closer to realizing the potential of
regenerating pulp tissue.

Cell differentiation and the development of new pulp tissue rely on stem cells, which
have a high potential for specialization [21,22]. These stem cells can either be transplanted
into the root canal or harvested from local tissues [23–25]. This leads to two concepts in
endodontic tissue engineering: cell transplantation (cell-based) and cell homing (primarily
cell-free). In cell-based methods, cells are cultured ex vivo and then introduced into the root
canal using scaffolds containing signaling molecules. Clinical translation of this approach
poses significant challenges, as it requires donor tissue or cell banks. In contrast, cell-
homing methods utilize naturally residing stem or progenitor cells within the body that are
locally available, bypassing any ex vivo manipulation. Here, scaffolding materials that are
primarily cell-free are placed in the root canal, along with signaling molecules to attract
cells from the remaining pulp tissue or the surrounding periapical space.

Among various types of stem cells associated with teeth, dental pulp stem cells (DP-
SCs) and apical papilla stem cells (SCAPs) are particularly suitable for cell harvesting
because they are naturally found in the root canal or apical papilla at the root tip. Therefore,
Smeda et al. investigated whether both types of stem cells are equally suitable for regen-
erative endodontic protocols [26]. To investigate this, DPSCs and SCAPs were isolated
from the same donor, and their characteristics were extensively studied, with a focus on
gene expression profiling during induced differentiation. The viability, proliferation, and
migration of DPSCs and SCAPs appeared very similar. However, differences in the profile
of secreted molecules were observed. Transcriptome analysis identified 13 biomarkers
whose regulation was critical for the differentiation of both cell types. These findings
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suggest that DPSCs and SCAPs share many similarities and exhibit similar patterns of
differentiation. From a molecular biology point of view, both types of stem cells appear to
be equally suitable for dental pulp tissue engineering.

Furthermore, the possibility of cell transplantation has been extensively studied pre-
clinically and clinically in recent years [27,28]. Recent in vivo studies have shown that pulp
regeneration after cell transplantation appears promising [29–31]. For cell transplantation,
it is of central interest to identify cell sources in the body that are readily accessible and
capable of differentiating into odontoblasts. The approach of cell transplantation with
DPSCs and other tooth-derived cell types is problematic because of the need for cell expan-
sion to obtain sufficient numbers of cells and the need for a donor tooth. A possible cell
source to overcome these obstacles could be the amnion, the innermost layer of the human
placenta [32,33]. It contains amniotic epithelial cells (AECs), which retain plasticity and
thus are able to differentiate into cells of all three embryonic layers [21,34].

Bucchi et al. set out to investigate the suitability of amnion-derived pluripotent stem
cells as a potential cell source for pulp regeneration in vitro [34]. In addition to viability
and cell attachment to dentin, the expression of genes associated with mineralization and
odontogenic differentiation, mineralization and epithelial–mesenchymal transition was
analyzed. The viability of AECs was significantly lower than that of DPSCs, whereas both
AECs and DPSCs adhered to dentin. Regulation of genes associated with odontoblast
differentiation and mineralization showed that AECs did not transition to an odontoblastic
phenotype, but genes associated with epithelial–mesenchymal transition were significantly
upregulated. In analogy, AECs showed low levels of calcium deposition after differentiation.
Although pluripotent AECs adhered to dentin and had the ability to mineralize, they
showed unfavorable proliferation behavior and did not undergo odontoblastic transition.

In addition to the use of stem cells from different regions of the body, teeth can also be
a source of stem cells for use elsewhere in the body, e.g., for bone regeneration. Interestingly,
Kunimatsu et al. pursued the idea of using stem cells from the pulp of primary teeth for
bone regeneration [35]. The scientists focused on a very specific population of stem cells
from deciduous human teeth (SHEDs), namely, the fraction expressing the cluster of differ-
entiation (CD) 146 marker. CD146 is a stem cell surface antigen that is critical for angiogenic
and osteogenic differentiation. Bone regeneration has been reported to be accelerated after
transplantation of CD146-positive mesenchymal stem cells derived from deciduous dental
pulp. The aim of this study was, therefore, to compare the effects of CD146 in a population
of SHEDs using molecular biological methods. A CD146-positive cell population (CD146+)
and a CD146-negative cell population (CD146-) were obtained by cell sorting. While cell
proliferation was indifferent, mineralization and marker expression were highest in the
CD146+ group. CD146+ SHEDs showed the highest osteogenic differentiation potential
and, therefore, may represent a valuable cell population for bone regeneration therapy.

Turning back to tissue engineering of the dental pulp, the root canal poses a num-
ber of challenges for stem cells. One of these is bacterial infection, which sometimes
cannot be completely eliminated, despite intensive disinfection that knowingly affects
the outcome [36,37]. If suitable stem cells are successfully introduced into the root canal,
residual bacteria may influence their differentiation and thus affect the outcome of regener-
ation [38,39]. To explore the potential impact of oral bacteria on regenerative endodontic
treatment, Razghonova et al. conducted a study, focusing on the interaction between stem
cells from the apical papilla and these bacteria [40]. Using RNA-seq transcriptomic analysis,
the researchers investigated the impact of Enterococcus faecalis and Fusobacterium nu-
cleatum, along with their metabolites, on the differentiation of SCAPs towards osteogenic
and dentinogenic lineages in vitro. Gene analysis revealed that bacterial metabolites had a
significant influence on SCAPs, and the transcriptome profiles indicated a negative effect on
the osteogenic and dentinogenic differentiation when exposed to E. faecalis or F. nucleatum.
The findings demonstrated that F. nucleatum, E. faecalis, and their metabolites can alter the
expression of genes involved in dentinogenesis and osteogenesis, potentially affecting the
outcomes of regenerative endodontic procedures.
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While disinfection is crucial, the long-term challenge lies in addressing microorgan-
isms that may evade disinfection [39]. Therefore, the development of scaffold materials
with antimicrobial properties is highly desirable for applications in dental pulp tissue engi-
neering. In this context, Ayoub et al. utilized electrospinning techniques to create a gelatin
methacryloyl (GelMA) fiber loaded with azithromycin (AZ) [41]. Gelatine itself is a natural
biomaterial derived from hydrolyzed collagen, containing an alternating sequence of the
arginine, glycine, and aspartate (RGD) tripeptide motif, which promotes cell adhesion
and very low exhibition of immune responses. The study encompassed a comprehensive
investigation of various aspects, including the morphology and diameter of the fibers,
the incorporation of AZ, the mechanical properties of the fibers, the degradation profile,
and antimicrobial activity. Furthermore, in vitro compatibility with DPSCs and an in vivo
evaluation of the inflammatory response were conducted. The findings demonstrated that
the presence of AZ did not lead to significant toxicity. In vivo results revealed increased
vascularization, mild inflammation, and the presence of mature, well oriented collagen
fibers that were interwoven with the engineered fibers.

The same research group carried out a study to explore the potential of enhancing
the GelMA scaffold material by combining it with other antimicrobial agents. Ribeiro
et al. incorporated clindamycin or metronidazole microparticles into the scaffold [42].
The experimental hydrogels were subjected to various analyses, including swelling and
degradation assessments, evaluation of toxicity towards dental stem cells, and examination
of antimicrobial activity against endodontic pathogens. The introduction of antibiotic-
loaded fibrous microparticles into GelMA resulted in an increase in both the swelling ratio
and degradation rate of the hydrogels, and the hydrogels containing antibiotic-loaded
fibrous microparticles exhibited significant antibiofilm effects, although cell viability was
compromised. Overall, these results suggest that the injectable hydrogels with antibiotic-
loaded fibrous microparticles have promising clinical potential for the effective eradication
of endodontic infections.

There is a continuous flow of new developments and innovations in the field of scaffold
materials. While antimicrobial properties would be helpful, there are many requirements
to be met for pulp tissue engineering applications [43], e.g., control of the mechanical
properties, such as stiffness and setting time, of the material used for preparation and
injection into the root canal, is critical. Furthermore, it is important that the material allows
for the binding, stabilization, and controlled release of signaling molecules. The cured
material should be permeable for nutrients and metabolites, as well as biocompatible and
biodegradable, to allow cell migration and transformation of the material into new tissue.
Here, natural biomaterials have proven to be especially suitable [44,45]. One innovative
natural material is carrageenan, a polysaccharide obtained from red algae [46]. Among
them, kappa- and iota-carrageenan have received much attention as scaffold materials due
to their gelling properties in the food industry, but also in regenerative medicine due to
their cytocompatibility. The biological properties of kappa-carrageenan are based on its
three hydroxyl groups per disaccharide repeating unit, which make it hydrophilic, as well
as its one negatively charged sulphate group, which enables chemical reactions. Loukelis
et al. investigated the effect of kappa-carrageenan on the behavior of dental pulp stem
cells. Kappa-carrageenan/chitosan/gelatin scaffolds cross-linked with KCl were compared
with carrageenan/chitosan/gelatin without KCl and chitosan/gelatin. Cell viability was
significantly increased over the experimental period, as was alkaline phosphatase (ALP)
activity and the expression of odontogenic marker genes. The results demonstrate that
incorporation of kappa-carrageenan into scaffolds significantly enhances the odontogenic
potential of DPSCs and may support dentin–pulp regeneration.

In summary, the field of dental pulp regeneration has made significant progress in
recent years. Preclinical and clinical studies have provided insight into the results of
regenerative endodontic procedures. Although repair tissue formation has been observed,
true regeneration of the dentin–pulp complex, based on biological criteria, has yet to be
achieved. Further research is needed to overcome existing challenges and bridge the gap
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between preclinical findings and clinical applications. Continued efforts in stem cell biology,
scaffold materials, molecular signaling, and experimental models will bring us closer to the
goal of true pulp regeneration and restoration of pulp tissue functionality.
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Abstract: Efforts to heal damaged pulp tissue through tissue engineering have produced positive
results in pilot trials. However, the differentiation between real regeneration and mere repair is not
possible through clinical measures. Therefore, preclinical study models are still of great importance,
both to gain insights into treatment outcomes on tissue and cell levels and to develop further concepts
for dental pulp regeneration. This review aims at compiling information about different in vitro
and in vivo ectopic, semiorthotopic, and orthotopic models. In this context, the differences between
monolayer and three-dimensional cell cultures are discussed, a semiorthotopic transplantation model
is introduced as an in vivo model for dental pulp regeneration, and finally, different animal models
used for in vivo orthotopic investigations are presented.

Keywords: regenerative endodontics; study model; dental pulp; regeneration; tissue engineering;
cell culture techniques; animal models; translational research

1. Introduction

The dental pulp has important functions, and its loss can have serious consequences.
A root-filled tooth may remain in the oral cavity without pulp, but it lacks the ability to react
to sensory stimuli, issue an immune response, or form reparative dentin [1]. Additionally,
remaining hard tissue is weakened, and as a result, root fractures occur more frequently than
in vital teeth [2]. If immature teeth are affected, root development comes to a halt, leaving
thin dentin walls and an open apex behind, which complicates further therapies [3,4]. To
overcome the biological and mechanical drawbacks of traditional endodontic treatment,
research focused on pulp regeneration has gained interest over the last years. Several
approaches in the realm of endodontic tissue engineering are being explored, which can
be categorized into primarily cell-free methods, where resident stem cells re-populate the
root canal, and cell-based approaches, where cells are introduced by transplantation [5]. In
both approaches, the three pillars of classical tissue engineering, i.e., stem cells, signaling
molecules, and a scaffold material, are present [6].

Interestingly, endodontic tissue engineering has already been translated into random-
ized clinical trials. Patients with irreversible pulpitis have been treated with transplantation
of autologous [7] or allogenic [8] mesenchymal stem cells into root canals. In these studies,
all teeth that received treatment through tissue engineering have survived after 12 months,
and even positive responses to sensitivity testing were evident in a considerable number
of cases. Further observations, such as radiographic reduction in apical lesion size and
root lengthening and thickening, demonstrated clinical success [9]. However, the question
remains whether this success is associated with biological regeneration of the pulp or a re-
pair process. Teeth that have undergone regenerative procedures and are later extracted for
other reasons often show proof of repair by ectopically formed tissues instead of restitutio
ad integrum [5]. Strengthening the tooth root by the apposition of any hard tissue may be
of clinical value and could contribute to increased mechanical resistance, but functional
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issues, e.g., adequate biological response of the dental pulp to external stimuli, remain
unresolved [3,10]. In this context, histological examination is the only way to determine
the exact nature of newly generated tissues. However, this is, of course, impossible in a
systematic way in clinical studies. For this reason, preclinical study models are still indis-
pensable for the development of new pulp regeneration procedures and for the biological
evaluation of outcomes.

The aim of this review is to compile different study models for both cell-based and
primarily cell-free tissue engineering approaches for pulp regeneration that have emerged
and developed over the past years. These can be grouped roughly into categories: in vitro;
in vivo ectopic, referring to the ectopic transplantation of scaffolds and cells into im-
munocompromised animals; in vivo semiorthotopic, where cells are cultured in a tooth
framework, which is transplanted into animals; and in vivo orthotopic, meaning the in situ
simulation of clinical procedures in study animals, as shown in Figure 1. The advantages
and disadvantages of the available in vitro and in vivo models are compared and discussed.

 
Figure 1. Compilation of study models for dental pulp tissue engineering.

2. In Vitro

2.1. Monolayer Cell Culture

The monolayer cell culture presents the most basic laboratory technique. Distin-
guished by the locations of their origins, several cell sources have been identified. Of
particular interest for dental pulp tissue engineering are mesenchymal stem cells, such
as dental pulp stem cells (DPSCs), stem cells from the apical papilla, and periodontal
ligament stem cells [11–13]. Dental stem cells can be obtained from human teeth, as well
as from other species [14–16]. Furthermore, the use of non-oral stem cells for dental pulp
regeneration, such as umbilical cord stem cells or amniotic epithelial stem cells, has also
been investigated [17,18].

In terms of dental pulp, stem cells are isolated from pulp tissue by enzyme digestion
or the outgrowth method and then cultured in medium supplemented with fetal bovine
serum [19]. As adherent cells, they attach to the bottom of the culture vessel and form
a confluent monolayer. In this culture environment, many cell characteristics, such as
viability, population doubling, senescence, gene expression, or differentiability, and their
responses to signaling molecules or biomaterials can be assessed.

The strengths of this model are controllable and reproduceable experimental condi-
tions [20]. Different aspects of a complex in vivo system can be simplified and explored
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mechanistically in an in vitro culture setting [21], and costs are also very low compared
to other models in use [20]. However, there are some disadvantages as well. Due to its
simplicity, it has limitations when it comes to reproducing physiologic conditions. This
includes tissue architecture, cell–cell communication, cellular movement, and cell–matrix
interaction [22]. An adequate rendering of biological processes is, therefore, difficult, and
the model may produce misleading and nonpredictive data [20,23].

Still, it has been instrumental in the characterization of tooth-derived stem cells [24]
and remains the basis of most research even today. Many attempts have been made to
culture and analyze odontoblast-like cells in vitro by the addition of signaling molecules to
stem cells [25–28]. Signaling pathways in these cells have been investigated [29,30], gene
expression patterns during cell differentiation have been revealed [31–33], and mineral-
ization has been observed through alkaline phosphatase or alizarin red staining [17,34,35].
Since the cells at the interface with dentin are an integral part of the pulp–dentin complex,
this model can also be adapted to study the behavior of DPSCs seeded directly onto the
surface of dentin disks [19,36]. Furthermore, dentin matrix proteins, which are rich in
growth factors that modulate cell differentiation, can be isolated from human dentin and
supplemented in cell culture media to study the behavior of pulp cells [28,37,38].

2.2. Three-Dimensional (3D) Cell Culture

A two-dimensional approach can be enhanced by the utilization of three-dimensional
culture methods, such as scaffold cell cultures, spheroids, or organoids (Figure 2). While
scaffold cultures are mostly applied in material testing, spheroids and organoids were
originally developed for tumor research and personalized medicine [23]. Unfortunately,
the terms are used inconsistently in the literature. The term spheroid describes a conglom-
erate of adult cells without any scaffold, whereas an organoid consists of self-organized
stem or progenitor cells forming organ-specific constructs with the help of a scaffolding
environment [20,39].

 
Figure 2. Three-dimensional cell culture models. (A) Hydrogel culture: cells are embedded in a
scaffold material with a supernatant of culture medium. (B) Spheroid culture. (C) Organoid culture:
cells are embedded in an extracellular matrix.

These three 3D-culturing methods have in common that the cells are spatially dis-
tributed within a supporting structure, i.e., an extracellular matrix [40–42]. 3D-cultured
cells differ in morphology and physiology from two-dimensional cultures, as nonadherent
cells are given the possibility to unfold their cellular shape and display greater heterogene-
ity, either in morphology, lineage, function, or age (Figure 3). Whereas necrotic cells in 2D
cultures quickly detach from the surface of the culture flask and are rinsed out, 3D cultures
consist of cells in different stages of aging. The core of agglomerates is often composed of
necrotic cells, while the outermost layer consists of viable and proliferating cells, which
emulates natural processes more closely [23]. The matrix itself also influences the cell
behavior, e.g., by its rigidity. Stiff matrices can drive stem cell differentiation towards the
osteogenic line [43].
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Figure 3. Comparison of morphologies of differently cultured cells. (A) DPSCs cultured on a tissue
culture plate; scale bar of 200 μm. (B) REM image of DPSCs cultured on a dentin disk, where cells
extend their processes into dentin tubules; scale bar of 10 μm. (C) Confocal laser scanning microscopy
of live (green) and dead (red) DPSCs cultured in a collagen hydrogel shows the high turnover of cells;
scale bar of 200 μm.

In general, 3D cell cultures are more apt to reflect in vivo mechanisms than monolayer
cultures [23] and, therefore, produce more accurate insights [44]. Thus, 3D cultures have
the potential to bridge the gap between simple cell cultures and in vivo experiments, which
can reduce the need for ethically challenging animal models [41]. However, as of now,
3D culturing is less established than monolayer culturing and is associated with greater
effort and higher costs. Furthermore, the analysis of cell cultures is more difficult since cells
need to be separated from the extracellular matrix, and high variability in the produced
agglomerates reduces reproducibility [22,23].

Since there is always a close connection between hard and soft tissues in the pulp–
dentin complex, it is also possible to combine 3D cell cultures with tooth structures. In this
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case, the pulp cavity of a slice of a tooth crown or the empty canal of a root can serve as
reservoir to receive 3D-cultured cells. These constructs can be maintained in culture and
studied in vitro [45,46]. Nevertheless, tooth slice or root fragment models are commonly
used in in vivo model situations, which is discussed in detail in a following section.

2.2.1. Hydrogels

Scaffolds can not only serve as a cell matrix in vitro, but constitute a pillar of tissue
engineering, which makes them the subject of research in the realm of pulp regeneration.
Essentially, these can be divided structurally into porous scaffolds, fibrous scaffolds, and
hydrogels, where hydrogels are primarily used in the field of pulp biology research. They
best imitate the mechanical properties of the dental pulp, and furthermore, their injectability
makes them suitable for use in the root canal [47,48]. Appropriate materials should restore
tissue architecture and guide cell growth but also degrade over time to provide space
for new tissue formation [48,49]. The combination of scaffold materials and stem cells
in vitro lays the foundation for assessing the eligibility of materials for clinical applications.
Herein, cells can be cultured inside or on top of a hydrogel material to assess both the
scaffold properties [50,51], such as inductivity or degradability, and the cell behavior, such
as proliferation and migration, as well as cell–cell and cell–matrix interactions. Furthermore,
the cytotoxicity of dental materials can be tested in a hydrogel model by adding substances
to the culture medium or in direct contact with cells [52].

To emulate the mechanical and functional relationship between hard tissue and cells
within the pulp–dentin complex, dentin can also be incorporated into three-dimensional
culture systems. Rosa et al. filled tooth roots with stem cells from exfoliated deciduous teeth
(SHED) that were encapsulated in a collagen matrix and cultured the fragments in vitro
to investigate whether odontoblastic differentiation of cells was possible in full-length
roots [46].

An innovative method for producing scaffolds and even hydrogels to incorporate
cells is 3D bioprinting. Two different approaches are usually applied: one is the printing
of acellular scaffolds, such as PCL [53], and the other is the additive manufacturing of
scaffolds that already contain cells and signaling molecules [54,55]. Both types can be used
in vitro and in vivo and are captivating because of their rapid fabrication, high precision,
and customized production; however, the limitations of a low number of suitable materials,
high costs, and possible undesirable additives could restrict applicability at present [56].

2.2.2. Spheroids

Spheroids can be defined as a conglomerate of cells that self-assemble or are forced
to aggregate [22,44]. They can be produced from a single cell type or as a multicellular
spheroid and can be fabricated in a myriad of ways, from the gravity-enforced hanging
drop method to the layering of cell sheets, as well as low-attachment culture plates [57],
pellet culturing [58], the utilization of micro molds [59], and magnetic levitation [41].

In terms of pulp regeneration, researchers are studying the possibility to use in-
vitro-generated cell agglomerates to replace damaged pulp tissue directly, but the use of
engineered pulp tissue replicas also provides a novel model to study the processes in dental
pulp regeneration and to assess the biocompatibility of various materials used [60].

2.2.3. Organoids

Organoids commonly refer to self-organizing 3D cell structures of organ-specific cell
types that arise from the differentiation of stem or progenitor cells [20]. They partially
resemble the architecture and function of the target organ and are usually fabricated using
decellularized extracellular matrices, such as Matrigel or collagen, to mimic a tissue’s
noncellular components [61]. Matrigel is a commercially available material that contains
structural proteins, such as collagen, elastin, and laminin, comparable to the basal lamina
in vivo. However, it is not suited for in vivo application, as it is extracted from mouse
sarcoma cells [62].

13



Int. J. Mol. Sci. 2022, 23, 14361

Organoids are, to a certain degree, able to simulate the architecture and functionality
of a native organ [20,63]. Fashioned from embryonic cells, for example, organoids can
recreate both hard and soft tissues. Cells in an organoid can be cultured for an extended
time and mimic signaling pathways and niche conditions more closely compared to cells in
a 2D system. Compared to an animal model, the implementation of organoids provides
greater accessibility and feasibility [64]. However, the creation of organoids also requires
certain laboratory skills, and protocols, including which cells and signaling molecules to
use, still need to be revised [64].

Thus far, intestinal, cerebral, and renal organoids have been established [65]. Research
into oral organoids is also being conducted, e.g., salivary glands have been recreated that
can restore nerval connections and produce saliva when implanted orthotopically [66].
Jeong et al. managed to construct dentin-pulp-like organoids that expressed odontoblast-
like markers and issued a biological response to the application of hydraulic calcium silicate
cements [60]. Xu et al. also established an organoid model that was recommended for the
toxicity screening of dental materials used, e.g., for direct pulp capping [67].

Outside the realm of dental pulp regeneration, researchers have even attempted to
engineer whole tooth germ organoids. This has been partially successful by layering a
multitude of different cell types [68,69]. These constructs display odontogenic markers
and are also capable of epithelial invagination into the mesenchymal layer, mimicking the
tissue interactions and signaling pathways at play during human tooth development [70].
Furthermore, the vision for these organoids is to replace dental implants, but further
development is necessary [64].

2.2.4. Bioreactors

One drawback of 3D cultures is that nutrients cannot efficiently penetrate the center
of the 3D structures and waste accumulates, which affects cell survival. Consequently,
these cultures are difficult to maintain for longer time periods [60]. However, in an in vivo
environment, a steady blood supply guarantees tissue homeostasis. Bioreactors are, there-
fore, designed to mimic this natural phenomenon and to actively supply cells in the depth
of 3D structures with nutrients and oxygen [71]. Examples for simple bioreactors are
magnetic rod stirrers, rockers, rotating wall vessels, and peristaltic pumps [72–74]. What
these methods have in common is that they set culture medium in motion in order to
achieve deeper penetration into matrix structures. By choosing either laminar or a more
turbulent flow, mechanical stimuli, such as sheer stress, flow-induced pressure, or dynamic
compression, can also be applied to cells in culture vessels to further emulate an in vivo
situation [71]. Naturally, each individual tissue requires specific stimuli. For example,
cells differentiating towards an osteogenic cell fate have proven particularly perceptive to
hydrostatic pressure and sheer stresses [75–77]. However, which stimuli best support the
odontogenic differentiation of cells remains to be determined.

2.2.5. Tooth-on-a-Chip Model

The so-called “organ-on-a-chip” techniques can be viewed as an extension of biore-
actors. Here, cells are seeded in a microfluid device that ensures nutrient transportation
through small channels and recreates physical parameters, such as pressure or shear
stress [20]. Monitoring tools can also be included in this device [20]. The first organ to be
emulated in a small plastic device was the lung. For example, the alveolar–capillary barrier
was simulated by combining alveolar epithelial and endothelial cells, with both blood and
oxygen flow, as well as cyclic mechanical stretching, in a 3D multichannel microfluid culture
vessel [78]. França et al. were the first to build a tooth-on-a-chip model [79]. It consisted
of two separate, closed-circuit channels filled with medium and two reaction chambers
separated by a dentin fragment. Dental stem cells were added to one side, whereas the
other side of the dentin barrier mimicked a tooth cavity. This model was used to test cell
reactions to biomaterials by injecting solvents of the materials into the cavity side of the
chip. Morphological changes in the cells could now be observed by direct cell imaging [79].
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With further development, this approach holds many opportunities to enhance research
into materials and signaling molecules used in dental pulp tissue engineering.

3. In Vivo Ectopic and Semiorthotopic Models

The transplantation of biological samples into the subcutaneous space of experimental
animals is another method to create a physiological environment. In this context, ectopic
means that tissues or cells are transplanted into experimental animals at a nonphysio-
logical location. Cells in scaffolds can be transplanted by themselves or with signaling
molecules [12,80–83]. However, especially in the context of pulp biology, cells are often
implanted together on dentin disks [84,85], in tooth slices [59,86–88], in dentin cylinders,
or in tooth roots [46,50,89–93] in order to simulate their natural environment. Since the
directly surrounding or adjoining tissue is not ectopic, but rather corresponds to the natural
environment (orthotopic), the term semiorthotopic is often used [94]. Here, the proxim-
ity to blood vessels enables nutrient supply to cells and the removal of waste products,
and the animals can, thus, be considered in vivo bioreactors [71]. Additionally, interac-
tions with resident peripheral nerve cells, connective tissues, and the immune system
can be studied. Immunodeficient animals are most often utilized to prevent unwanted
immunogenic reactions.

Implantation sites can vary. Small incisions through the skin can, for example, be
made on the dorsum of mice, and subcutaneous pockets created by blunt dissection. After
implant placement, wounds are closed by stapling or stitching [88]. Due to its abundant
blood supply, the rat renal capsule is another location for ectopic transplantation; however,
it is more difficult to access, and the mortality rate of experimental animals is higher than
after subcutaneous implantation [95,96]. The subcutaneous implantation of autologous
dental pulp cells or scaffold constructs into the dorsal surface of rabbits was also suggested
as a valid ectopic model [97]. Ruangsawasdi et al. investigated the implantation of cell-
free tooth roots filled with fibrin into the calvaria of rats and found that this placement
produced more tissue ingrowth in the same time period than the dorsal location. This
article suggested that rat calvaria could provide a microenvironment similar to the tooth
socket [98].

Favorable outcomes can be achieved with ectopic and semiorthotopic transplantation,
as they offer very translational features, are reproducible, and are well-described in the
literature. Compared to other preclinical in vivo models, the utilization of smaller animals,
such as mice, is preferred, as breeding and housing are less expensive and murine anatomy
is well-understood. The surgical procedure of implant placement is easy to perform and
results in minimal distress for the animals. Nevertheless, ethical concerns still need to be
considered, and especially in the early stages of research, cell cultures should be preferred.
The decision to use animals should never be taken lightly. It must also be noted that newly
formed tissue, blood vessels, or nerve fibers can be of human or rodent origin. These
ambiguities need to be kept in mind and reviewed in order to draw the correct conclusions
regarding tissue formation (Table 1).

Table 1. Strengths and weaknesses of in vitro and in vivo models.

In Vitro In Vivo
Monolayer 3D Culture Ectopic Semiorthotopic

high cost + + ++ ++
ethical concerns + + +++ +++

literature experience +++ + ++ ++
difficult implementation + ++ ++ ++

reproducibility +++ ++ + +
mimicry of natural situation + ++ ++ +++
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Further variations of these model are presented below, and selected references for
applications of both in vitro and in vivo ectopic and semiorthotopic models can be found
in Table 2.

Table 2. Selected references for applications of each study model, including both in vitro and in vivo.
The asterisk indicates categories that are not conceivable in the present classification.

Study Models
In Vitro In Vivo

Ectopic Semiorthotopic

Scaffold culture

Wang et al., 2010 [81]
Galler et al., 2012 [50]
Qu and Liu, 2013 [40]

Widbiller et al., 2016 [52]
Lin et al., 2021 [42]

Buurma et al., 1999 [80]
Gronthos et al., 2000 [12]

Wang et al., 2010 [81]
Lee et al., 2011 [82]

De Almeidas et al., 2014 [83]

*

Spheroid and organoid

Xiao and Tsutsui, 2013 [99]
Dissanayaka et al., 2014 [59]

Jeong et al., 2020 [60]
Zheng et al., 2021 [100]
Chan et al., 2021 [101]

*

Dentin disk

Sloan et al., 1998 [102]
Huang et al., 2006 [19]

Widbiller et al., 2019 [103]
Atesci et al., 2020 [104]

* Batouli et al., 2003 [84]
Goncalves et al., 2007 [85]

Tooth slice Casagrande et al., 2010 [45] *

Cordeiro et al., 2008 [86]
Prescott et al., 2009 [87]
Sakai et al., 2010 [105]

Casagrande et al., 2010 [45]
Sakai et al., 2011 [88]

Dissanayaka et al., 2014 [59]

Dentin cylinder and tooth root Rosa et al., 2013 [46] *

Galler et al., 2011 [89]
Galler et al., 2012 [50]
Rosa et al., 2013 [46]

Takeuchi et al., 2015 [90]
Widbiller et al., 2018 [91]

With coronal plug:
Huang et al., 2010 [92]

Zhu et al., 2018 [93]

3.1. Dentin Disk and Tooth Slice

Despite the fact that various research applications are based on the ectopic implanta-
tion of cells alone or cells encapsulated in a scaffold material [24,83,106], pulp cannot be
restored without considering the pulp–dentin complex. The close mechanical and func-
tional connections of cells and dentin are the reasons why many researchers choose to
combine pulp-derived cells with dentin disks or tooth slices in vitro and implant them
subcutaneously. Therefore, dentin disks or tooth slices are usually obtained in the area
of solid coronal dentin or the pulp cavity from human molars respectively. The cells can
then be seeded on top of solid dentin disks or cast within a scaffold into the former pulp
chamber [45,87,88] (Figure 4A,B).
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Figure 4. Variants of the ectopic transplantation model. (A) Dentin disk with cells seeded on top.
(B) Tooth slice with cells and scaffold inserted into the pulp chamber. (C) Root fragment model with
cells and scaffold inserted into the root canal.

The tooth slice model has proven to be a valid semiorthotopic approach to observe
and evaluate mechanisms of differentiation, vascularization, and regeneration [45,105]. It
can answer questions regarding the pretreatment of dentin surfaces, the host integration of
transplants, the deposition of extracellular matrix, and tumorigenic potential. Furthermore,
the assessment of various scaffold materials and their suitability for regenerative procedures
is possible [107]. The research team around Nör has used it to investigate genetically
modified DPSCs and to better understand signaling pathways [29,30]. It also allows for the
transplantation of traceable cells to analyze cell fate in vivo [86,105].

3.2. Dentin Cylinder and Tooth Root

Sufficient vascularization is a prerequisite for cells to survive and generate new tis-
sue [71,86,108]. In a tooth slice model, nutrients and oxygen may reach the cells easily by
diffusion from neighboring tissues, as the diffusion distance is short. However, the anatomy
of an actual tooth is different. Diffusion from the root tip all the way to the crown is not
possible. Only the advancement of a functional vascular system allows cells to expand
into the entire pulp cavity and tissue to develop even far from the apical entry [108,109].
As blood vessels have only restricted access to the root canal through the apical foramen,
models using dentin cylinders or tooth roots mimic the difficulties of the clinical situation
more accurately. Here, whole roots or parts of them are separated from extracted teeth,
prepared, and filled with cells and a scaffold material. Sample constructs can then be
implanted, for example, into a mouse dorsum to be accessed by blood vessels and nerve
fibers (Figure 4C). Whereas leaving both ends of the dentin cylinder open may provide
optimal blood supply from two directions, sealing of the coronal opening with a bioactive
material corresponds to clinical situations, as the unilateral sprouting of vessels into the
tooth root presents a challenge [46,91,92]. However, the decision of how to prepare the
roots must be made depending on the application and the specific research question.

This semiorthotopic model situation allows a variety of investigations and analyses.
The focus can be on qualitative factors, such as the formation of odontoblast-like cells or the
expressions of certain markers, as well as quantitative factors, such as the number of blood
vessels or nerve fibers or the amount of newly formed tissue. Furthermore, the model has
been continuously developed and modified over the past years to answer specific questions
or to counteract limitations. For example, Widbiller et al. established a customized tooth
root model to test cell-homing approaches for dental pulp regeneration [91]. Here, the root
canal was filled with a growth-factor-laden hydrogel with the ability to promote chemotaxis.
Stem cells were then placed only at the apical opening of the root to mimic the apical papilla
as the stem cell source of immature teeth. After the recovery of the tooth roots from the
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mouse subcutaneous space, the samples can be processed histologically, and the newly
formed tissue can be analyzed by various techniques (Figure 5) [110].

 

Figure 5. Cell-homing model. Tooth root recovered after 6 weeks of implantation into subcutaneous
dorsal space of mice: (A) coronal plug, (B) dentin of root walls, (C) cells that migrated into the root
canal, (D) apical reservoir of stem cells in collagen, (E) murine tissue, (F) blood vessel.

Another interesting variant was reported by Hilkens et al. with the aim of creating a
more standardized situation. Cells were seeded not into human root fragments but into
3D-printed hydroxyapatite scaffolds shaped as tooth roots that were then implanted into
mice to assess the angiogenetic potentials of different stem cells [109].

4. In Vivo Orthotopic Model

Lastly, the most translational situation to investigate stem pulp tissue engineering
is the experimental animal. In this orthotopic model, signaling molecules, a scaffold,
and eventually, stem cells are implanted together into an anatomically correct site, which
is the root canal of a tooth in its physiological position in the oral cavity of an animal.
Animal models for dental pulp tissue engineering can be grouped into small animal
models and large animal models. Large animal models, such as dogs and pigs, are often
preferred because it is easier to facilitate from a treatment perspective regarding tooth size
(Figure 6) [95].
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Figure 6. Relative tooth sizes of different species. Scale bar: 1 cm.

The scientific value, thereby, is that treated teeth can be examined histologically after
animals have been euthanized, and the treatment outcomes of regenerative procedures can
be systematically evaluated at tissue and single-cell levels. Furthermore, orthotopic models
are used to evaluate the efficacy and quality of proposed regenerative strategies and to
establish a data basis to design future clinical trials adequately [95]. The fields of application
cover many areas, such as tumorigenesis, the testing of restorative materials, and root canal
disinfection methods, as well as periodontal and endodontic regeneration [93,111].

However, it must always be kept in mind that conclusions derived from animal
studies are not necessarily transferable to the clinical situation. Tooth anatomy, as well
as the local microbiomes or regenerative capacities of cells or tissues, may differ. For
example, autologous stem cells of animals, which are typically applied to circumvent the
problem of immunocompatibility, may not behave the same way as human stem cells [111].
Furthermore, animal studies are afflicted with higher expenses than in vitro methods,
which limits their availability and feasibility [111]. Most importantly, ethical concerns must
always be considered when conducting research in vivo, and the step from cell culturing
to animal testing should not be taken carelessly. From an ethical point of view, every
single sacrifice of an animal needs to be justified by an increase in scientific knowledge.
Therefore, the proposed research protocol must be reviewed before experiments can be
initiated. It must align with local animal welfare laws and regulations, and it is important
to ensure that researchers are educated in the handling of the animal in use. In addition, the
least sentient animal should be preferred when choosing a suitable species (Table 3) [71].
When planning animal-based research, one should consider the principle of the three Rs:
(1) replacement with alternative methods, such as in vitro cell cultures, whenever possible;
(2) reduction in number, which may include performing multiple experiments on the
same animal; and (3) refinement of the projects and techniques used in order to minimize
pain and stress [112,113]. However, a reduction in number that results in invalid data
and the need for repetition of the experiment is to be avoided [71]. When reporting the
findings of animal studies, the ARRIVE guidelines (Animal Research: Reporting of in vivo
Experiments) should be observed [114].
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Table 3. Strengths and weaknesses of in vivo orthotopic models.

In Vivo Orthotopic
Dog Pig Ferret Rodent

high cost +++ +++ ++ +
ethical concerns +++ ++ ++ ++

literature experience +++ ++ + +
housing requirements ++ +++ + +

animal handling +++ + ++ +++
similarity of tooth anatomy ++ ++ + +

similarity of tooth size +++ +++ ++ +
access to teeth ++ ++ ++ +

4.1. Large Animal Models
4.1.1. Dogs

Dogs have often been used as a model in dental pulp regeneration research [115].
In general, canine teeth are similar to human teeth in anatomy, growth patterns, and
pathophysiology [116]. Canine premolars are preferred, as they present the greatest sim-
ilarity to human molars [71]. However, even other teeth, such as incisors or canines, are
suitable [117].

Differently from human teeth, the root canal system of an adult dog ends in a highly
branched apical delta with multiple ramifications, which makes disinfection by irrigation
difficult [116]. The premolars of younger dogs, however, have not yet formed the complex
delta and still present a more stringent apical anatomy [71]. Still, the enlargement of the
apical opening is a necessary step during the operation procedure [118]. Of course, there
are ethical concerns and public criticism associated with the use of the canine model, which
are justified and understandable, as dogs are considered companions to humans and are
usually kept as pets.

Overall, there is extensive knowledge of this study model and, thus, its predictability
in outcome can be seen as an advantage. Groups around Nakashima and Iohara have
established and refined canine models using the beagle dog breed due to its friendly tem-
perament and small size [118,119], which is advantageous for the housing and handling of
the animals. They have worked for many years on the development of clinically applicable
protocols for pulp regeneration by cell transplantation, making extensive use of the canine
model, thereby, for example, proving the successful regeneration of pulp tissue using
cell transplantation approaches by transplanting autologous canine stem cells into canine
teeth after partial or total removal of the pulp [108,118]. Furthermore, this experimental
set-up has been used to investigate different subclasses of canine dental stem cells [120],
the influence of various signaling molecules [58,120], and the impacts of age [121] and
inflammation [122] on endodontic regeneration.

4.1.2. Pigs

Pigs are used in various areas of research, especially as surgical models. This is
because their growth patterns, physiology, and head size come close to humans [123,124].
Endodontic procedures were performed on porcine premolars, which were easy to access
and were deemed suitable for experimentation in dental pulp tissue engineering [93].
Another advantage is that euthanizing pigs, which are regarded as livestock, is considered
less critically [71,117]. However, there are also shortcomings to this model, such as the
heavy weight of the animals compared to dogs, the small size of pig pulp chambers, and the
challenges of adequate housing and high demands for feeding and care [93]. Additionally,
their posterior teeth were described as difficult to access, and the root canal morphology
was irregular and not ideal [93]. Interestingly, pigs were reported to possess a “disobedient
temperament” or “uncooperative behavior”, which deemed them difficult to manage [117].
However, Zhu et al. isolated porcine dental pulp stem cells and could prove the formation
of vascularized pulp-like tissue in pig teeth and reparative dentin formation [93]. On the
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other hand, the implantation of porcine dental pulp stem cells in induced pulp defects
did not result in regenerated pulp or reparative dentinogenesis in other studies [124].
Therefore, there are still challenges that need to be overcome before this model can find
widespread use.

4.2. Small Animal Models
4.2.1. Rodents

Small animal models are often automatically excluded from use as orthotopic study
models because of the diminutive size of the teeth. In addition, rodent incisors grow
continuously throughout their lives and are only shortened due to attritive wear and tear.
In contrast, their molars are brachydont and can, therefore, be considered for endodontic
treatments. However, small mouth size limits access, and teeth are minute compared to hu-
man teeth. When using standard endodontic instruments, there is a high risk of perforating
the soft dentin walls, especially in curved roots. Nowadays, the use of magnification by,
e.g., operative microscopes and small instruments enables the use of rodents for endodontic
applications [71,125,126]. Despite the difficulties in treating teeth, the animals’ small sizes
are beneficial when it comes to housing. Another advantage is that rodents possess faster
biological responses to treatment; one month for rats is equal to 30 months in humans [125].

Thus, the rat model was reported as a suitable model to study novel methods of
root canal treatment after apical periodontitis [126]. On various occasions, rodent models
have also been used for the study of pulpal healing in direct pulp capping [127–129].
Furthermore, Almushayt et al. used rats to test the functionality of DMP1 as a signaling
molecule for dental pulp tissue engineering [130].

4.2.2. Ferrets

The ferret is a medium sized carnivore that is much smaller than dogs or pigs. Their
teeth exhibit anatomical, physiologic, histologic, and pathologic characteristics that resem-
ble human teeth [111]. In particular, their single-rooted canine is suited for endodontic
procedures [71,131,132].

Ferrets have the advantage of being less expensive to house and easier to maintain and
breed in the laboratory than larger animals and are typically not considered as pets [111].
Because their root apices are wide open, ferret teeth lend themselves to the study of
regenerative endodontic procedures where the pulp tissue is removed and bleeding is
induced in order to facilitate the formation of new tissue in the root canal [133,134]. In
addition, periapical infections can predictably be induced, and ferret canines can be used
to investigate irrigation and medication protocols [131].

4.3. Untypical or Inappropriate Models
4.3.1. Feline Model

Other animals have been considered for stem-cell-based oral tissue engineering, as
well. Cats are easy to anesthetize and have four single-rooted cuspid teeth that are suitable
for endodontic procedures. However, they are more expensive to accommodate than small
animals, and in analogy to dogs, they are commonly considered as pets, which induces
emotional problems and public objections [111]. Although they have been described
historically as a possible model, e.g., for the study of periapical lesions [135], they have not
been used as such for a long time.

4.3.2. Ovine Model

Sheep present a less-developed study model in dental research but were reported to
be very promising [117]. Because they are ruminants, the salivary pH of sheep is higher
than humans [117]. Furthermore, ovine teeth are different from those of humans, although
there are similarities in anatomy and size [136,137]. The permanent first incisors of 12-to-
18-month sheep are suited for regenerative endodontic studies, as they possess an open
apex and thin dentinal walls. Further advantages can be seen in the low ethical concerns
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regarding farm animals and the easy upkeep, as they can be released on fields [137]. Even
if sheep have been used in other research areas, such as periodontology [138] or bone
regeneration [139], further investigations need to be conducted before sheep can be utilized
as a study model for dental pulp tissue engineering [136].

4.3.3. Primate Model

Because of their sentient character, long life span, and expensive acquisition and
care, non-human primates are not an adequate model for research in dental regenera-
tion [140,141]. Furthermore, despite presenting great anatomical similarities to humans,
non-human primates are not ideal for endodontic research, as they have far better re-
covering abilities than humans. The artificial induction of pulpitis was hindered by the
strong resistance of primate pulp to oral contamination [71]. For various ethical, legal, and
physiological reasons, primates may not be used in this context, and other animal models
must be preferred.

5. Conclusions

Today, various 3D cell culture models offer good alternatives to animal studies. Certain
questions can easily be resolved in vitro, and the ongoing development of organoid and
spheroid cultures, for example, could expand this area of application in the future. In order
to gain further insight into outcomes in a physiological environment, there is, of course,
also a necessity for animal studies. In consideration of the 3 Rs, study designs based on
the semiorthotopic approach are of great benefit here. However, the final investigation of
the research goal must be carried out in an in situ approach. Small animal studies should
also be considered in this context in order to reduce the number of currently used large and
more sentient animals.

Looking at the variety of in vitro and in vivo study models, there is not a single
model that is suitable to answer all questions related to dental pulp regeneration. In each
case, the appropriate model situation must be selected to correspond with the specific
research question and the current state of development on the way to clinical applica-
tion. Requirements, costs, and above all, ethical considerations should be included in the
decision-making process.
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Abstract: The regenerative endodontic procedure (REP) represents a treatment option for immature
necrotic teeth with a periapical lesion. Currently, this therapy has a wide field of pre-clinical and
clinical applications, but no standardization exists regarding successful criteria. Thus, by analysis of
animal and human studies, the aim of this systematic review was to highlight the main characteristics
of the tissue generated by REP. A customized search of PubMed, EMBASE, Scopus, and Web of
Science databases from January 2000 to January 2022 was conducted. Seventy-five human and
forty-nine animal studies were selected. In humans, the evaluation criteria were clinical 2D and 3D
radiographic examinations. Most of the studies identified a successful REP with an asymptomatic
tooth, apical lesion healing, and increased root thickness and length. In animals, histological and
radiological criteria were considered. Newly formed tissues in the canals were fibrous, cementum,
or bone-like tissues along the dentine walls depending on the area of the root. REP assured tooth
development and viability. However, further studies are needed to identify procedures to successfully
reproduce the physiological structure and function of the dentin–pulp complex.

Keywords: regenerative endodontics; dentin-pulp complex regeneration; pulp injury; pulp necrosis;
animal model

1. Introduction

Tissue regeneration in dentistry has found clinical application in everyday practice
with the regeneration endodontic procedure (REP). This treatment, relying on the triad of
stem cells, scaffolds, and growth factors in a sterile environment (Figure 1), has the purpose
of ideally replacing damaged structures, such as dentin and root, as well as cells of the
pulp–dentin complex, in addition to the resolution of possible apical periodontitis [1]. In
the case of pulp necrosis in immature teeth due to caries or developmental abnormalities,
as well as dental trauma, it is recommended by several endodontic and pediatric dentistry
associations to implement this therapy [2–4]. In fact, despite an important variability in the
resolution of the clinical table, root edification, and neurogenesis, it is recognized as a viable
management technique for immature permanent teeth with necrotic pulp [2,3,5], especially
as it overcomes the challenges of conventional root canal treatment in the presence of short
roots, thin fracture-prone dentine walls, and wide apices [6–8].

Indeed, REP has been a research topic for decades now, both in animals and in patients,
with a wide range of protocols, materials, and success parameters evaluation.

However, at the clinical stage, while high survival rates for REPs have been reported
by numerous case reports, case series, and comparative clinical trials, the few existing

Int. J. Mol. Sci. 2022, 23, 10534. https://doi.org/10.3390/ijms231810534 https://www.mdpi.com/journal/ijms
29



Int. J. Mol. Sci. 2022, 23, 10534

systematic reviews highlight the weakness of these clinical trials [9,10]. Moreover, long-
term follow-up prospective studies are necessary to better identify reliable success rates
and outcomes of REP [11]. In fact, one of the major drawbacks is the level of accuracy
in the assessment of regenerated tissues in REP-treated teeth [11], resulting in a lack of
standardization regarding successful criteria.

Figure 1. (a) Schema illustrating REP procedure. (A) Immature permanent incisor tooth exposed to
trauma or caries. (B) Access cavity preparation and chemical debridement by using of irrigants and/or
medicaments. (C) Bleeding induced by dental endodontic File to create a blood clot. (D) Restoration of
the access cavity with a permanent restorative material covering the biomaterial in contact with blood
clot or with collagen plug, PRF, PRP, etc. (E) Release of signaling molecules from biomaterial (growth
factors, calcium silicate, depending on the material). They influence SCAPs (from apical papilla)
and PDLs, including chemotaxis/cell migration, angiogenesis, neurogenesis, and differentiation into
pulp/dentin complex. DPSCs (Dental Pulp Stem Cells); SCAPs (Stem Cells from Apical Papilla);
PDLs (Periodontal Ligament cells) (Document of URP2496). (b) Different type of achievement of
tissue regeneration determined by continued root development, increased dentinal wall thickness
by cementum-like deposition, and apical closure. (A) Immature permanent incisor tooth after
REP technique with ”pulp-like” tissue with ligamentous, fibrous aspect and apical closure with
mineralized tissue: Cement-like or bone-like tissue; (B) ”pulp-like” tissue with ligamentous aspect
and apical closure with mineralized tissue: Cement-like or bone-like tissue. Cementum island in
the intracanal tissue; (C) the expectation of the pulp-like tissue with an increased root thickness and
length, a decreasing apex diameter. Document of URP2496.
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Thus, this systematic review aimed to highlight the main tissue characteristics related
to the therapeutic success of REP in human and animal studies.

2. Methods

2.1. Search Strategy

The review process followed the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) guidelines [12], and the protocol was registered in PROS-
PERO (International Prospective Register of Systematic Reviews) under the numbers
CRD42022303001 for humans and CRD42022322610 for animals.

In order to highlight the main characteristics of dental tissues treated by REP, based on the
PICO strategy, this study systematically searched the following databases: PubMed/Embase/
Scopus/Web of Science. The results were limited to the English language with a date range
of January 2010 to February 2022, with full text available. The following combination of
keywords was used: (Revitalisation OR Revitalization OR regenerative Endodontics OR
revascularization OR regenerative Endodontics procedure OR regenerative Endodontics
therapeutics) AND (dental pulp).

2.2. Eligibility Criteria

Inclusion criteria were as follows: (1) All animal and human studies focusing on re-
generative endodontic procedures; (2) orthotopic, semi-orthotopic, and ectopic procedures
that attempted to revascularize or regenerate new pulp-like tissue; (3) English-language
full text available; and (4) publication between 2010 and 2022.

The exclusion criteria were as follows: (1) In vitro studies, (2) ex vivo studies, (3) in
silico studies, (4) studies on transgenic animals, (5) publications solely in a non-English
language, and (6) reviews and meta-analyses. The titles and abstracts were screened by
two independent reviewers (S.M. and F.M.) against eligibility criteria.

Full texts were analyzed whenever the abstract was not informative enough. A third
reviewer (T.B.) was involved to resolve disagreements.

2.3. Data Extraction and Analysis

All selected articles were assigned depending on human or animal studies. Each article
was subsequently classified according to (1) procedure, (2) follow-up, and (3) evaluation criteria.

2.4. Quality Analysis and Level of Evidence

The risk of bias for animal studies was evaluated using the Systematic Review Centre
Laboratory animal Experimentation (SYRCLE) risk of bias tool with the following criteria:
(1) Selection bias, (2) performance bias, (3) detection bias, (4) attrition, and (5) reporting
bias. Studies were scored with a “yes” for low risk of bias, “no” for high risk of bias, and
“?”for unclear risk of bias.

For human observational studies (cohort studies), the Newcastle–Ottawa Scale tool
was used. Selections and outcomes were rated. Six binary responses contributed to an
aggregate score corresponding to high risk (0–2 points), mild risk (3–4 points), and low risk
of bias (5–6 points).

The risk of bias tool R.O.B 2.0 [13] was used to assess the quality of randomized clinical
studies. Studies were scored with a “yes” for low risk of bias, “no” for high risk of bias,
and “?” for some concerns of risk of bias.

ROBINS-I tools [14] were involved in assessing non-randomized clinical studies. By
means of (1) randomization, (2) deviation from the intended intervention, (3) missing
outcome data, (4) measurement of the outcome, and (5) selection of the reported results
criteria, studies were scored with a “yes” for low risk of bias, “no” for high risk of bias, and
“?” for medium risk of bias.

Finally, an adapted Newcastle–Ottawa Scale was used for case reports [15] with the
following criteria: (1) Selection, (2) ascertainment, (3) causality, and (4) reporting. Studies
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were scored by eight binary responses and compiled into an aggregate score. The risk of
bias was high (0–1 points), mild (2–3 points), or low (4–5 points).

The two reviewers analyzed all articles independently. Disagreement was resolved by
discussion with TB and SV.

3. Results

3.1. Study Design and Characteristics of Included Studies

Details of the study selection process are outlined in Figure 2. The research retrieved
931 articles of which 774 were excluded at the title screening stage and 4 articles were
excluded upon abstract screening. The full-text articles have been read in their entirety to
see if they are relevant to our research. In total, 29 articles were excluded, and the reasons
were as follows: 9 were not in vivo studies, 11 were on transgenic animals, and 9 studies
focused on pulpotomy procedures.

Figure 2. Flowchart of the article selection process.
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Out of the 124 articles that met the inclusion criteria, 75 were clinical and 49 were
animal studies. The results are summarized in Tables 1–3. All abbreviations are explained in
abbreviation table. The details of each included study are provided in the Tables S1 and S2.

3.2. Animals Studies

In this review, 49 animal models are represented. Small animals including rats, mice,
rabbits, and ferrets were used for ectopic [16–21] and orthotopic REP models [22–31]. Large
animals such as dogs, pigs, and sheep are used for orthotopic REP models [32–64].

3.2.1. Ectopic REP
Procedure

Materials used for ectopic studies consisted of:

- Dentine slices or entire tooth roots:

(1) With growth factors such as VEGF with or without cells as DPSCs [19,20].
(2) With cells in the presence of a collagen scaffold and calcium silicate cement [21].
(3) With Fibrin gel. [23].

- Polymers such as poly(lactic-co-glycolic acid) and rabbit DPSCs.

One study analyzed different disinfection agents in polyethylene tubes with triple
antibiotic paste vs. calcium hydroxide paste [22] (Tables 1 and S1).

Follow-up

Studies using ectopic procedures described follow-up periods from 12 days to
3 months [19–24] (Tables 1 and S1).

Evaluation Criteria

Evaluation criteria were based on histological and immunohistochemical analyses. The
goal was to analyze the type of tissue formed after implantation. Signs of inflammation (the
presence of inflammatory cells) [19,22,24], signs of fibrosis [22,24], vascularization [20,21,24], and
neurofilament [21] were evaluated. The nature of the new tissues that were synthetized inside
the canal space was analyzed, and the presence or not of calcification was sought [21,23–25]. For
IHC, different markers were used to characterize the pulp: DSPP or Nestin, vVW or CD34 for
new vascularization, and PGP9,5 markers for nerve-like cell characterization (Tables 1 and S1).

Table 1. Ectopic REP techniques in animal studies.

Animal Models: Ectopic Procedure

Assessment Main Results Procedure Follow-Up Model

Histology

Soft tissue formation

Root Tooth: VEGF + DPSCs + MTA
Dentin slice: rBMSC + collagen
scaffold + iRoot BP
Human teeth roots + fibrin gel
DPSCs + polymers scaffold

12 days–3 months
Mice [20]
Rats [16,18]
Rabbit [17]

Presence of
odontoblasts cells

Root Tooth: VEGF + DPSCs + MTA
Dentin slice: rBMSC + collagen
scaffold + iRoot BP
Human teeth roots + fibrin gel
DPSCs + polymers scaffold

12 days–3 months
Mice [20]
Rats [16,18]
Rabbit [17]

Presence of Inflammation

Polyethylene tubes:
TAP vs. CHP calcium
VEGF-loaded fiber + root
fragment + MTA

1.5–3 months Mice [21]
Rats [19]

33



Int. J. Mol. Sci. 2022, 23, 10534

Table 1. Cont.

Animal Models: Ectopic Procedure

Assessment Main Results Procedure Follow-Up Model

Histology

Presence of Vessels

Polyethylene tubes:
TAP vs. CHP calcium
Dentin slice: rBMSC + collagen
scaffold + iRoot BP
Human teeth roots + fibrin gel
DPSCs + polymers scaffold

12 days–3 months
Mice [20,21]
Rats [16,18]
Rabbit [17]

Presence of Nerves
Dentin slice: rBMSC + collagen
scaffold + iRoot BP
Root Tooth: VEGF + DPSCs + MTA

2–3 months Mice [20]
Rats [16]

Presence
of mineralization

Polyethylene tubes:
TAP vs. CHP calcium 3 months Rats [19]

3.2.2. Orthotopic REP
Procedure

Both small and large animals were used for REP. This therapy relied on the triad of
tissue engineering: Stem cells, scaffolds, and growth factors, in a sterile environment. For
that purpose, different materials were used: The gold standard MTA [26–44], different
types of hydrogels [21,23,26,29,43,45–49], PRF or PRP alone or with cement or a blood
clot (29,36,38,45,50–55,) or natural products, such as propolis [31,34,56]. Autologous pulp
or cells such as DPSC or buccal fat were also used [20,21,32,50,51,57–59]. BMSCs with
LPS vesicles or peptide angiogenic or dentinogenic or amelogenic [30,60] were also found.
Growth factors such as VEGF were the most used [19,20,61]. (Tables 2 and S1)

Follow-up

For small animal models, follow-up from 3 weeks to 12 weeks was achieved [22–31,65].
Regarding large animal models, the follow-up ranged from 1 to 28 weeks [28,32–59,61–64,66].
(Tables 2 and S1).

Evaluation Criteria

To determine the success criteria, different techniques were used. Histology and radiol-
ogy were dependent on the animal model used. Histological criteria consisted of periapical
inflammation [34,36,37,39,42,46,62], inflammatory cell infiltration [32,34,35,37–39,43,48,56,61,66],
the presence of pulp-like/vital tissue [33–37,40–46,48,49,51–53,55–57,62–64,66], the new
formation of mineralized tissue [32,34,36–39,41–45,47–54,56,57,59,61–64,66], closure of the
apex [22,24,25,34,36,38,41,42,44,47–49,51,52,57,62,66], the presence of odontoblastic pal-
isade [33,35,36,42,45,46,54], and the presence of blood vessels [35,37,42,43,47,52,55,56,64],
nerve fibers [35,42], or resorptions.

The criteria for the identification of different types of mineralized tissue were:

- Dentin: Presence/absence of dentinal tubules.
- Cementum: Absence of dentinal tubules and adherence onto dentin, and the presence

of cementocyte-like cells.
- Bone: Presence of Haversian canals with uniformly distributed osteocyte-like cells.
- PDL: Presence of Sharpey’s fibers and fibers bridging cementum and bone.

For deeper characterization, IHC allowed specific protein localization. Specific markers
such as DMP4, DLX1, GLI2, CEMP, CAP, NF, CD31, DSPP, SOX2, CGRP, and peripherin were
identified in pigs, S100+ for neurofilaments, and DSSP, tenascin C, laminin, and fibronectin
in dogs.

Bidimensional and/or tridimensional radiographies were performed to assess regeneration.
The following radiological criteria were considered: Periapical radiolucency, root resorption, root
thickening, root lengthening, and apex closure [22,23,26,27,31,32,34,41–43,46,49,51,57,59,63,64,66].
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Based on histology and radiology, a scoring system was created to characterize the
tissue and define the success of REP [23,37,38,48–50,52,53,61] (Tables 2 and S1).

Others

qPCR was used to quantify the gene expression of different genes (DSPP, Col1A1,
DMP1, and ALP) in order to determine whether tissue regeneration was triggered or not
during revitalization [38]. (Tables 2 and S1).

Table 2. Orthotopic REP techniques in animal studies.

Animal Models: Orthotopic REP Procedure

Assessment Main Results Procedure Follow-Up Model

Histology

Presence of pulp-like /
vital tissue

Gelatin and fibrin- based matrix
BC alone + MTA
PRP or PRF with cement and BC
DPSCs and Buccal fat with BC and MTA.
Nanosphere w/o BMSCs

3 months
3–7 months
3 months
1–2 months

Mini pig [34]
Dogs [32,35–57,61–63]
Ferrets [23–26]
Rats [28–31]

New formation of
mineralized tissue

Gelatin and fibrine-based matrix
BC alone + MTA
PRP or PRF with cement and BC
DPSCs and Buccal fat with BC and MTA.

3 months
3–7 months
3 months
3 months

Mini pig [34]
Dogs [32,34,36–39,41–45,47–54,56,57,59,61–64,66]
Sheep [64]
Ferrets [23–26]

Presence of
odontoblastic palisade

Gelatin and fibrine-based matrix
Autologous stem cells
BC alone + MTA
PRP or PRF with cement and BC
DPSCs and Buccal fat with BC and MTA.

3–6 months
3–6 months

Mini pig [33,67]
Dogs [33,35,36,42,45,46,54]

Inflammatory cell infiltration

Gelatin and fibrine-based matrix
Autologous stem cells
BC alone + MTA
PRP or PRF with cement and BC
DPSCs and Buccal fat with BC and MTA.
TAP + silver amalgam

3 months
3–6 months
3 months
1.5 months

Mini pig [34]
Dogs [32,35,37–39,43,48,56,61,66]
Ferrets [22,25]
Rats [27]

Presence of blood vessels

Gelatin and fibrine-based matrix
Autologous stem cells
BC alone + MTA
PRP or PRF with cement and BC
DPSCs and Buccal fat with BC and MTA.

3–6 months
3–7 months
3 months
1–1.5 months

Mini pig [33,34]
Dogs [35,37,42,43,47,52,55,56,64]
Ferrets [24]
Rats [28,29]

Presence of nerve fibers
SLan angiogenictarget peptide vs.
SLed dentinogenic control peptide
Autologous pulp + BC + MTA

3 months Dogs [35,42]

Presence of resorption Gelatin and fibrine-based matrix
Collagen sponge vs. PRF vs. MTA 3 months Mini pig [34]

Dogs [39]

No intraradicular mineralized
tissue deposition Gelatin and fibrine-based matrix 3 months Mini pig [34]

Root maturation BC + MTA 3 months Sheep [64]

Apex maturation

Gelatin and fibrine-based matrix
Autologous stem cells
BC alone + MTA
PRP or PRF with cement and BC
DPSCs and Buccal fat with BC and MTA.

3 months

Mini pig [34]
Dogs [34,36,38,41,42,44,47–49,51,52,57,62,66]
Sheep [64]
Ferrets [22,24,25]

Cementum cells/ tissue

Gelatin and fibrine-based matrix
BC + Gelfoam
BC + PRP
BC + MTA

3–7 months

Mini pig [34]
Dogs [41,48,50,52,56]
Ferrets [24]
Rats [28]

Dentin tissue

BC + Gelfoam
BC + PRP
Propolis vs. MTA
Autologous stem cells

1–3 months Dogs [41,42,52]
Rats [31]

Osteodentin
(Buccal fat) vs. (BC + Buccal fat) + MTA
BC + PRP
BC + MTA

3–6 months
Dogs [38]
Ferrets [26]
Rats [31]

Bone tissue

Autologous stem cells
BC alone + MTA
PRP or PRF with cement and BC
DPSCs and Buccal fat with BC and MTA.

6 months Dogs [39,48–50,52,53,59,60,63]

Mineralized tissue deposition

Autologous stem cells
BC alone + MTA
PRP or PRF with cement and BC
DPSCs and Buccal fat with BC and MTA.

3–6 months Dogs [32,41–43,45,49,57,58]
Ferrets [23,26]
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Table 2. Cont.

Animal Models: Orthotopic REP Procedure

Assessment Main Results Procedure Follow-Up Model

Radiology

Presence of pulp-like /
vital tissue

Gelatin and fibrine-based matrix
BC alone + MTA
PRP or PRF with cement and BC
DPSCs and Buccal fat with BC and MTA.
Nanosphere w/o BMSCs

3 months
3–7 months
3 months
1–2 months

Mini pig [34]
Dogs [32,35–57,61–63]
Ferrets [23–26]
Rats [28–31]

Apex closure

Autologous stem cells
BC alone + MTA
PRP or PRF with cement and BC
DPSCs and Buccal fat with BC and MTA.
TAP + silver amalgam

3–6 months

Dogs [32,41–43,46,49,51,57–59,66]
Sheep [64]
Ferrets [23,26]
Rats [27]

Increase root length

Autologous stem cells
BC alone + MTA
PRP or PRF with cement and BC
DPSCs and Buccal fat with BC and MTA.
TAP + silver amalgam

3–6 months

Dogs [32,41,42,46,49,51,57–59,66]
Sheep [64]
Ferrets [23,26]
Rats [27]

Increase dentin thickness

Autologous stem cells
BC alone + MTA
PRP or PRF with cement and BC
DPSCs and Buccal fat with BC and MTA.
TAP + silver amalgam

3–6 months

Dogs [32,41,42,46,49,51,57–59,66]
Sheep [64]
Ferrets [23,26]
Rats [27]

Periapical healing

Autologous stem cells
BC alone + MTA
PRP or PRF with cement and BC
DPSCs and Buccal fat with BC and MTA.
TAP + silver amalgam

3–6 months

Dogs [32,42,46,57–59]
Sheep [64]
Ferrets [23,26]
Rats [27]

qPCR DSPP, COL1A1, ALP,
DMP1 expression (Buccal fat) vs. (BC + Buccal fat) + MTA 3 months Dogs [38]

3.3. Human Studies
3.3.1. REP protocol

All human studies consisted of randomized, non-randomized, case reports, and retro-
spective studies. The evaluation criteria were clinical examination, 2D and 3D radiography,
and/or MRI.

Many protocols have been tested to achieve pulp-like tissue regeneration. Regarding the ce-
ment used, among all included studies, MTA was the most frequently used
cement [7,8,60,67–113]. Seven studies were performed with Biodentine [75,85,114–118], one
study used a Calcium-Enriched Mixture [119], two studies used Synoss Putty [120,121], one
used calcium hydroxide [6,90], and five used Glass Ionomer Cement [79,112,122–124] to create
a mineralized bridge to close the pulp chamber. Different types of materials were used to
regenerate pulp tissue. Most of the studies only used blood clots as a scaffold. Some used other
supplemental scaffolding components such as collagen [72,74–76,81,83,88,90,93,115,117,124,125],
PRF or iPRF (+ MTA [8,87,91,126]; + Biodentine [116–118] + BC [87,91] + Portland cement [124]);
and PRP [7,65,69,71,89,91,95,105,122,126] in addition to the calcium silicate cements. Blood clots
have, at times, been used alone as a control [65,91,121,122,127] in comparative studies. Two
studies have used collagen scaffolds with two types of cells, such as MDSPCs or umbilical cells
MSCs [115,123].

Four studies have investigated the best canal disinfection technique in use and identi-
fied bi-antibiotics and triple-antibiotics of calcium hydroxide [128–131]. However, it is also
important to identify whether the procedure of REP is more successful when performed in
one visit or two [132] (Tables 3 and S1).

3.3.2. Follow-Up

According to the studies, different follow-up timepoints were reported. For
retrospective studies, follow-up periods of 1 month to 8.2 years were
observed [73–85,99,126,132–134]; randomized studies employed follow-up periods of
21 days to 18 months [6,7,65,69–71,85–91,114,115,121,126,128,129,134]; non-randomized studies
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used periods of 2 weeks to 36 months [66,116,121,123,124,132,135]; and cases series em-
ployed periods of 1 week to 6 years [8,67,92–97,99–113,117–120,127,130,136] (Tables 3 and S1).

3.3.3. Clinical and Radiographic Evaluation of REP

For clinical examination, teeth could be symptomatic or not with different sensitivity
tests (thermal or electric), percussion, pain on percussion, and palpation. Dyschromia,
swelling, and tenderness of the surrounding tissues were also assessed. The mobility of
teeth, as well as pocket probing, were evaluated.

Radiographically, the teeth should have shown the resolution of the apical lesion with
PAI scoring, apical closure, root length growth, thickening of the root walls, and the formation
of calcific barrier. On tridimensional radiographic observation, the lesion size, bone density,
root length, and pulp area were evaluated. Rarely, MRI was used in order to identify more
organized tissue in the canal, dentin deposits, or mineralization (Tables 3 and S1).

3.3.4. Others

Other techniques such as qPCR were used to quantify how many bacteria were
present on the canal dentin walls after different interappointment medications [128,129]
and identify stem cells in the canal [135]. Histology was used for analysis in cases of a crown
fracture [107,127] or tooth extraction as a result of orthodontic reasons [106,107,121,136]
(Tables 3 and S1).

Table 3. Human studies of REP.

Human Model:
Regenerative Endodontic Procedure

Assessment Main Results Procedure Follow-Up Articles

Clinical tests

Asymptomatic teeth

BC + Biodentine or MTA
BC +PRF + MTA or Biodentine or GIC
BC + PRP + MTA or Biodentine or GIC
BC + Collagen + MTA or
BC+ UC-MSCs + collagen + MTA
BC + PRF + Collagen + Biodentine
or Portland
mDPSCs + G-CSF + Collagen + MTA
Medication on different
Appointment
TAP vs. CaOH2 vs. formocresol
Bi antibiotic + GIC

21 days–79 months [61,66,68–72,86,87,90,91,94–97,101–
104,106,107,110,111,113,116–126,128,130–132]

PAI BC + MTA
Sealbio vs. obturation 12–24 months [80,98,134]

Dyschromia

BC + collaplug MTA vs. Biodentine
vs. GIC
BC + MTA vs. Biodentine
BC + PRF vs. PRP + MTA
Bi-antibiotic paste + BC + GIC

12–96 months [75,79,85,86,98,126,130]

Mobility BC + Synoss Putty 72 months [120]

Radiographic
observation

Apical lesion

BC + hydrogel with FGF+ MTA
BC + DPSC In hydrogel + MTA or GIC
BC + MTA
BC + PRF + Biodentine
BC + PRP + MTA
BC + PRF vs. PRP + Collagen + GIC
BC + Synoss putty + MTA
BC + Collagen + Portland + MTA
BC + LPRF + Portland cement

21 days–72 months [8,66,70,71,79–83,90,92,93,95,97,99,100,103,105,
107,112,113,116,118,120,122,124,125,128,133]

Root length

BC + hydrogel with FGF+ MTA
BC + DPSC In hydrogel + MTA or GIC
BC + MTA
BC + PRF + Biodentine
BC + PRP + MTA
BC + PRF vs. PRP + Collagen + GIC
BC + Synoss putty + MTA
BC + Collagen + Portland + MTA
BC + LPRF + Portland cement

21 days–78 months
[66,67,69,73,80,82,83,87,90,91,94,96,97,99–
102,104,105,108,110,112,119,122,124,127,128,
130,132]
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Table 3. Cont.

Human Model:
Regenerative Endodontic Procedure

Assessment Main Results Procedure Follow-Up Articles

Radiographic
observation

Root thickness

BC + hydrogel with FGF+ MTA
BC + DPSC In hydrogel + MTA or GIC
BC + MTA
BC + PRF + Biodentine
BC + PRP + MTA
BC + PRF vs. PRP + Collagen + GIC
BC + Synoss putty + MTA
BC + Collagen + Portland + MTA
BC + LPRF + Portland cement

21 days–60 months [65–67,71,80,83,87,90,91,96,97,99–102,104,105,
108,111,112,118,119,122,124,127,128,130,132]

Apical closure

BC + hydrogel with FGF+ MTA
BC + DPSC In hydrogel + MTA or GIC
BC + Collagen + coltosol
BC + MTA
BC + PRF + Biodentine
BC + PRP + MTA
BC + PRF vs. PRP + Collagen + GIC
BC + Synoss putty + MTA
BC + Collagen + Portland + MTA
BC + LPRF + Portland cement

21 days–78 months
[8,67,69–74,76–78,84,88,92,97–
100,102,104,105,110–112,118–
120,122,124,128,132]

Radiolucy BC + PRF + MTA
BC + MTA or CEM 6 months–78 months [8,73,97,102,103,107–110,119]

Bone density

BC + hydrogel with FGF+ MTA
BC + DPSC in hydrogel + MTA or GIC
BC + MTA
BC + PRP + MTA
BC + Synoss putty + MTA

24–70 months [70,96,97,109,111,112,120]

Resorption BC + PRF + Collagen + Biodentine
Medication on different appointment 21 days–30 months [117,128,133]

Calcification in
the pulp

BC + MTA or CEM
BC + Collagen + MTA
BC + PRP + MTA
BC + iPRF + Biodentine
BC + Amelogen Plus

12–60 months [66,73,78,85,88,93,96,99,110,118,119,127,133]

Ligament repair

BC + PRF or PRP + MTA
Vs BC + MTA
BC + PRP + MTA
BC + PRF + Collagen + Biodentine

50 months [91,95,117]

qPCR
Quantify bacteria Different appointment medication

TAP vs. calcium hydroxide medication 21 days–19 months [128,129]

Cells identification
in the canal Intracanal blood sample after BC 1 month [135]

Histology Regenerate
tissue observation

BC + MTA
BC + Synoss Putty
BC + Amelogen Plus
BC + Collagen / MTA

7.5–36 months [106,107,121,127,136]

3.4. Risk of Bias

For animal studies, a low risk of selection bias (baseline characteristics) was found.
In all studies, the performance bias was unclear, because no information about random
housing was given [16–24,26–64]. Random outcome assessment was scored as low risk for
52% of the studies and unclear for the rest of them. In none of the studies was blinding
described, and the risk was rated as unclear. Low risk of attrition and reporting bias was
estimated for all studies (Figures 3 and 4).

For randomized clinical studies, randomization was scored as low risk for 65% and
medium for the rest. Deviation from the intended intervention was scored as low risk for
55% and the rest was medium. A low risk of missing outcome data was estimated for all
studies. Measurement of the outcome was scored as low risk for 25%, while 70% showed
medium risk and 5% showed high risk. Moreover, 95% of the studies present a low risk for
selection of the reported results. In addition, 40% of studies presented a low risk of bias,
55% medium risk and 5% presented a high risk of bias (Figures 5 and 6).

For human non-randomized studies, all studies presented a low risk for confounding,
classification of the intervention, deviation from the intended intention, missing data, and
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selection of the reported results. However, for the selection of participants, medium risk
was noted for all of them. (Figures 7 and 8)

For case reports studies, all the studies presented a low risk of bias (Table 4). In
addition, for observational studies, 17 studies presented a low risk, but one study present a
mild risk of bias (Table 5).

Figure 3. Cont.
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Figure 3. Cont.
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Figure 3. Risk of bias assessment of REP in animal studies according to the Systematic Review Centre
for Laboratory Animal Experimentation (SYRCLE): Authors’ judgment about each risk of bias item
(green = low, yellow = unclear) [16–34,37–59,61–65].

Figure 4. Risk of bias assessment of REP in animal studies according to the Systematic Review Centre
for Laboratory Animal Experimentation (SYRCLE) (green = low risk, yellow = unclear risk).
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Figure 5. Risk of bias assessment evaluated according to the R.O.B 2.0. Authors’ judgment about
the following items: Randomization, deviation from intended intervention, missing outcome data,
measurement of the outcome, selection of the reported results, and overall risk of bias (green = low,
yellow = unclear, red = high). [6,7,69,70,84–90,114,115,123,126,128,129,135].
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Figure 6. Risk of bias assessment evaluated according to the R.O.B 2.0 tool. Randomization, deviation
from intended intervention, missing outcome data, measurement of the outcome, selection of the
reported results, and overall risk of bias (green = low, yellow = moderate, red = high).

Figure 7. Risk of bias summary: Authors’ judgement about each risk of bias item for each included
non-randomized study (Robins I tool). [60,116,121,123,124,132,135].
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Figure 8. Risk of bias assessment evaluated according to the ROBINS I tool. Confounding, selection
of participants, classification of intervention, deviation from intended intervention, missing data,
selection of the reported results, overall risk of bias (green = low, yellow = moderate, red = high).

Table 4. Risk of bias assessment of case reports according to an adapted Newcastle–Ottawa Scale
with the following criteria: Selection, ascertainment, causality, and reporting.

Author/Year Selection Ascertainment Causality Reporting Results Finality

Yoshpe et al., 2021 [8] 1 1 1 1 1 5 Low
Jiang et al., 2020 [93] 1 1 1 1 1 5 Low
Sabeti et al., 2021 [94] 1 1 1 1 1 5 Low

Gaviño et al., 2017 [95] 1 1 1 1 1 5 Low
Terauchi et al., 2021 [96] 1 1 1 1 1 5 Low

Jung et al., 2008 [97] 1 1 1 1 1 5 Low
McTigue et al., 2013 [67] 1 1 1 1 1 5 Low

Li et al., 2017 [99] 1 1 1 1 1 5 Low
Saoud et al., 2014 [100] 1 1 1 1 1 5 Low

Dabbagh et al., 2012 [101] 1 1 1 1 1 5 Low
Dudeja et al., 2015 [102] 1 1 1 1 1 5 Low
Ulusoy et al., 2017 [103] 1 1 1 1 1 5 Low
Cehreli et al., 2011 [104] 1 1 1 1 1 5 Low

Sachdeva et al., 2015 [105] 1 1 1 1 1 5 Low
Lin et al., 2014 [106] 1 1 1 1 1 5 Low

Becerra et al., 2014 [107] 1 1 1 1 1 5 Low
Chen et al., 2013 [108] 1 1 1 1 1 5 Low

Chang et al., 2013 [109] 1 1 1 1 1 5 Low
Lenzi et al., 2012 [110] 1 1 1 1 1 5 Low
Shin et al., 2009 [111] 1 1 1 1 1 5 Low

Shiehzadeh et al., 2014 [112] 1 1 1 1 1 5 Low
Plascencia et al., 2016 [113] 1 1 1 1 1 5 Low

Yoshpe et al., 2020 [117] 1 1 1 1 1 5 Low
Bakhtian et al., 2017 [118] 1 1 1 1 1 5 Low

Mehrvarzfar et al., 2017 [119] 1 1 1 1 1 5 Low
Cymerman et al., 2020 [120] 1 1 1 1 1 5 Low

Shimizu et al., 2013 [127] 1 1 1 1 1 5 Low
Nazzal et al., 2018 [130] 1 1 1 1 1 5 Low
Meschi et al., 2016 [136] 1 1 1 1 1 5 Low
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Table 5. Risk of bias assessment of observational studies (cohort studies) according to the
Newcastle–Ottawa Scale with the following criteria: Selection and outcome.

Author/Year Selection Outcome Results Finality

Meschi et al., 2018 [72] 1 1 1 1 1 1 6 Low
Elfrink et al., 2021 [73] 1 1 1 1 1 1 6 Low
Pereira et al., 2020 [74] 1 1 1 1 1 1 6 Low
Chrepa et al., 2020 [75] 1 1 1 1 1 1 6 Low

Mittman et al., 2020 [76] 1 1 1 1 1 1 6 Low
Linsuwanont et al., 2017 [77] 1 1 1 1 1 1 6 Low

Estefan et al., 2016 [78] 1 1 1 1 1 1 6 Low
Peng et al., 2017 [79] 1 1 1 1 1 1 6 Low
Chen et al., 2016 [80] 1 1 1 1 1 1 6 Low

Jeeruphan et al., 2012 [81] 1 1 1 1 1 1 6 Low
Bukhari et al., 2016 [82] 1 1 1 1 1 1 6 Low

Chan et al., 2017 [83] 1 1 1 1 1 1 6 Low
Song et al., 2017 [84] 1 1 1 1 1 1 6 Low
Zizka et al., 2021 [98] 1 1 1 1 1 1 6 Low

Meschi et al., 2019 [125] 1 1 1 1 1 1 6 Low
Bose et al., 2009 [131] 1 1 1 1 1 1 6 Low
Shah et al., 2012 [137] 1 1 1 1 1 1 6 Low

Sutam et al., 2018 [133] 1 1 1 1 0 0 4 Mild

4. Discussion

4.1. Success Criteria Assessment of REP

REP has been the subject of numerous studies, both in animals and humans. Its
objective is to regenerate intra-canal dentin-pulp tissue that is able to promote root growth
in terms of length and thickness and apical closure, while restoring the sensitivity of the
tooth and leading to periapical tissue healing [23,138–140]. To achieve all these objectives,
the ideal protocol has not yet been defined, and there is no clear consensus regarding
the scaffolds, disinfection methods, and sealing materials that emerged from the different
studies. As research continues, the need for precise, repetitive parameters for assessing
success is of prime importance. This systematic review sought to elucidate the different
criteria of evaluation in both animals and humans, associated with the risk of bias in
the studies.

4.2. Ectopic Model

Our research identified that several rodent ectopic models of REP, involving subcuta-
neous implantation of DPSCs and/or growth factors such as VEGF into the tooth slice or
tooth root, have been developed to assess the biocompatibility and regenerative potential
of biomaterials with a follow-up time of 12 days to 3 months [16–21].

The histological criteria for success in these models are the regeneration of pulp-like
tissue with the presence of the odontoblastic palisade and neo-vessels along the root or
the tooth edge [16,17,20]. Regenerated tissue should fill the entire root space. Often,
calcifications can be detected if cement tissue is present in the apical region or if pulp-like
tissue is formed in the middle third. Furthermore, the presence of macrophages along the
vessels to control the inflammation was assessed [77].

In this review, pulp-like tissue was obtained in almost all ectopic studies. The observa-
tions made in histological sections were essentially based on the presence of vascularization
at different levels of the root or tooth slice. The presence of DSPP labelling was also found
very often, which can confirm the presence of odontoblast-like cells. In a rabbit study, there
was the presence of osteodentine-like tissue. Some authors showed that the formation of
an atubular fibrodentine or osteodentine matrix is a precursor to the formation of a more
organized tubular matrix [141–143].

Obviously, ectopic models represent a primary step in research focusing on REP. On
the other hand, thee subcutaneous area sensibly differs from the oral cavity and periapical
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region mostly in terms of blood supply. Indeed, the vascularization of the subcutaneous
tissue is very different from the vascularization of the normal pulp in the intra-canal
area [29]. It has also been demonstrated that the transplantation of long dental fragments
with a relatively closed apex (less than one millimeter) leads to inconsistent results due to
the difficulty for the vascular and nervous system of the mouse to reach the interior part of
the dental fragment [20,144,145]. Moreover, ectopic studies are also not very reliable due to
the mixed cell population, with both animal and human regenerated tissue obtained. In
addition to all these drawbacks, the technique used for REP is very different from those
performed on humans, because the authors strongly suggest that, after the results are
obtained by the ectopic models, tests on an orthoscopic model be performed [146].

4.3. Animal Models

Regarding small-animal models of REP, only rats and ferrets were involved. The
procedure was performed on the incisors, which are continuously growing teeth, while
in ferrets, REP was performed on canine teeth. The limited size of small animals and
the substantial anatomical differences can impact the complete removal of the pulp and,
therefore, the regeneration process [26].

Excluding studies on sheep and mini-pigs using mono-rooted or continuously growing
teeth, the molar-premolar were the most used teeth. Multirooted teeth are good models
allowing for the reproduction of most common clinical tables, such as deep caries inducing
pulp necrosis [147].

The most used biomaterials were trisilicate cement, such as MTA in association with
hydrogels seeded or not with DPSC, PRF or PRP, or a blood clot.

Indeed, DPSCs are the precursors of odontoblast-like cells [148] and, as previously
demonstrated, are capable of regenerating the pulp–dentin complex in vivo [143]. These
cells are often of human origin, harvested from third molars or teeth extracted for orthodon-
tic reasons. Moreover, their association with hydrogel allows one to keep the cells in a
matrix that will disintegrate with time [35,97]. PRP and PRF are widely used in regenerative
dentistry, since they are known to optimize healing pathways by stimulating the scar stem
cells present in the injured area.

The use of a blood clot allows the formation of even more entanglement for optimal
regeneration. Thus, the recovery and regeneration of the pulp structure and function of
the pulp tissues were achieved. In addition, the follow-up was long enough to observe a
complete formation of the tissue and an increase in the root walls for small animals as well
as large animals.

However, these procedures requiring cell cultures or blood derivates are hardly repro-
ducible in common clinical practice [147,149].

The histological success criteria in animals were the resolution of the apical lesion, the
presence of vital pulp-like tissue, the formation of mineralized neo-tissue, the closure of the
apex with the possibility of newly formed blood vessels, and the presence of nerve fibers.

It can be observed that histological studies were almost systematically performed by
distinguishing three regions along the root and characterizing the tissue.

The coronal third was very often at an early stage of hard tissue development on the
canal walls. It is assumed that the migrating stem cells differentiate into cementoblast-like
cells and deposit a matrix of collagen fibers. These fibers calcify, forming cementum islands.
The further down the canal, the more these islands will fuse and form a thin layer of
cementum in the second region, which was more medial. At the apical level of this region,
which is closer to the apical region, a thicker, acellular matrix, such as immature acellular
cementum, was found. The pulp cavity was filled with loose fibrovascular tissue. Finally, in
the third region, there was mature hard tissue covering the canal walls and loose connective
tissue covering the pulp canal. The hard tissue is also cementum.

Radiologically, the same characteristics were observed: Periapical lesion resolution,
an increase in root length and the thickness of the root length, and a decrease in the apical
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diameter. In all cases, REP allowed for the healing of the periapical lesion, to decrease the
diameter of the apex and the lengthening of the roots.

Inflammation is essential for tissue regeneration. The goal is to have sufficient but
controlled inflammation [150]. In many animal studies, the presence of persistent peri-
apical inflammation or intracanal and periapical inflammation may be due to remnants
of intracanal medicaments or attempted healing in the newly formed tissue [24,25,50,61].
Closure of the apex is a sign of success that assures that root building is somehow com-
plete [2,23,27,32,41–43,46,49,51,57–59,66]. However, the degree of mineralization must also
be assessed, since dentin-type mineralization is not systematically found in small and large
animals. Most of the time, a bone-like or cementum-like mineralized extension at the apex
is found. Cement islands are also very often found in the newformed tissue. Despite the
use of DPSC, there is no formation of pulp tissue with an intact cell layer similar to an
odontoblast. However, in some samples, connective tissue could be observed inside the
root canal with cells. The presence of ligament-like newformed tissue is also noticed. Based
on large and small animal studies, stem/progenitor cells introduced into the root canal
spaces of immature teeth with necrotic pulp after revascularization procedures appear to
be able to differentiate into cementoblast- or osteoblast-like cells rather than odontoblasts.
These stem/progenitor cells are likely derived from the periodontal ligament or periapical
alveolar bone marrow, because the newly formed tissues in the canals of revascularized
teeth are cementum or bone-like tissue [50,57,107,149].

Some studies have found pulp-like tissue, but it was often due to the previous presence
of healthy pulp tissue [23]. This does not represent the clinical reality where REP treatment
is performed in cases of necrotic pulp.

To summarize, in small animal ectopic model studies, regenerated tissues are very
similar to the dentine pulp.

In small animals, REP is performed on healthy pulp. The fact that the tooth is small,
resulting in infected pulp, makes the tooth even more fragile, which makes REP difficult to
perform. However, some studies have been successful in performing REP on infected pulp.

In large animals, the pulp is most often infected, which is simpler to perform and
closer to the clinic. To assess the inflammation, the use of radiography allows one to observe
whether a preapical lesion is present or not.

4.4. Clinical Studies

In human studies, the primary outcomes were the absence of pain, inflammation, or
swelling. The resolution of the periapical lesion was observable in 2D or 3D radiography.

To assess regeneration, different clinical tests were performed. In this review,
a few studies succeeded in having positive responses in sensitivity
tests [71,74,80,92,95,96,101,102,106,109,121–123,126,129,130,132,133], confirming that
neurogenesis is variable in REP [4,11].

Radiographically, almost all the studies reported the resolution of apical lesions, very
often associated with high apex closure. Periapical radiographs with a parallel technique
also allow one to verify the increase in radicular length, the thickening of dentinal walls,
and periapical tissue repair. It is important to consider the normal growth of the patients,
as most of them are in their growing phase, which may create visual variations in the
measurements [85].

In all studies, the first radiographic finding is complete apical closure with a decrease
in the apical diameter, while the send radiographic outcome was thickening of the canal
walls with average wall thickening and continued root elongation.

Moreover, intrapulpal calcifications were often found close to the blood clot used
alone, or with scaffold materials.

When performed, histological examination showed the formation of intracanal miner-
alized tissue around the scaffold particles solidifying with newly formed cementum tissue
along the dentinal walls. Quantitative PCR confirmed the absence of odontoblasts able to
make pulp-like tissues.
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Regenerated tissue, whether for REP in animals or humans, is a fibrous pulp-like
tissue with cementum-based islands in the middle and mineralization along the dentin
walls. Sometimes, cementoblasts are found by immunohistochemistry. One could assume
that internal calcification plays a protective role, but the evolution of such calcified tissues
in the long term are still not known [92].

With the wide use of the REP procedure, several questions have arisen, mostly con-
cerning the viability of the treated teeth. A tooth is considered viable once the root is
structured and the tooth is clinically and radiographically asymptomatic with no signs
of failure.

In the clinical studies included in this review, success of REP therapy was represented
by the persistence of the tooth remaining asymptomatic. Only few patients showed positive
responses to pulp sensitivity tests after revitalization.

Data arising from prolonged follow-up periods are still lacking. In fact, all randomized
studies report follow-up periods that do not exceed 2 years. In the case of retrospective
studies or case reports, we found two cases in which the follow-up period was between 6
and 8 years.

4.5. Risk of Bias

The included studies presented a low risk of bias in terms of animal selection (ARRIVE
guidelines were respected), attrition, and reporting. On the other hand, weak reporting in
terms of performance and detection affected evaluations and the synthesis of results. Thus,
SYRCLE guidelines should be followed, especially for randomization protocols, animal
housing facilities, and blinding, which could improve homogeneity of small and large
animal model trials focusing on REP.

Regarding randomized studies, in only 40% of the cases was there an overall low risk
of bias. Indeed, there was a lack of information in terms of randomization, deviation from
the intended intervention, and measurement of the outcome, complicating comparisons
between studies.

For non-randomized studies, a medium risk of bias in patient selection was found.
Indeed, more structured protocols for patient enrollment should be applied.
An overall low risk of bias was found in retrospective and case reports studies, since

the criteria of selection, ascertainment, causality, and reporting were respected.

5. Conclusions

Currently, regenerative endodontics is legitimately considered part of the spectrum of
endodontic therapies. In fact, REP on immature or mature teeth is a reliable approach that
creates a new tissue, ensuring tooth development and viability.

However, no study has succeeded in regenerating pulp-like tissue; instead, in both
preclinical and clinical studies, ligamentous tissue with cementum or bone-like mineraliza-
tion replaced the necrotic pulp. Intra pulpal calcification can play a protective role for the
regenerated tissue, but the evolution of this calcification in the long term is not known.

Some animal studies reported a vascularized and innervated regenerated pulp, but
the response to the clinical test was not verified. In human studies, only few patients have
regained sensitivity after revitalization.

Preclinical and clinical studies identify the success of REP therapy as the persistence
of the tooth without signs or symptoms of failure.

Even if endodontic reparation can clinically satisfy the needs of dental and alveolar bone
development and preservation, further studies are still necessary to identify procedures to
successfully reproduce the physiological structure and function of the dentin–pulp complex.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms231810534/s1.

48



Int. J. Mol. Sci. 2022, 23, 10534

Author Contributions: Conceptualization, S.M. and F.M.; writing/original draft preparation, S.M.;
writing review and editing, S.M., F.M., S.V., T.B. and C.C. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets generated for this study can be obtained upon reasonable
request by email to the corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviation

ALP Alkaline Phosphatase
BC Blood Clot
BMSCs Bone Marrow Stem Cells
CaOH2 Calcium Hydroxide
CAP Catabolite Activator Protein
CD31 Platelet endothelial cell adhesion molecule
CEM Calcium Enriched Mixture
CEMP Cathelicidin Antimicrobial Peptide
CHP Calcium Hydroxide Paste
CGRP Calcitonin Gene-Related Peptide
GIC Glass Ionomer Cement
Col1A1 Collagen type I alpha 1
DMP1 Dentin Matrix acidic Phosphoprotein 1
DMP4 Dentin matrix protein 4
(m) DPSCs (mobilized) Dental Pulp Stem Cells
DSPP Dentin Sialophosphoprotein
DXL1 Distal-Less Homeobox 1
FGF Fibroblast growth factor
G-CSF Granulocyte colony-stimulating factor
GLI2 GLI Family Zinc Finger 2
LPS Lipopolysaccharide
MTA Mineral Trioxide Aggregate
MRI Magnetic Resonance Imaging
NF Neurofilament
PAI Periapical Index
PDLs Periodontal ligament cells
PGP 9,5 Neuronal marker
(i)- (L)- PRF (Injection-) (Leucocyte-) Platelet Rich Fibrin
PRP Platelet Rich Plasma
qPCR quantitative Polymerase Chain Reaction
rBMSC rabbit Bone Marrow Stem Cells
REP Regenerative Endodontic Procedure
SOX2 Sex determining region Y)-box 2
TAP Tri-Antibiotic Paste
UC-MSCs Umbilical Cord Mesenchymental Stem Cells
VEGF Vascular Endothelial Growth Factor
vVW Von Willebrand
2D radiography X-ray / Panoramic radiography
3D radiography CBCT (Cone Beam Computed Tomography)
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Abstract: The main goal of vital pulp therapy (VPT) is to preserve the vitality of the pulp tissue, even
when it is exposed due to bacterial invasion, iatrogenic mechanical preparation, or trauma. The type
of new dentin formed as a result of VPT can differ in its cellular origin, its microstructure, and its
barrier function. It is generally agreed that the new dentin produced by odontoblasts (reactionary
dentin) has a tubular structure, while the dentin produced by pulp cells (reparative dentin) does
not or has less. Thus, even VPT aims to maintain the vitality of the pulp. It does not regenerate the
dentin pulp complex integrity. Therefore, many studies have sought to identify new therapeutic
strategies to successfully regenerate the dentin pulp complex. Among them is a Wnt protein-based
strategy based on the fact that Wnt proteins seem to be powerful stem cell factors that allow control
of the self-renewal and proliferation of multiple adult stem cell populations, suitable for homeostasis
maintenance, tissue healing, and regeneration promotion. Thus, this review outlines the different
agents targeting the Wnt signaling that could be applied in a tooth environment, and could be a
potential therapy for dentin pulp complex and bone regeneration.

Keywords: Wnt signal; dentin pulp complex regeneration engineering; small molecules

1. Introduction

The main goal of vital pulp therapy (VPT) is to preserve the vitality of the pulp tissue,
even when it is exposed due to bacterial invasion, iatrogenic mechanical preparation, or
trauma [1]. VPT procedures consist of direct pulp capping, and partial or full pulpotomy
with bioactive capping materials. Calcium hydroxide (CH) has been extensively used for
direct pulp capping and has long been considered the “gold standard” [2]. CH can release
hydroxyl and calcium ions that create an alkaline bactericidal environment around the
pulp tissues, prompting the formation of necrotic tissue beneath the exposed pulp, and this
tissular reaction may lead to increases in cell differentiation, collagen secretion, and dentin
formation [3,4].

However, the poor quality of the resulting dentin bridge and its lack of sealing within
the dentin walls explain why some authors prefer the use of Tricalcium silicate-based
(TCS-based) cements [4,5], such as ProRoot White MTA (Dentsply, Tulsa Dental, Tulsa, OK,
USA) or Biodentine (Septodont, Saint-Maur-des-Fossés, France), which both have high
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clinical success rates in dentistry. The widespread clinical indications of TCS-based cements
are mainly based on their ability to form CH as a by-product of hydration. MTA has been
considered as potential gold standard for vital pulp therapy, because it integrated better
with the pulp tissues than CH [5] and showed greater success than other capping agents
when used in different conditions in clinical trials [6,7]. The type of new dentin formed
can differ in different manners (cellular composition and function). Even though there
is no consensus regarding the origin of this new tissue [7], it is generally admitted that
reactionary dentin produced by odontoblasts has a tubular structure, while the reparative
dentin does not or has much less [8].

VPT aims to maintain and, if possible, regenerate the vitality of dental pulp. This last
objective is not achieved using the conventional VPT procedures. Therefore, many studies
have sought to identify new therapeutic strategies to successfully regenerate the dentin pulp
complex. Two different ways are currently being tested to achieve this enormous objective.
The first involves the introduction of stem or progenitor cells into a site of damage, and the
second aims to activate endogenous stem cells to promote tissue regeneration. This last
strategy, in which endogenous stem cells are activated, avoids the risk associated with the
implementation of different cells in nature or reprogrammed cells into the human body. For
this purpose, a Wnt protein-based strategy, based on the fact that Wnt proteins are powerful
stem cell factors [9], allows control of the self-renewal and proliferation of multiple adult
stem cell populations [10].

The secreted family Wnt proteins participate in the regulation of cell differentiation,
proliferation, and apoptosis, and through these mechanisms, play a key role in tissue
generation, regeneration, and self-renewal [11]. Wnts induce intracellular signaling by
binding to the extracellular domain of receptors encoded by Frizzled (Fz). These proteins
interact also with the low-density lipoprotein receptor-related protein (LRP) 5 and LRP 6
transmembrane proteins that act as coreceptors for Wnts. They also linked to neurotrophic
tyrosine kinase, receptor-related 2 (NTRK2). By means of an intracellular signal trans-
duction pathway (activation of Dishevelled (DVL)), a protein of the destruction complex
prevents activation of the destruction complex, constituted of Axin, adenomatosis poly-
posis coli (APC), glycogen synthase kinase 3 (GSK3), and other factors. At the same time,
the cytoplasmic domain of LRP5/6 becomes phosphorylated and binds axin. This leads
to disassembly of the APC-axin- β catenin complex and the release of β- catenin. Then,
β-catenin can accumulate in the cytoplasm and eventually, β-catenin translocates to the
nucleus, where it acts as a transcriptional activator of transcription factors in the T-cell-
specific factor/lymphoid enhancing factor Tcf/Lef family and increases the transcription
of Wnt target genes encoding axin, Smad6, cyclin D1 and Cx43 [12] (Figure 1). There are
numerous Wnt ligands, receptors, co-factors, antagonists, and intracellular mediators.

As the regenerative capacity of multiple mammalian tissues has been shown depend-
ing on Wnt/β- catenin signaling and its activation. In the context of pulp dentin, complex
regeneration the role of canonical pathway seems obvious. Numerous studies have shown
this role in reactionary dentinogenesis [13]. In reparative dentinogenesis, the repair process
is accompanied by increased Axin2 expression, which results in differentiation of Axin2
expressing cells from resident dental pulp stem cells into odontoblasts-like cells [14].

However, the specific role of Wnt/β-catenin signaling on odontoblast-like differen-
tiation of hDPSCs is not completely known. Indeed, some authors such as Scheller et al.
demonstrated that canonical Wnt signaling inhibited odontogenic differentiation of hDP-
SCs [15]. In addition, Zhang et al. reported that Wnt10a, a Wnt agonist, could negatively
regulate the differentiation of DPSCs into odontoblasts by down-regulating odontoblast
specific genes [16]. However, some other researchers have reported that β-catenin accumu-
lation by various agonists promoted odontoblastic differentiation in hDPSCs [17–20]. Thus,
β-catenin could play an essential role in tertiary dentinogenesis [17,21]. β-catenin could
act as an activator of the transcription factor runt-related transcription factor 2 (Runx2) to
enhance the odontoblastic differentiation of dental pulp stem cells [19] and stem cells from
the apical papilla (SCAP) [22].
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Figure 1. Schematic illustration of the canonical Wnt pathway. (A). In the presence of Wnt ligands
interacting with LRP5/6 and frizzled, the β-catenin degradation complex is sequestrated. Cytosolic
accumulation of β-catenin leads to nuclear translocation and binding to transcription factors in the
Lef/Tcf family. The resulting active transcriptional complex controls the expression of target genes
involved in tissue generation, regeneration and, self-renewal. (B). In the absence of Wnt ligands, the
interaction between DVL and axin leads to the phosphorylation of cytosolic β-catenin by a protein
complex involving APC, axin, and GSK3. β-catenin is then degraded by ubiquitin-mediated proteol-
ysis. LRP: lipoprotein receptor-related protein. DVL: dishevelled-APC: adenomatosis polyposis coli.
GSK: glycogen synthase kinase. TCF/Lef1: T-cell factor/lymphoid enhancer factor. DPSCs: dental
pulp stem cells. SCAPs: stem cells from apical papilla.

In this review, we aimed to recapitulate new biologically based strategies to enhance
this natural repair response by regulating Wnt signaling via modulatory molecules. These
molecules could be a potential therapy target for dentin pulp complex.

2. Modulators of Wnt Beta-Catenin Signaling Acting on Dental Pulp Cells

2.1. Inorganic Calcium-Containing Materials

The treatment of dental caries that results in pulp exposure is currently managed
by replacing lost dentine with inorganic calcium-containing materials such as CH, MTA
or Biodentine that remain in the crown. Since this dentine is formed directly from new
odontoblast-like cells that differentiate from resident stem cells in the pulp [14], it is
imaginable that overstimulation of stem cell activity might result in increased odontoblast
differentiation resulting in more efficient regenerative dentine formation. The most studied
material (ProRoot MTA), in direct contact with DPSCs/DPCs, has shown significant positive
results in in vitro assays assessing the involvement of the MAPK subfamilies JNK and P38,
the ERK subfamily, the nuclear factor kappa B (NF-κB), and Wnt/β-catenin pathways.
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2.2. Small Molecule GSK3 Inhibitors

In the context of response to damage, the pulp dentin complex can induce a Axin2 in-
crease repair process in odontoblast-like cells that subsequently form reparative dentin [14].
Glycogen synthase kinase 3 (GSK3) is a core intracellular component of the Wnt/β-catenin
signaling pathway that phosphorylates Axin and β-catenin [23–25]. When there are Wnt
ligands, GSK3 activity is disabled, and β-catenin can enter the nucleus to interact with
Lef/Tcf transcription and express the target genes such as Axin2. When Wnt ligands are
absent, β-catenin and Axin2 are phosphorylated, causing their ubiquitination and then
their degradation. GSK3 inhibitors (which are also Wnt pathway activators) could have
various forms. They have shown to have natural or synthetic sources and display different
mechanisms of action. A range of small molecule antagonists of GSK3 have been devel-
oped as drugs to activate the Wnt pathway in responsive cells [23,26–28]. Several GSK3
inhibitors have been shown to promote dentin repair in mice and rats with experimental
pulp exposure [29,30].

2.2.1. Tideglusib

Tideglusib is the most studied GSK3 drug that has to date been shown to be safe in
patients [31]. Delivery of GSK3 inhibitor drugs (20 μM CHIR99021 and 1 μM Tideglusib
on biodegradable collagen sponges) directly into experimentally exposed pulp cavities
in mice results in upregulation of Wnt-activity in pulp stem cells [29] and induction of
high quality of reparative dentinogenesis [30]. This reparative dentine was biochemically
indistinguishable from native dentine when analyzed by Raman spectroscopy. Although
the extent of damage in rats is not comparable to that in large lesions in humans, the
successful scaleup of reparative dentine formation in vivo seems promising, highlighting
the potential of this approach. However, Tideglusib has low aqueous solubility, and in
clinical trials, is delivered in a granulate form suspended in water that is less suitable in
clinical practice.

2.2.2. NP928

NP928 is a new GSK3 inhibitor small-molecule drug that has increased aqueous solu-
bility compared to other thiadiazolidinone (TDZD) drugs and can activate Wnt/β- catenin
pathway similarly to tideglusib. Therefore, NP928 is a modified version of Tideglusib that
removes the naphthyl moiety and increases solubility. The reparative potency and clinical
usability of NP928 was evaluated in microdose concentrations of loaded MA-HA hydrogels
in a pulp damage model in wild-type mice, and showed more reparative dentine was in
tested groups than in controls [32].

The use of hydrogel looks superior to the sponge delivery, and the overall simpler
user experience for the clinician. The use of hydrogel looks superior to the sponge delivery,
and the overall simpler user experience for the clinician. These results allowed a drug
called ReDent® to be transferred to clinic, on the basis of it being ready for its first human
clinical trials.

A tooth cavity is a good therapeutic site for the use of a small molecule, used at very
tiny concentrations. They should have a short half-life and limited range of action. They do
not activate cells in the roots, for example.

2.2.3. Tivantinib

Tivantinib is a small molecule that inhibits c-Met receptor tyrosine kinase. It is a non-
ATP competitive inhibitor. GSK3α and GSK3β, two structurally isoforms of GSK3, have
been identified as new targets for this molecule [33]. These isoforms are negatively and
positively regulated by serine or tyrosine phosphorylation, respectively. Recently, GSK3α
and β were inhibited by Tivantinib in lung cancer cells [34]. Therefore, this molecule
was tested in phase III trial of the treatment of hepatocellular carcinoma. Tivantinib’s
biocompatibility and low cytotoxicity have also been demonstrated on progenitors’ murine
cells [35]. It is quite interesting for the best of our knowledge and dental practice to notice
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that a c-Met inhibitor tyrosine kinase used in a carcinoma treatment presented a weak
toxicity for dental pulp cells and the ability to activate the Wnt/β-catenin pathway at very
low concentrations in vitro [35]. Nevertheless, further studies are needed to analyze and
evaluate in vivo effects of delivering tivantinib on pulp injuries via collagen sponges or
other vectors, such as hydrogels.

2.2.4. Lithium Chloride

Lithium compounds are inhibitors of GSK3β, used among other things to treat the
bipolar patients and inhibit cancer cell metastasis [36]. Many in vitro studies reported that
these agents can potentiate bone regeneration process and upregulate osteoblast differenti-
ation and mineralization [37,38]. Ishimoto’s team identified the effect of 10 mM Lithium
chloride as an activator of reparative tubular dentin formation. The application of Lithium
has been realized locally in rats after a pulpotomy procedure. Thus, they have shown
stimulation of the Wnt/b-catenin pathway (through inhibition of the b-catenin destruction
complex) when pulp cells were treated with lithium ions in vitro [39]. Interestingly, recently
LiCl-100 mM was shown to activate this signaling pathway in vitro [40]. In rats, capping of
pulps with surface pre-reacted glass combined with LiCl at concentrations of 10 mM or
100 mM was associated with the formation of complete reparative dentin structures that
were continuous with the primary dentin without any defects, similar to that produced
by MTA [40]. A research team has incorporated lithium-containing bioactive glass in a
commercial GIC, so that lithium released from the GIC could naturally penetrate dentin and
stimulate odontoblast activity. They succeeded to stimulate dentin formation and improve
repair in a murine molar defect model [41]. Likewise, in a context injury in restorative treat-
ment with resin polymers, the study of Bakopoulou et al. in 2015 [42] showed that human
DPSCs were stimulated after lithium treatment through the accumulation of β-catenin and
enhancement of its translocation in nucleus and expression of transcription factors. Expo-
sure of lithium chloride-pre-treated cells to TEGDMA (triethylene-glycol-dimethacrylate)
showed a stronger activation of the pathway. Thus, these findings stipulated that TEGDMA
could continue to induce canonical Wnt pathway in DPSCs that were already “activated”
by various environmental factors during pulp repair.

2.3. R-Spondin 2

Recombinant proteins such as the Wnt agonist R-spondin [43] have been used to treat
oral mucositis [44]. R-spondins are secreted proteins that act as stem cell growth factors [45].
It has been shown that R-spondins clearly increase Wnt signal. R-spondin 2 (Rspo2) has
been reported to show a predominant role in many differentiation processes, such as
neurogenic differentiation [46], chondrogenic [47], and osteoblastic [48] differentiation.
In a recent study, Gong Y. et al. succeeded in inducing odontogenic differentiation in
combination with exogenously added Rspo2 in hDPSCs through an increase in levels of
both mRNA and protein expression of dentin sialophosphoprotein, dentin matrix protein-1,
alkaline phosphatase, bone sialoprotein, and protein expression levels of osteopontin and
osteocalcin, whereas silencing Rspo2 significantly decreased the expression levels of these
odontogenic markers [49]. This promotion of odontogenic differentiation is attributable
to the activation of Wnt/β-catenin signaling. Thus, more investigations are needed to
evaluate effects of Rspo2 in dental pulp complex repair.

2.4. Wedelolactone

Wedelolactone is a natural plant compound that has been shown to have anti-inflammatory,
anticancer, and antiosteoporosis effects. The effect of wedelolactone has also been evaluated
for dental treatment. For that purpose, DPSCs were treated with wedelolactone in vitro [50].
This experiment has been shown to promote odontoblast differentiation and mineralization
through a direct enhancement of the nuclear accumulation of β-catenin and expression of
genes involved in odontoblast differentiation. These genes included DMP-1, DSPP, and
runx2. This study highlighted that wedelolactone induced the differentiation of odontoblast
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cells by means of semaphorin 3A/neuropilin-1 pathway-mediated β-catenin stimulation
and NF-κB pathway disactivation.

2.5. Semaphorin 3A and Its Receptor Neuropilin 1

Sema3A has been shown to be an osteoprotective factor by inhibiting osteoclastic
bone resorption and promoting osteoblastic bone formation through canonical Wnt/β-
catenin signaling [51]. When Neuropilin-1 (NRP1) binds to Sema3A, it stimulates osteoblast
differentiation through the classical Wnt/β-catenin pathway. Overexpression of NRP1
upregulated dentin matrix protein-1, dentin sialophosphoprotein, alkaline phosphatase
protein level, and mineralization in DPSCs, while knockdown of NRP1 induced the opposite
effects. NRP1, therefore, regulates DPSCs via the classical Wnt/β-catenin pathway [52].
Sema3A has also been showed to induce cell migration, chemotaxis, proliferation, and
odontoblastic differentiation of DPSCs, and Sema3A application to dental pulp exposure
sites in a rat model induced effective reparative dentin reconstruction [19].

2.6. Wnt3a Protein

In vitro, the effects of a continuous activation of Wnt/β-catenin signaling by the ad-
dition of Wnt3a on the mineralization and differentiation of pulp cells demonstrated that
Wnt3a induced marked increases in the expression of Dmp1, Dspp, and Bsp, compared to
controls between days 10 and 17 [53], and highlighted the role of Wnt/β-catenin signaling
in the survival of resident progenitors. Indeed, a limited and early exposure to Wnt3a
resulted in increased proliferation and decreased apoptosis in the undifferentiated popu-
lation [54]. In vivo, the study of Hunter et al.; in 2015 [54] showed that pulp healing was
positively impacted by a Wnt3a (a typical canonical Wnt ligand) amplified environment in
a model of direct pulp capping. In fact, the application of Wnt3a through a lipidic vesicle,
which allowed the maintenance of its activity, led to the formation of a reparative matrix
resembled native dentin. In addition, this liposome delivered Wnt3a protected pulp cells
from death and stimulated proliferation of undifferentiated cells in the pulp, which together
significantly improved pulp healing.

2.7. Sclerostin

Sclerostin, is a secreted glycoprotein which is largely produced by osteocytes under a
physiologic environment. It is an antagonist of the Wnt-BMPs signaling pathway through
its binding to LRP 5/6receptor which is present on the membrane osteoblast [55]. It has
been shown that when sclerostin is downregulated, an increase of osteogenesis and in bone
mass are observed [56].

Secretion of sclerostin by odontoblasts has been demonstrated during tooth devel-
opment [57,58]. Many studies have investigated the potential role of this molecule in the
dentin pulp complex healing process [59]. In absence of sclerostin in Sost knock out mice,
an increase in the pulp-healing process, following a direct pulp-capping mice model, was
demonstrated [59]. In vitro, cultures of mDPCs isolated from Sost knock out germs allowed
for elevated mineralization. Interestingly, the role of sclerostin in the process of human
dental pulp cell (hDPCs) senescence was studied as the expression level of sclerostin varies
in embryonic and adult mouse incisors and molars, and in aged individuals [58,60]. Thus,
it has been shown that expression of sclerostin was increased in senescent human dental
pulp and subculture-induced senescent hDPCs by immunohistochemistry and qRT-PCR
analyses [61]. In addition, overexpression of sclerostin led to hDPCs senescence and inhi-
bition of odontoblastic differentiation of hDPCs. Therefore, an anti-sclerostin treatment
may be beneficial for the maintenance of the proliferation and odontoblastic differentiation
potentials of hDPCs and to improve the pulp healing process in exposed pulps treatment.
Indeed, Liao et al., 2019 have shown that sclerostin increased the inflammatory responses
of odontoblasts under an LPS-induced environment and led to impaired dentin tissue
regeneration by inhibition of odontoblastic differentiation of inflamed DPCs [62]. These
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findings allow new ideas toward therapeutic treatments combining anti-inflammatory
effects and promotion of regeneration during dental pulp inflammation.

3. Cellular Metabolism Effect of Wnt

3.1. Epigenetic Remodeling in Human DPSCs under Wnt Ligant Exposure

The canonical Wnt signaling pathway is considered as an important regulator of stem-
ness [11,23,63] and cell differentiation [15] in DPSCs and many other stem cell types [64].
The epigenetic regulations that Wnt pathways may exert on DPSCs have been studied. The
authors have found that Wnt-3a exposure induced plural epigenetic reprogramming facets
in DPSCs; especially, a global DNA hypomethylation, a global histone hyperacetylation,
and an increase in both activating and repressing histone methylation marks were high-
lighted [65]. These findings could have seductive implications in the optimization of the
clinical cell therapy.

3.2. Effect on Energetic Metabolism

Certain systemic conditions compromised the capacity of proliferation and odonto-
genic differentiation of human DPSCs. Diabetes is one of these pathological conditions.
The reduction in human pulpal mesenchymal cells stemness in diabetic patients could
affect the regenerative capacity of pulp-dentin complex and the formation of the dentin
bridge. Based on these data, some authors studied the potential role of Wnt signaling in a
high glucose-induced senescence model (close to diabetic conditions) [66]. Interestingly,
Asghari et al. have observed the decrease in proliferation of DPSC, as well as an increased
number of senescent cells and an increased p21 expression, after being exposed to different
concentrations of glucose. β -catenin and Wnt1 expression in response to high glucose were
significantly increased. In the same way, the authors demonstrated that in the presence of a
β-catenin inhibitor PNU-74564, the amount of the senescent cells was reduced. Therefore,
Wnt signaling might be the potential target for the inhibition of the senescence response in
the hyperglycemic condition, suggesting the potential development of bioactive materials
applied in pulp capping that would be specific for diabetic patients.

3.2.1. Famotidine

Famotidine is a competitive inhibitor of the histamine receptor, which is the dominant
receptor involved in gastric acid secretion. This binding prevents the activation of adenylate
cyclase normally induced by histamines. Many studies have investigated the Famotidine
potential anti GSK3 effect. It seems that this inhibiting role could be attributed to the hypo-
glycemic aspect. Indeed, H2-receptor inhibitors could affect glucose metabolism and its role
in the decrease in the glycemic response curve in vivo through binging with GSK3β [67]. Its
biocompatibility and low cytotoxicity have also been demonstrated on progenitors’ murine
cells [35]. Its effects on DPSC could be studied in a context of glucose exposition.

3.2.2. Olanzapine

Olanzapine used to be a particular pharmacological psychiatric drug used for the
treatment of schizophrenia. Its potential anti GSK3 effect has been sought by many authors.
As Famotidine, it seems that this inhibiting role could be due to the hypoglycemic effect. Its
biocompatibility and low cytotoxicity have also been demonstrated on progenitors’ murine
cells [35]. This molecule could also be studied in glucose exposition condition of DPSC.

4. Conclusions

The Wnt/b catenin pathway is a very complex intra cellular pathway.
Several studies have shown that Wnt signals are necessary for pulp dentin complex

formation and repair, and in other studies, some research groups have succeeded in
demonstrating that a Wnt stimulus is sufficient to induce tissue regeneration. Small-
molecule drugs that stimulate Wnt/β-catenin have shown promise as a novel biological
therapy for treating exposed pulpal lesions. It is necessary to consider the need of local
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application to avoid systemic side effects of the highly potent small molecules acting as
Wnt agonists at very tiny concentrations. Interestingly, they are very cheap to make. Strong
proof-of-concept data are still needed, however, along with well-crafted safety plans, to
make regenerative dental medicine a reality.

After pulp exposure, molecules enhancing Wnt/β-catenin can be applied in contact
with the pulp on different supports such as hydrogels or sponges (Figure 2). These materials
must be sealed tightly with restorative material. The release of molecules stimulates the
regeneration of the pulp-dentin complex.

 
Figure 2. Schematic illustration of the clinical application of Wnt/β-catenin enhancers.
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Abstract: Both the dental pulp and the apical papilla represent a promising source of mesenchymal
stem cells for regenerative endodontic protocols. The aim of this study was to outline molecular
biological conformities and differences between dental pulp stem cells (DPSC) and stem cells from the
apical papilla (SCAP). Thus, cells were isolated from the pulp and the apical papilla of an extracted
molar and analyzed for mesenchymal stem cell markers as well as multi-lineage differentiation.
During induced osteogenic differentiation, viability, proliferation, and wound healing assays were
performed, and secreted signaling molecules were quantified by enzyme-linked immunosorbent
assays (ELISA). Transcriptome-wide gene expression was profiled by microarrays and validated by
quantitative reverse transcription PCR (qRT-PCR). Gene regulation was evaluated in the context of
culture parameters and functionality. Both cell types expressed mesenchymal stem cell markers and
were able to enter various lineages. DPSC and SCAP showed no significant differences in cell viability,
proliferation, or migration; however, variations were observed in the profile of secreted molecules.
Transcriptome analysis revealed the most significant gene regulation during the differentiation period,
and 13 biomarkers were identified whose regulation was essential for both cell types. DPSC and
SCAP share many features and their differentiation follows similar patterns. From a molecular
biological perspective, both seem to be equally suitable for dental pulp tissue engineering.

Keywords: dental pulp stem cells; stem cells of the apical papilla; mesenchymal stem cells; regenera-
tive endodontics; transcriptome

1. Introduction

Regenerative endodontic procedures aim to replace an irreversibly inflamed or necrotic
dental pulp. In order to generate new pulp-like tissue, researchers have successfully made
use of stem cells, which is one of the three pillars in tissue engineering next to scaffold
materials and signaling molecules [1–4]. Currently, two tissue engineering concepts for
pulp regeneration can be differentiated, the first being based on cell transplantation and
the second on cell-homing [5]. For the transplantation approach, stem cells and growth
factors are inserted into a suitable scaffold and injected directly into the root canal. This
requires storage and laboratory processing of stem cells beforehand, which is afflicted with
high costs. However, a primarily cell-free approach based on cell-homing seems to be
more practical for use in dental offices. In this case, no cells have to be transplanted but
local stem cells are attracted from periapical tissues by recombinant signaling molecules
or endogenous, dentin-derived growth factors and migrate into the root canal. Moreover,
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cell-homing can not only be used to restore the whole pulp but also parts of the tissue that
are lost due to local inflammatory or necrotic processes [3,6,7].

Among various types of stem cells associated with dental tissues [8], especially dental
pulp stem cells (DPSC) [9] and stem cells from the apical papilla (SCAP) [10] appear to be
suitable sources for cell-homing as they are located in the root canal or in the apical papilla
at the root tip and can thus give rise to new tissue. Interestingly, they share a common
developmental origin as derivates of the pluripotent cranial neural crest cells that migrate
to the first branchial arch and form the dental mesenchyme or ectomesenchyme [11–13].
During tooth development, interactions between the ectomesenchyme and the primitive
oral epithelium result in the formation of a tooth bud. Subsequently, ectomesenchymal
cells start to condense beneath and around the bud which leads to the formation of the
dental papilla and the dental follicle. As the enamel organ continues to grow, forming
first a cap and later a bell shape, the epithelial cervical loops enclose the cells of the dental
papilla, initiating their transformation into the dental pulp. As soon as crown development
is near completion, root formation starts with the apical proliferation of the cervical loops
which now form a two-layered structure called Hertwig’s epithelial root sheath (HERS).
HERS determines the shape of the later tooth root(s) and harbors mesenchymal cells, but
has only limited growth potential. During root development, the dental papilla gradually
transforms into radicular pulp tissue, whereas the follicle turns into periodontium [13–15].
Thus, the remaining dental papilla, which is termed apical papilla, can be found at the root
end of immature teeth until root formation is completed. Histologically, it appears as a
densified connected tissue separated from the pulpal tissue by a cell-rich zone.

Since both tissues can provide cells for pulp regeneration, the question arises whether
the originating stem cells are equally suitable for this purpose. In addition to general
qualities such as migration and proliferation, the ability to differentiate into a mineralizing
odontoblast-like phenotype plays a particularly important role. Currently, there is still
much to find out about genetic regulation during the differentiation of DPSC and SCAP, as
only a modest number of studies directly compare the two stem cell types [10,16,17].

Therefore, the aim of this study was to outline parallels as well as differences between
DPSC and SCAP isolated from the same donor regarding stemness, proliferation and
viability, migration, and production of signaling molecules. The main focus was placed on
the gene expression profiling of both cell types to identify genome-wide regulatory genes
during induced differentiation.

2. Results

2.1. Stem Cell Characterization

Overall, forward- and side-scatter signals revealed that both cell types were similar in
size and granularity from a cytomorphological perspective (Figure 1a,b). A high proportion
of DPSC and SCAP expressed mesenchymal stem cell markers, however, the markers of
different origin (CD34, CD45, CD11b, CD19, and HLA-DR) were consistently undetected
(Figure 1c–e). Cell culture experiments showed that both SCAP (Figure 1f–h) and DPSC
(Figure 1i–k) were able to enter osteogenic, chondrogenic, and adipogenic lineage. Gen-
erally, Alizarin Red S stained large, widespread areas of mineralization whereas Oil Red
O staining showed primarily scattered deposits of neutral lipids inside the cultured cells.
The Alcian Blue 8GX dye revealed clusters of glycosaminoglycans as part of the recently
formed cartilaginous matrix.

70



Int. J. Mol. Sci. 2022, 23, 2615

Figure 1. Stem cell characterization. Flow cytometric analysis (a–e) revealed similarities in size and
granularity for dental pulp stem cells (DPSC) (a) and stem cells from the apical papilla (SCAP) (b).
(c) DPSC and SCAP both expressed characteristic mesenchymal stem cell markers (CD73, CD90,
and CD105), however, the markers CD34, CD45, CD11b, CD19, and HLA-DR were not detected.
Exemplary overlay histograms of DPSC (d) and SCAP (e) show the control populations (light grey)
and the specifically stained cells (dark grey). DPSC (f–h) and SCAP (i–k) both successfully entered
the osteogenic (f,i), adipogenic (g,j), and chondrogenic lineage (h,k). Scale bars: 80 μm.

2.2. Cell Viability and Proliferation

Cell viability and proliferation assays showed similar patterns for SCAP and DPSC
(Figure 2a,b). Viability and cell number increased until day 7 for both cell types and fetal
bovine serum (FBS) concentrations. From day 5 on, DPSC and SCAP cultivated with
10% FBS showed a significantly higher viability and cell number compared to the ones
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cultivated with 1% FBS (p ≤ 0.003). However, cell number and viability of DPSC and SCAP
showed no significant differences at the same culture conditions (p ≥ 0.1657).

Figure 2. Comparison of (a) viability, (b) proliferation, and (c,d) migration of dental pulp stem cells
(DPSC) and stem cells from the apical papilla (SCAP). (a,b) Viability and proliferation of DPSC and
SCAP at different serum concentrations. Median values and 25–75% percentiles are based on three
independent experiments performed in triplicates (n = 9). For each time point, the same lower-case
letters indicate bars with statistically significant difference (p ≤ 0.05). (c) Cell migration of both cell
types was determined over 72 h in triplicates and repeated two times (n = 12). Medians and 25–75%
percentiles were normalized to the initial wound area, which was set to 100%. (d) Microscopic images
of gap closure (gap area highlighted in yellow) by DPSC and SCAP cultured in alpha minimum
essential medium (αMEM) with 10% fetal bovine serum (FBS) with and without Locostatin over 72 h.
Scale bars: 400 μm.

2.3. Cell Migration

In the course of 72 h, wound healing was observed in all groups without the addition
of inhibitors, whereby a clear influence of the serum concentration was observed (Figure 2c).
At all times, cells cultivated with 10% FBS showed significantly higher migration rates
than the ones cultivated with 1% FBS (p ≤ 0.0212). However, there were no statistically
significant differences between DPSC with 10% FBS and SCAP with 10% FBS during 72 h
(p > 0.9999). The addition of the migration inhibitor Locostatin to 10% FBS decreased
migration rates of both DPSC and SCAP after 24 h with statistical significance (p ≤ 0.0002).

72



Int. J. Mol. Sci. 2022, 23, 2615

The microscopic images show continuous sheath migration over 72 h for SCAP as well
as DPSC cultures (Figure 2d). Locostatin largely suppressed this without evidence of
cytotoxic effects.

2.4. Release of Signaling Molecules

In general, DPSC released more osteoprotegerin (OPG), tissue inhibitor of metallo-
proteinase (TIMP), vascular endothelial growth factor (VEGF), and transforming growth
factor beta 1 (TGF-β1) than SCAP (Figure 3). While the amount of interleukin 6 (IL-6)
was similarly reduced in DPSC and SCAP during osteogenic differentiation (p ≤ 0.0056),
significantly more interleukin 8 (IL-8) was secreted in the SCAP cultured with StemPro®

compared to medium with 10% FBS (p < 0.0001). Regarding the culture conditions, less
IL-6 was released from both cell types during induced differentiation (p ≤ 0.0056). At the
same time, more IL-8 was secreted in osteogenic cultures with statistical significance for
SCAP (p < 0.0001). While DPSC showed an increasing VEGF release during osteogenic dif-
ferentiation, SCAP showed no such tendencies and VEGF secretion was even significantly
lower compared to DPSC in osteogenic culture (p ≤ 0.0082). Similarly, the release of TIMP
was higher for DPSC compared to SCAP in the respective culture conditions (p ≤ 0.0331).
The release of TGF-β1 was significantly higher during induced differentiation of DPSC
compared to SCAP for the intermediate and late phase (p ≤ 0.0038).

Figure 3. Release of signaling molecules by dental pulp stem cells (DPSC) and stem cells from the
apical papilla (SCAP) in the initial phase (days 1 to 8), intermediate phase (days 9 to 15), and late
phase (days 16 to 21) of culture. Graphs show the secretion of (a) tissue inhibitor of metalloproteinase
(TIMP), (b) osteoprotegerin (OPG), (c) interleukin 6 (IL-6), (d) interleukin 8 (IL-8), (e) vascular
endothelial growth factor (VEGF), and (f) transforming growth factor beta 1 (TGF-β1). Median
values and 25–75% percentiles are based on three independent experiments performed in triplicates
(n = 9). For each culture phase, equal lower-case letters indicate pairs that were found significantly
different (p ≤ 0.05). One or two apostrophes were added for the intermediate or late phase for a
better overview.

With regard to the time course, cells cultured with StemPro® showed a continuous
increase in the release of TIMP, IL-8, and TGF-β1 from day 1 to 21, which was statistically
significant for all three signaling molecules when comparing the initial and the late phase
(p < 0.0001). In addition, during osteogenic differentiation, an increasing production of
VEGF and OPG was observed in DPSC and SCAP, respectively, with statistical significance
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between the initial and the late phase (p ≤ 0.0001). No relevant changes of expression levels
were observed for IL-6 for both cell types.

2.5. Gene Expression Profiling

The transcriptome analysis showed that, with regard to the culture parameters, the
culture time in particular has an impact on gene regulation, whereas the culture medium
as well as the cell type were only secondary variables. The comparison of the repeats
demonstrates the high reproducibility of the experiments (Figure 4a). The observation of
up- and downregulation of genes over a culture period of 14 days revealed for both cell
types that fewer genes were regulated during osteogenic differentiation compared to the
control with 10% FBS (Figure 4b). The majority of genes that were differentially expressed
during induced osteogenesis were upregulated on day 14, only a few were downregulated.

Figure 4. Transcriptome analysis. (a) Fraction of total variance highlights the impact of culture time
on gene regulation among other culture parameters. (b) Number of up- and downregulated genes
within the investigated groups on day 14 compared to day 1. Similarities between dental pulp stem
cells (DPSC) and stem cells from the apical papilla (SCAP) are visible in standard cell culture and
osteogenic differentiation. Fewer genes were regulated during differentiation and most of them
were upregulated on day 14 of cell culture. (c) VENN diagrams for each cell type reveal subsets of
genes that are specifically regulated in standard culture or osteogenic differentiation. Comparison of
exclusively regulated genes during osteogenic differentiation of DPSC (28) and SCAP (34) enables
the identification of 13 key genes that play a key role in osteogenesis of both cell types. (d) Microarray
validation by quantitative reverse transcription PCR (qRT-PCR). Regulation of selected genes in
DPSC and SCAP during induced differentiation at day 14 as median values and 25–75% percentiles.
Regulations of all genes were statistically significant compared to baseline (p ≤ 0.0236), whereas
equal lower-case letters for each gene indicate pairs (DPSC and SCAP) with significant differences

(p ≤ 0.05). (e) PANTHER classification of 13 key genes according to molecular function. Genes
with unknown or unapproved function are not shown (SAA2/SAA2-SAA4/SAA4, SAA1, GPM6B,
FAM107A, PAPPA, VWA5A).
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Of all the regulated genes, those that are differentially regulated exclusively in the
course of osteogenic differentiation were identified for both cell types; these were 28 in
DPSC and 34 in SCAP (Supplementary File 1). Of particular interest is the intersection of
13 regulated genes that were reproducibly regulated in the course of induced osteogenesis
in both DPSC and SCAP (Figure 4c). Thus, 13 genes were identified that were exclusively
regulated in both cell types during osteogenic differentiation, 12 of which were over-
expressed and 1 of which was diminished (Table 1). The results of the microarray analysis
were validated and confirmed by quantitative reverse transcription PCR (qRT-PCR) of
selected genes. Figure 4d shows the regulation of gene expression in DPSC and SCAP
during induced differentiation at day 14 compared to day 1.

Table 1. Genes that were exclusively regulated in both cell types during induced osteogenic
differentiation.

Gene Description Fold Change p-Value FDR

GPX3 glutathione peroxidase 3 48.34 3.33 × 10−8 8.93 × 10−5

PIP prolactin-induced protein 29.21 1.02 × 10−5 1.40 × 10−3

IGFBP2 insulin like growth factor binding
protein 2 23.67 1.97 × 10−7 2.00 × 10−4

SAA2;
SAA2-
SAA4;
SAA4

serum amyloid A2; SAA2-SAA4
readthrough; serum amyloid A4,

constitutive
21.85 2.06 × 10−7 2.00 × 10−4

SAA1 serum amyloid A1 20.62 1.66 × 10−6 5.00 × 10−4

GPM6B glycoprotein M6B 19.01 3.08 × 10−6 7.00 × 10−5

FAM107A family with sequence similarity
107, member A 15.8 2.88 × 10−6 7.00 × 10−4

LEPR;
LEPROT

leptin receptor; leptin receptor
overlapping transcript 14.87 3.35 × 10−5 2.60 × 10−3

PAPPA pregnancy-associated plasma
protein A, pappalysin 1 14.22 5.79 × 10−6 1.00 × 10−3

ABCA6 ATP binding cassette subfamily A
member 6 13.67 3.75 × 10−5 2.70 × 10−3

VWA5A von Willebrand factor A domain
containing 5A 12.06 9.66 × 10−6 1.40 × 10−3

PDE1A phosphodiesterase 1A,
calmodulin-dependent 10.26 6.00 × 10−7 3.00 × 10−4

ID3
inhibitor of DNA binding 3,

dominant negative helix-loop-helix
protein

−46.66 1.54 × 10−6 5.00 × 10−4

With the help of the PANTHER classification system, the respective genes were at-
tributed to their respective molecular functions (Figure 4e). Several genes were assorted to
the categories of catalytic activity (GPX3, PIP, ABCA6, PDE1A), binding (GPX3, IGFBP2,
LEPR/LEPROT), molecular transducer activity (LEPR), transporter activity (ABCA6), and
molecular function regulator (ID3); however, the molecular functions of some remain
unknown (SAA2/SAA2-SAA4/SAA4, SAA1, GPM6B, FAM107A, PAPPA, VWA5A).

3. Discussion

Based on these results, both DPSC and SCAP appear to be suitable cells for regenerative
endodontic approaches. It is important to consider, however, that their availability also
depends on the stage of inflammation or necrosis in the dental pulp. When inflammation
spreads, e.g., during carious decay, it is initially located adjacent to the area of bacterial
invasion, whereas the rest of the pulp is initially not affected [7,18]. In this scenario, the
irreversibly damaged tissue can be removed selectively, leaving behind a healthy pulp rich
in mesenchymal stem cells and capable to regenerate the lost tissue [3,5]. Once the whole
pulp is irreversibly inflamed or necrotic, this source disappears, leaving the apical papilla
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at the root tip of juvenile patients [19]. Residing stem cells in the apical papilla reportedly
survive pulpal necrosis [20] and thus remain available for endodontic regeneration. They
can either be actively brought into the canal via induced bleeding as part of revitalization
procedures or migrate in the course of cell-homing approaches to form pulp-like tissue.

3.1. Stem Cell Characterization

Obviously, both mesenchymal stem cell types examined in this study originate from
two evolutionary and anatomically closely linked tissues and reside in niches accessible
for cell homing strategies for pulpal regeneration. While SCAP can be found in the apical
papilla at the tips of immature roots, DPSC are located perivascularly inside the dental
pulp and express vasculature-specific antigens such as α-smooth muscle actin, CD146, and
the pericyte marker 3G5 [10,21]. Though they reflect different developmental stages of the
former dental papilla, DPSC and SCAP have common features, e.g., the expression of the
mesenchymal progenitor marker STRO-1 [10].

In accordance with previous studies, our analysis revealed both cell types to be positive
for the mesenchymal stem cell markers CD73, CD90, and CD105, as well as a multi-lineage
differentiation potential [10,22–24], both of which characterize mesenchymal stem cells
according to Dominici et al. [25]. As reported previously, a pronounced osteogenic but
rather weak adipogenic differentiation potential was observed for both DPSC and SCAP
after Alizarin Red S and Oil Red O staining [17,26,27]. Thus, especially when comparing
the two tissues of one donor, both the apical papilla and the dental pulp seem to represent
a comparably suitable reservoir for multipotent stem cells. In regard to the pulp tissue’s
functionality, it is particularly their capability to transform into a mineralizing phenotype
that is welcome in regenerative endodontic approaches.

3.2. Cell Viability, Proliferation, and Migration

Likewise, cell viability and proliferation as well as the ability for migration are impor-
tant cell properties for endodontic regeneration. The goal is to achieve cell migration from
their niches into a three-dimensional scaffold and transformation into a pulpal tissue [5].

In this regard, no significant differences were observed between DPSC and SCAP
under the same culture conditions. These findings coincide with results from a recent study
by Park et al. [17], which also reported a similar proliferation and colony-forming potential
for SCAP and DPSC. Moreover, higher serum concentrations in cell culture media (10%
FBS) had an impact on viability, proliferation, and migration of both cell types, as was
already seen for SCAP [28]. The addition of Locostatin, a migration inhibitor targeting
Raf kinase inhibitor protein (RKIP), significantly decreased the migration of DPSC and
SCAP in a similar manner. In this context, it was shown that Locostatin inhibits not only
the migration of terminally differentiated cells, but also of dental stem cells [29].

Nevertheless, controversial statements are made about the performance of DPSC and
SCAP in the literature as well. Previous studies reported higher viability, proliferation,
and migration rates for SCAP compared to DPSC [10,16,30]. Sonoyama et al. [10] defined
SCAP as early progenitors from a developing tissue that are more suitable for the use
in regenerative procedures due to higher expression levels of survivin, an inhibitor of
apoptosis, and a higher telomerase activity, both relevant in terms of cell proliferation.
However, these studies did not generally use cells from the same donor in the experiments
and also differed in the culture conditions, e.g., serum content or passage. It also has to
be mentioned that cell cultures, especially the ones from developing tissues such as SCAP,
might contain several types of undifferentiated cells, resulting in different cell proliferation
and differentiation potential [31].

The findings of this study suggest that DPSC and SCAP have similar viability and
capacity for cell proliferation and migration, therefore they both fulfil the requirements
for tissue engineering techniques. Nevertheless, it should also be mentioned here that
although the results are based on cells derived from one donor, it cannot be ruled out that
donor-dependent differences may also occur.
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3.3. Release of Signaling Molecules

In addition to the culture behavior of the DPSC and SCAP, their signaling charac-
teristics play an important role in the course of tissue formation. A variety of signaling
molecules are known to be secreted by mesenchymal cells with different functions in
terms of migration, differentiation, and inflammation, however, stem cell cultures from
the dental pulp or apical papilla from a single donor have rarely been investigated in
comparison [32]. Thus, a selection of relevant proteins was specifically quantified during
induced osteogenic differentiation in order to reveal the signaling potential of DPSC and
SCAP in terms of pulp tissue formation (TIMP, OPG, IL-6, IL-8, VEGF, and TGF-β1). In
general, relevant differences regarding the cell type, the time of culture, and/or the culture
conditions were observed for all signal molecules investigated, which shall be discussed in
more detail subsequently.

TIMP, a multifunctional cytokine, was secreted by both DPSC and SCAP during
standard cell culture with slightly higher levels in DPSC cultures. Despite the type of
medium having no considerable impact, a time-dependent increase of TIMP was observed
during osteogenic differentiation. Assuming that TIMP not only influences processes
such as cell growth, apoptosis and angiogenesis, but also controls the activity of matrix
metalloproteinases and therefore plays a key role in the remodeling of extracellular matrix,
it can be suggested that DPSC have a slightly higher differentiation potential than SCAP [33].
As SCAP, which originate from a developing tissue, probably provide a less differentiated
phenotype according to Sonoyama et al. [10], they probably release less TIMP at the
beginning, which increases during osteogenic differentiation.

A similar observation was made for OPG, showing lower secretion levels in SCAP
cultures and an increase during induced osteogenic differentiation. According to literature,
OPG is supposed to be a pro-osteogenic factor that has the ability to prime undifferentiated
mesenchymal stem cells towards mineralization [34]. Furthermore, it counteracts osteoclas-
togenesis and is released constitutively to limit the differentiation of osteoclasts and thus
controls bone remodeling processes [35].

TGF-β1, a promotor of odontoblast formation and key protein in dentin mineraliza-
tion [36], was found in a greater extent in DPSC cultures. Furthermore, increasing secretion
was evident in the course of differentiation of both DPSC and SCAP. Interestingly, pre-
vious studies also reported higher concentrations of neurotrophins and growth factors
(NT-3, BMP-4, and TGF-β3) in DPSC [32], leading to the suggestion that they give more
pronounced paracrine signals related to odontoblast differentiation compared to SCAP.
Since TGFs and BMPs play an important role in dentin secretion and are also embedded
within it [37], it is conceivable that they are prevalent in terminally differentiated DPSC.

Considering that TGF-β1 is also a known promotor of angiogenesis by stimulating
the production of VEGF mRNA [38,39], it is not surprising that higher levels of VEGF
were detected in DPSC cultures. However, it was unexpected that SCAP, unlike DPSC,
secreted moderate amounts of VEGF in the standard medium but almost none in the
course of induced differentiation. A previous study on osteogenesis of mesenchymal stem
cells reported that VEGF does not only stimulate mineralization but is also secreted in a
differentiation dependent manner [40]. A possible conclusion would be that SCAP are
isolated in a less differentiated state and accordingly lag behind in culture.

IL-6, a pleiotropic cytokine, was secreted in high levels by both DPSC and SCAP under
standard culture conditions. It is not only involved in regeneration, inflammation, and
the activation of immune cells, but also an important factor to maintain homeostasis [41].
Studies showed that regenerative and anti-inflammatory properties are mediated by a
classic signaling pathway where the IL-6 receptor is membrane-bound on target cells. In
contrast, binding to the soluble IL-6 receptor leads to the activation of pro-inflammatory
activities through the trans-signaling pathway [42,43]. Both pathways seem to be used by
DPSC and SCAP, showing the versatility needed for tissue engineering and the maintenance
of a healthy dental pulp [44,45].
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In contrast, IL-8 was released only in low levels by DPSC as well as SCAP under
standard conditions; however, a considerable increase was observed during osteogenic
differentiation, especially in SCAP. Interestingly, a recent study also measured high levels
of proinflammatory cytokines such as IL-8 released by SCAP exposed to different anaerobic
oral bacteria [46]. In general, IL-8 promotes osteoclastogenesis and is associated with bone
resorption [47]. Moreover, it is supposed to have a chemotactic effect on mesenchymal stem
cells [48]. These findings align with the results of this study, showing IL-8 as a key factor
during osteogenic differentiation.

Overall, DPSC and SCAP appear to have many similarities in terms of migration, pro-
liferation, and differentiation. In view of observations from animal studies or case reports,
this leads to the assumption that both cell types have a similar potential to migrate into the
root canal and form mineralizing tissue during regenerative procedures. Interestingly, the
profile of secreted signaling molecules suggests that SCAP are in a less differentiated state
than DPSC and thus may be more versatile.

3.4. Gene Expression Profiling

This study was one of the first to comprehensively compare gene expression of DPSC
and SCAP isolated from the same donor and thus eliminating donor and culture-specific
variables such as age, developmental state, isolation technique, or cell passage. Deeper
insights in regulatory mechanisms were gained by comparison of stem cells cultivated
under standard culture osteogenic conditions, where cells undergoing induced osteogenic
differentiation represent the processes that are expected in the context of regenerative en-
dodontic applications. Mesenchymal progenitor cells must form a mineralizing phenotype
in the course of cell homing, i.e., differentiate osteogenically or odontogenically, as it is
often termed in the endodontic context. The comprehensive transcriptome analysis allowed
to define genome-wide regulatory genes that play a key role during the differentiation
processes of odontogenic stem cells. Strict analysis settings were established to focus on
relevant genes that play a central role in the course of differentiation, regardless of cell
type. The aim was to gain more insight into the regulation of cell differentiation in order to
possibly control or optimize this process clinically. Comparisons concerning differential
gene expression were made between day 1 and day 14 as the culture parameter “time”
appeared to be the most influential one. In both DPSC and SCAP, fewer genes were sig-
nificantly regulated during the differentiation process than during standard cell culture.
Thus, unspecifically regulated genes of the control cultures were deliberately excluded in
the course of further analysis to identify exactly those genes that were exclusively up- or
downregulated during induced osteogenic differentiation. Particularly, the final compar-
ison of both cell types allowed to narrow this search down to only 13 genes that play a
key role in induced differentiation of both DPSC and SCAP. Finally, all identified genes
were categorized according to their molecular function by the PANTHER system: catalytic
activity (GPX3, PIP, ABCA6, PDE1A), binding (GPX3, IGFBP2, LEPR/LEPROT), molecular
transducer activity (LEPR), transporter activity (ABCA6), molecular function regulator (ID3)
and unknown molecular function (SAA2/SAA2-SAA4/SAA4, SAA1, GPM6B, FAM107A,
PAPPA, VWA5A).

The upregulated genes that are associated with catalytic activity usually code for
macromolecules with enzyme function that can catalyze biochemical reactions. Accord-
ingly, glutathione peroxidase 3 (GPX3) was the most highly expressed gene detected with
microarray as well as PCR analysis. In analogy to previous reports on osteogenically
differentiated human mesenchymal stem cells, it was upregulated in both DPSC and SCAP
on day 14 [49]. Glutathione peroxidase 3 protects cells from oxidative damage by reduction
of hydrogen peroxide and is suspected to be a key factor during osteogenic differentiation
of mesenchymal stem cells [50].

Furthermore, the prolactin-induced protein (PIP) is a secreted glycoprotein with
endonuclease activity that is involved in proteolysis and immunological processes. Though
little is known about its exact physiological function, studies observed that prolactin-
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induced protein is able to bind to CD4 receptors of T lymphocytes or macrophages and
the Fc fragment of immunoglobulin G, and therefore supposedly has immunomodulatory
capabilities [51,52]. Its high expression on day 14 of osteogenic differentiation is in line
with the findings of Li et al. [53], where PIP upregulations were observed during the
osteogenic induction of periodontal ligament stem cells (PDLSC). They concluded that the
upregulation seems to be caused by dexamethasone, a glucocorticoid which is also part
the StemPro® Osteogenesis Differentiation Kit. Dexamethasone supposedly stimulates PIP
expression by a glucocorticoid receptor-dependent transcriptional activation. Moreover,
they observed that a knockdown of PIP and its fibronectin-degrading properties even
enhanced mineralization of PDLSC [53].

The ATP-binding cassette sub-family A member 6 belongs to the ABC transporter
family and ABCA6 was significantly upregulated on day 14. So far, its function is not
described sufficiently; however, it is supposed to be involved in the lipid transport and
homeostasis of macrophages due to its cholesterol-responsive regulation [54]. Another
member of the ABC transporter family, ATP-binding cassette sub-family A member 1,
has been described as a mediator of cortisol and dexamethasone transport [55]. This
physiological ability is also conceivable for ATP-binding cassette sub-family A member 6
considering the presence of dexamethasone in the differentiation medium.

PDE1A, short for calcium/calmodulin-dependent 3′,5′-cyclic nucleotide phosphodi-
esterase 1A, was also upregulated [56]. According to literature, it is responsible for signal
transduction and ion and calmodulin binding. Calmodulin, a multifunctional calcium-
binding messenger protein, takes part in the differentiation of osteoblasts by regulating
bone morphogenetic protein-2 (BMP-2) signaling, BMP-2 being a known osteogenic dif-
ferentiation factor [57]. In a previous study, PDE1A was upregulated in human PDLSCs
cultivated in osteogenic differentiation medium during matrix maturation, therefore con-
cluding that genes related to calcium binding might be vital for the differentiation of stem
cells into osteoblasts [58].

If binding functions are attributed to proteins by PANTHER, these can interact specifi-
cally with other molecules or selectively occupy binding sites. This is the case, for example,
with the insulin-like growth factor-binding protein 2, which was highly expressed in this
study. A publication on mesenchymal stromal cells revealed that the expression of insulin-
like growth factor 2 (IGF2), insulin-like growth factor-binding protein 2 (IGFBP2), and
integrin alpha5 (ITGA5) was upregulated during induced osteogenic differentiation [59].
The hypothesis of Hamidouche et al. [59] was that dexamethasone from the differentiation
medium induced ITGA5 expression, leading to an upregulated production of insulin-like
growth factor 2 and insulin-like growth factor-binding protein 2 and finally triggering
osteoblast gene expression, increasing mRNA levels of RUNX2, ALP, and COL1A1. Because
this coincides with the findings of this study where a higher expression of the gene IGFBP2
was seen on day 14, it is possible that a similar crosstalk between the mentioned molecules
can be observed in dental stem cell cultures.

The leptin receptor (LEPR) and the leptin receptor overlapping transcript (LEPROT)
were also upregulated on day 14. While information on leptin receptors in the context
of osteogenic differentiation of dental stem cells is rare, it was shown that mesenchymal
stromal cells that express leptin receptors not only give rise to most of the new formed bone
in adult bone marrow but are also the ones responsible for regeneration after a trauma [60].
Therefore, it allows the assumption that there is a link between the expression of leptin
receptors in both DPSC and SCAP and the formation of mineralized matrix during induced
osteogenic differentiation.

Interestingly, ID3, short for inhibitor of DNA-binding 3, was the only key gene found
downregulated on day 14 of the microarray analysis. These findings align with the study of
Peng et al. [61] which reported that at an early stage, bone morphogenetic proteins induce
an overexpression of ID helix-loop-helix proteins needed for the proliferation of osteoblast
progenitor cells. This is followed by an obligatory downregulation of ID proteins, a process
that is crucial for the terminal differentiation of cells committed to the osteoblast lineage.
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The serum amyloid A (SAA) proteins are a family of lipophilic molecules that are
relevant during acute phase response, e.g., during infectious attack, and also responsible for
the transport of high-density lipoproteins and cholesterol. Furthermore, they are suspected
to influence tissue remodeling through their interaction with metalloproteinases. After
synthesis in the liver, they circulate in the blood serum [62]. In this experiment, SAA1,
SAA2, and SAA4 were upregulated on day 14 during osteogenic differentiation. Ebert
et al. [63] reported a similar observation, stating that SAA proteins hold the potential to
induce mineralization in mesenchymal stem cells via Toll-like receptor 4 activation. They
also promote the expression of proinflammatory cytokines such as IL-6, IL-8, interleukin 1
beta (IL-1β), C-X-C motif chemokine ligand 1 (CXCL1), and C-X-C motif chemokine ligand
2 (CXCL2).

GPM6B, a gene encoding for the membrane glycoprotein M6-b, showed high expres-
sion levels on day 14 of induced osteogenic differentiation. Its involvement in osteoblast
differentiation and bone formation can be explained by its influence on the activity of
alkaline phosphatase, whereby a reduced activity leads to a weaker mineralization of the
extracellular matrix. The cytoskeleton organization, respectively the distribution of actin
filaments and focal adhesions, seem to be influenced by GPM6B expression as well [64].

The genes FAM107A (actin-associated protein FAM107A), PAPPA (pappalysin-1), and
VWA5A (von Willebrand factor A domain-containing protein 5A) that were also significantly
upregulated on day 14 have not been described in the context of osteogenic differentiation
yet. Further research is required to define their exact function during the mineralization
process. So far, actin-associated protein FAM107A with its nuclear localization and coiled-
coil domain is suspected to be a gene transcription and cell cycle regulator and a tumor
suppressor gene [65]. Pappalysin-1 is known as a metalloproteinase, mainly investigated as
a marker of acute coronary syndromes [66] or pathological birth disorders [67]. Interestingly,
a reported function of pappalysin-1 is also the cleavage of the complex between insulin-like
growth factor and insulin like growth factor binding protein [68]. VWA5A, also known
as breast cancer suppressor candidate-1 (BCSC-1), is investigated as a tumor suppressor
gene [69].

Overall, the gene expression profiling revealed extended insight into the regulation
during induced osteogenic differentiation. The analysis of the transcriptome of DPSC and
SCAP cultures showed many parallels, once again highlighting their shared evolutionary
origin, leading to comparable gene expression patterns. GPX3, PIP, IGFBP2, SAA2/SAA2-
SAA4/SAA4, SAA1, GPM6B, FAM107A, LEPR/LEPROT, PAPPA, ABCA6, VWA5A, PDE1A,
and ID3 appear to be crucial genes during mineralization processes. While some of them
have already been described in the context of osteogenic differentiation for other stem
cell types, further research is needed to explore the exact molecular functions of some of
the genes.

4. Materials and Methods

4.1. Cell Isolation

Cells were isolated from both pulp tissue and the apical papilla of an extracted third
molar of an 18-year-old patient with informed consent and according to a previously
described protocol approved by an appropriate review board at the University of Regens-
burg [70]. The tooth was removed due to lack of space, was not impacted, and did not
show carious decay or other pathological alterations. The primary cells were cultured in
αMEM supplemented with 10% FBS, 50 μg/mL L-ascorbic acid 2-phosphate, 100 U/mL
penicillin, and 100 μg/mL streptomycin at 37 ◦C with 5% CO2. All cell culture reagents
were purchased from Gibco™ (Thermo Fisher Scientific, Waltham, MA, USA). The cells
were used in the experiments with the same passages and at most in passage 3.

4.2. Stem Cell Characterization

Cells obtained from the pulp and apical papilla were analyzed for the expression of
characteristic mesenchymal stem cell markers (CD73, CD90, and CD105) as suggested
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by the International Society for Cellular Therapy [25]. At the same time, cells with the
expression of markers of different origin (CD34, CD45, CD11b, CD19, and HLA-DR) were
excluded. Therefore, flow cytometric analysis was performed using a Human MSC Analysis
Kit (BD Stemflow™, BD Bioscience, San Jose, CA, USA). Fluorescence was determined by
FACSCanto™ (BD Bioscience, San Jose, CA, USA) on basis of at least 2 × 104 events for
each sample. Data from three independent experiments were collected (n = 3) and analyzed
by FlowJo™ (BD Bioscience, San Jose, CA, USA).

Furthermore, the cells’ potential for multi-lineage differentiation was investigated.
Pulp- and papilla-derived cells were incubated with adipogenic, chondrogenic, and os-
teogenic culture media (StemPro® Adipogenesis, Osteogenesis and Chondrogenesis Differ-
entiation Kit, Invitrogen Corporation, Carlsbad, CA, USA). Chondrogenic differentiation
was evaluated by staining with Alcian Blue 8GX (Sigma-Aldrich, St. Louis, MO, USA) after
10 days, adipogenic differentiation with Oil Red O (Sigma-Aldrich, St. Louis, MO, USA),
and osteogenic differentiation with Alizarin Red S (Carl Roth, Karlsruhe, Germany) after
21 days.

4.3. Cell Viability and Proliferation

DPSC and SCAP were cultured either with αMEM and 1% FBS or αMEM and 10%
FBS in 96-well plates (4000 cells/well) and both cell viability and cell proliferation were
determined after 1, 3, 5, and 7 days.

For the MTT assay, cells were then incubated with 100 μL/well of a 0.5 mg/mL MTT
solution (Thiazolyl Blue Tetrazolium Bromide, Sigma-Aldrich, St. Louis, MO, USA) for
60 min at 37 ◦C and 5% CO2. Subsequently, the dye was dissolved in 200 μL/well of
dimethyl sulfoxide (DMSO, Merck Millipore, Billerica) and optical density was measured
on a microplate reader at λ = 570 nm (Infinite® 200, Tecan, Männedorf, Switzerland). Cell
number of DPSC and SCAP was determined by CyQUANT™ Cell Proliferation Assay (Life
Technologies, Carlsbad, CA, USA) as described previously [37].

Median and 25–75% percentiles were calculated on basis of three independent experi-
ments performed in triplicate (n = 9).

4.4. Cell Migration

To describe migration activity, a wound healing assay was performed. First, 70 μL
of cell suspension (7 × 105 cells/mL) was applied into each chamber of a 2-well silicone
insert (Culture-Insert 2 Well in μ-Dish 35 mm, Ibidi, Gräfelfing, Germany) and incubated at
37 ◦C and 5% CO2 for 24 h. After removal of the silicone insert with sterile tweezers, the
cell layer was covered with 2 mL of medium and cultivated for 72 h.

The following groups were established for each cell type: (1) αMEM with 1% FBS,
(2) αMEM with 10% FBS and (3) αMEM with 10% FBS and 20 μM Locostatin (Santa Cruz
Biotechnology, CA, USA). Then, 8 μL of migration inhibitor Locostatin was added twice
a day.

The gap closure by migrating cell sheets was monitored by imaging of the same
site of the standardized gaps in 12 h-intervals with a Zeiss Axio Lab.A1 microscope at
10× magnification (Zeiss, Jena, Germany). Images were edited with Fiji (National Institutes
of Health, Bethesda, MD, USA) and the gap area was quantified. The wound healing assay
was performed in triplicate and repeated twice (n = 12). Median values and 25–75%
percentiles were normalized to the initial wound area, which was set to 100%.

4.5. Release of Signaling Molecules

Levels of biologically active proteins secreted by DPSC and SCAP during standard
cell culture (αMEM and 10% FBS) and induced osteogenic differentiation (StemPro® Osteo-
genesis Differentiation Kit, Invitrogen Corporation, Carlsbad, CA, USA) were quantified.
Both cell types were cultured in 12-well plates (19,000 cells/well) for 3 weeks. Media were
replaced regularly and stored frozen at −20 ◦C. The collected supernatants were pooled in
the initial phase (days 1 to 8), the intermediate phase (days 9 to 15) and the late phase (days
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16 to 21) of culture. Finally, the concentrations of TIMP, OPG, IL-6, IL-8, VEGF and TGF-β1
were determined by enzyme-linked immunosorbent assays (Quantikine® ELISA Kit, R&D
Systems, Minneapolis, MN, USA). Medians with 25–75% percentiles were calculated from
three experiments performed in triplicates (n = 9).

4.6. Gene Expression Profiling

Transcriptome-wide gene expression of DPSC and SCAP during induced osteogenic dif-
ferentiation was profiled by Clariom™ S Human Arrays (Applied Biosystems™ by Thermo
Fisher Scientific Waltham, MA, USA), which covers over 20,000 well-annotated genes.

Therefore, DPSC and SCAP were cultured in 12-well plates (19,000 cells/well) with
either αMEM and 10% FBS or StemPro® Osteogenesis Differentiation Kit (Invitrogen
Corporation, Carlsbad, CA, USA). RNA was isolated (RNeasy® Mini Kit, Qiagen, Hilden,
Germany) on days 1 and 14 and quantified spectrophotometrically (NanoDrop™ 2000,
Thermo Fisher Scientific, Waltham, MA, USA). Further sample processing was carried
out by the Genomics Core Unit based at the University of Regensburg according to the
Affymetrix GeneChip WT PLUS Reagent Kit instructions (Affymetrix, Santa Clara, CA,
USA). To confirm the obtained results and increase data quality, the microarray experiment
was performed in replicates and reproduced independently (n = 2). Raw data of all
experiments can be accessed in the Supplementary File 2.

The Transcriptome Analysis Console (TAC) 4.0 Software (Applied Biosystems™ by
Thermo Fisher Scientific Waltham, MA, USA) was used for comprehensive analysis of
the microarray data and genes were ranked by the empirical Bayes method. Results of
all replicates and repeats were analyzed collectively with the TAC software and the p-
value and false discovery rate (FDR) were calculated according to the given algorithms.
After data import, gene regulation (fold-change > 10; p-value ≤ 0.01) was evaluated in the
context of various parameters such as timepoint, type of medium, and cell type. Group
selections were made to identify similarities and differences. Finally, genes were submitted
to PANTHER (version 16.0, released 2020/12/01), an organized database located in the
Gene Ontology Consortium [71].

To validate the genetic profiling by the microarray, qRT-PCR was performed for se-
lected genes using the TaqMan Fast Advanced Master Mix (Applied Biosystems, Thermo
Fisher Scientific, Waltham, USA) and probes for following genes: GPX3 (Hs00173566_m1),
PDE1A (Hs00897273_m1), SAA1, SAA2 (Hs00761940_s1), IGFBP2 (Hs01040718_m1), PAPPA
(Hs01029908_m1), ABCA6 (Hs00979431_mH), FAM107A (Hs01100593_g1), LEPR
(Hs00900252_g1), PIP (Hs00160082_m1), VWA5A (Hs00938346_g1), ID3 (Hs00171409_m1),
and the housekeeping genes RPS18 (Hs99999901_s1), ACTB (Hs01060665_g1), GAPDH
(Hs02786624_g1). Finally, results were normalized to the arithmetic mean of all housekeep-
ing genes and related to day 1 by the comparative CT method (2−ΔΔCT) [72] to compute
medians with 25–75% percentiles (n = 4).

4.7. Statistical Analysis

Data were not normally distributed and, therefore, analyzed nonparametrically at a
significance level of α = 0.05. For situations with two unpaired groups, Mann–Whitney
U-tests were performed and p-values were adjusted for multiple comparisons by the Holm-
Šídák method (α = 0.05). In case of three or more unpaired groups, the Kruskal–Wallis
test followed by Dunn’s multiple comparison test was applied. Statistically significant
differences between the groups were indicated by equal lower-case letters in the respective
figures. All statistical analyses were computed with GraphPad Prism 9 (GraphPad Software,
La Jolla, CA, USA) and detailed record of all comparisons can be found in in Supplementary
File 3.

5. Conclusions

Excluding parameters such as donor, age, passage, or culture conditions, this study
shows that DPSC and SCAP not only share a common evolutionary origin, but also behave
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similarly in terms of viability, proliferation, migration, and regulation of gene expression.
Based on the results of cytokine secretion, it can be assumed that SCAP can be isolated in a
less differentiated state than DPSC. One possible explanation is their origin from the apical
papilla, a tissue found only in immature teeth. However, both dental stem cell types seem
equally suitable as reservoirs for regenerative procedures based on cell homing, which relies
on migration into the root canal and differentiation into a mineralizing phenotype. Future
studies on the identified regulatory genes may help to understand the exact molecular
processes during osteogenic differentiation of dental stem cells.
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Abstract: The aim of this study was to analyze the suitability of pluripotent stem cells derived from
the amnion (hAECs) as a potential cell source for revitalization in vitro. hAECs were isolated from
human placentas, and dental pulp stem cells (hDPSCs) and dentin matrix proteins (eDMPs) were
obtained from human teeth. Both hAECs and hDPSCs were cultured with 10% FBS, eDMPs and an
osteogenic differentiation medium (StemPro). Viability was assessed by MTT and cell adherence to
dentin was evaluated by scanning electron microscopy. Furthermore, the expression of mineralization-,
odontogenic differentiation- and epithelial–mesenchymal transition-associated genes was analyzed
by quantitative real-time PCR, and mineralization was evaluated through Alizarin Red staining. The
viability of hAECs was significantly lower compared with hDPSCs in all groups and at all time points.
Both hAECs and hDPSCs adhered to dentin and were homogeneously distributed. The regulation
of odontoblast differentiation- and mineralization-associated genes showed the lack of transition of
hAECs into an odontoblastic phenotype; however, genes associated with epithelial–mesenchymal
transition were significantly upregulated in hAECs. hAECs showed small amounts of calcium
deposition after osteogenic differentiation with StemPro. Pluripotent hAECs adhere on dentin and
possess the capacity to mineralize. However, they presented an unfavorable proliferation behavior
and failed to undergo odontoblastic transition.

Keywords: human amnion epithelial cells; dental pulp stem cells; dentin matrix proteins; odontoblastic
differentiation; revitalization

1. Introduction

Regenerative endodontics refers to biologically based treatment procedures, e.g., revi-
talization, for immature necrotic teeth [1]. It aims at the restoration of the pulp’s physiology,
including its immune, sensory and secretory functions, to improve the long-term prognosis
of the tooth [2]. Over the last two decades, in vivo studies have shown satisfactory clinical
outcomes with healing of periapical lesions [3] and resolution of clinical symptoms [4,5],
as well as root thickening and lengthening [4] or apical closure [6]. However, the newly
formed hard tissue does not resemble dentin but an ectopic tissue similar to cementum [7]
or osteodentin [8], while the soft tissue lacks the pulp’s characteristic organization and cells
with a distinct odontoblast phenotype [9]. The absence of odontoblasts after revitalization
and the formation of a tissue other than dentin might compromise both the capability of
the treated teeth to react to future injuries and also their biomechanical performance [10].
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Novel and more elaborate approaches are being tested to overcome the lack of re-
generation after the classical approach of revitalization and to achieve more predictable
histological outcomes [11]. In this context, tissue engineering relies on the delivery of stem
cells and/or recombinant growth factors in a scaffold into the root canal to facilitate pulp
regeneration. These methods can be subcategorized into the cell homing approach, which
utilizes signaling molecules to induce the migration, proliferation and differentiation of
stem cells from the periapical tissues [12,13], and the cell transplantation approach [14]. The
latter relies on the delivery of stem cells able to form new pulp tissue in the root canal [15].

To be considered as regenerated dental pulp, the newly formed tissue in the root canal
must be vascularized as well as innervated, contain a similar cell density and microarchi-
tecture to natural pulp and give rise to new odontoblast cells located at the dentin–pulp
interface that are able to secrete tubular dentin in the course of tooth development but
also at later time points [16]. In the context of pulp regeneration, the re-establishment of
an odontoblast layer seems to be crucial due to its central role in tooth physiology and
pathology [17–19]. Located at the dentin–pulp interface, these cells are the first line of
defense against a bacterial invasion [20], they release antimicrobial agents [21] and have an
immunomodulatory potential [22], allowing the tooth to immediately respond to stimuli,
e.g., by secretion of dentin [17]. They also possess sensory functions by transducing pH
changes and pressure as well as other pain-related stimuli [18]. Thus, it is of great interest
for dental pulp tissue engineering to identify cell sources that are capable of differentiating
into odontoblasts.

Recent in vivo studies have shown that pulp regeneration is possible after stem cell
transplantation [23,24]. Histology revealed newly differentiated odontoblast-like mineraliz-
ing cells in contact with dentin. This approach is based on the transplantation of previously
isolated and expanded autologous dental pulp stem cells (hDPSCs) and has proven suc-
cessful in clinical trials [14,25]. In vitro studies also display odontogenic differentiation
and the mineralization potential of hDPSCs when cultured with dentin matrix proteins
(eDMPs) [26]. Dental pulp stem cells express dentin sialoprotein and differentiate into
odontoblast-like cells with cellular processes extending into the dentinal tubules when
seeded into EDTA-conditioned dentin cylinders and transplanted subcutaneously into
immunocompromised mice [27]. However, the cell transplantation approach using hDPSCs
and other tooth-derived cell types is challenging due to the necessity of cell expansion to
obtain a sufficient number of cells, the need for a donor tooth and the limited differentiation
potential of the multipotent stem cells compared to pluripotent stem cells [28].

A potential cell source to overcome those obstacles might be the amnion [29], the inner-
most layer of the human placenta. It contains amniotic epithelial cells (hAECs), which are
formed by day 8 after fertilization and therefore maintain the plasticity of pre-gastrulation
cells. Thus, hAECs are able to differentiate into cells of all three embryological layers [30],
whereas multipotent stem cells, such as hDPSCs, are only capable of differentiating into
cell types of one germ layer [31]. Human AECs showed the expression of human embry-
onic and pluripotent stem cell markers [30], such as stage-specific embryonic antigen-4
(SSEA4), octamer-binding transcription factor 4 (OCT4) and nanog homebox (NANOG) [32].
Moreover, hAECs reportedly have antimicrobial properties [33], immunomodulating poten-
tial [34] and can induce angiogenesis [35], which makes a useful cell type for regenerative
therapies [29]. Up to 300 million hAECs can be obtained from one human placenta by a sim-
ple isolation protocol [29] which may be either expanded, directly applied or cryopreserved,
e.g., in cell banks [29], which would ease the provision of these pluripotent stem cells. They
are already used to treat several medical conditions, e.g., liver diseases and Parkinson’s
disease [36,37]. Moreover, amnion epithelial cells are not tumorigenic [32,38] and do not
elicit an immune response upon heterologous transplantation, since they express very low
levels of leukocyte antigens [30,32].

Although some exceptional studies have tested the transplantation of amnion mem-
brane into the root canal with satisfactory clinical outcomes [39], no study has assessed
the potential of hAECs to be used for endodontic regeneration. Thus, the aim of this study
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was to evaluate hAECs as a potential cell source for dental pulp tissue engineering. It was
hypothesized that both hAECs and hDPSCs provide similar qualities in terms of viability,
dentin adherence, odontoblast-like differentiation and mineralization.

2. Results

2.1. Isolation and Characterization of hAECs

As shown by the histological analysis, the first digestion of the amnion only partially
detached hAECs (Figure 1A,B); however, the second digestion released nearly all cells
(Figure 1C). Interestingly, the flow cytometric analysis of hAECs in culture revealed both
epithelial (CD49f, CD326) and mesenchymal (CD105, CD44) surface antigens (Figure 1D,E).

 

Figure 1. Amnion staining and expression profile of hAECs. Amnion before digestion (A) and after
the first (B) and second digestion (C). The hAECs were attached to a collagen membrane forming
a monolayer of columnar/cuboidal cells (hematoxylin and eosin; scale bars: 100 μm). Expression
profile of hAECs determined by flow cytometry analysis (D). The hAECs in culture expressed both
mesenchymal markers (CD44 and CD105) as well as epithelial markers (CD49f and CD326) (D,E).

2.2. Cell Viability

Human amnion epithelial cells showed a reduced viability compared to hDPSCs in all
groups and at all time points (Figure 2A). Neither eDMPs nor StemPro had a significant
impact on the viability of hAECs and hDPSCs at days 2 and 4; however, eDMP revealed a
reduction at day 8 (Figure 2A).

2.3. Fluorescence Microscopy

Morphologically, the primary culture of the hAECs appeared homogenous with
cobblestone-like morphology (Figure 2B–D), whereas hDPSCs were spindle-shaped and
considerably smaller (Figure 2E–G). Overall, no relevant medium-dependent changes in
cellular morphology were displayed by either cell type.

2.4. Cell Adhesion to Dentin

Representative scanning electron microscopic images of hDPSCs and hAECs on dentin
disks are shown in Figure 3. Scanning electron microscope images revealed that hDPSCs
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(Figure 3A,B) and hAECs (Figure 3C,D) were homogeneously distributed on the dentin.
Moreover, both cell types showed adhesion to dentin and spread their processes over
the surface in both EDTA-conditioned (Figure 3B,D) and unconditioned (Figure 3A,C)
dentin. EDTA-conditioned dentin exhibited a clean dentin surface where dentin tubules
were visible, while tubules were covered with a smear layer in unconditioned disks. Both
hDPSCs and hAECs extended processes to form cellular contacts (Figure 3B,D). Whereas
the hDPSCs adhered to dentin appeared spindle-shaped (Figure 3A,B), the hAECs retained
their typical cubic morphology (Figure 3C,D).

 

Figure 2. Viability and morphology of hAECs and hDPSCs. Cell viability of hAECs and hDPSCs
cultured with eDMP and StemPro after 2, 4 and 8 days (A). Median values and 25–75% percentiles were
calculated from three independent experiments performed in triplicate (n = 9). Fluorescence microscopy
of hAECs and hDPSCs cultured with different media after 7 days and stained with DAPI and phalloidin
(B–G). Cells were cultured in DMEM with 10% FBS (B,E), with eDMP (C,F) and with StemPro (D,G).
hAECs exhibit a cobblestone-like morphology (B–D) while hDPSCs exhibit a mesenchymal stem cell
phenotype (E–G). (Scale bars: 50 μm).

 

Figure 3. Adhesion of hDPSC and hAECs onto dentin surface. Representative SEM images of dentin
surface with hDPSC (A,B) and hAECs (C,D) after 48 h (cells marked by asterisks). Cell adhesion and
spreading on the surface of dentin was evident with (B,D) and without (A,C) EDTA conditioning.
Some cytoplasmic processes (arrowheads) were evident in both cell types. (Scale bars: 20 μm).
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2.5. Gene Expression

Genes associated with odontoblast differentiation and mineralization (collagen type
I alpha 1 chain (COL1A1), bone morphogenetic protein 4 (BMP4), integrin binding sialo-
protein (IBSP), nestin (NES) and bone gamma-carboxyglutamate protein or osteocalcin
(BGLAP)) were either not expressed in hAECs or the expression was significantly down-
regulated in comparison to the hDPSCs (Figure 4A). However, genes associated with
epithelial–mesenchymal transition were upregulated in hAECs compared to hDPSCs.
Specifically, the insulin like growth factor binding protein 2 (IGFBP2) gene was significantly
upregulated in hAECs cultured with StemPro or eDMPs at days 1 and 7, and S100 calcium
binding protein A4 (S100A4) was considerably upregulated in hAECs at all time points
(Figure 4A). Glutathione peroxidase 3 (GPX3), a gene associated with the reduction of
hydrogen peroxide, which arises from oxidative stress, was significantly upregulated in
hAECs in almost all groups and at all time points.

 

Figure 4. Expression of odontogenic and mineralization-associated genes. Effect of eDMPs and StemPro
on expression of odontogenic and mineralization-associated marker genes (COL1A1, BMP4, IBSP, IGFBP-
2, NES, TGFB1 and BGLAP) in hAECs and hDPSCs at days 1, 7 and 14 (A). Genes indicative of epithelial–
mesenchymal transition (S100A4) and protection against oxidative damage (GPX3) are also depicted
(A). Target gene expressions are depicted relative to the untreated control (hDPSCs with 10% FBS at
day 1) and median values were calculated from two independent experiments in duplicated samples
(n = 4). Non-significant differences between hAECs and hDPSCs for each medium and follow-up point
are marked with lowercase letters (a, b, c). The effect of eDMPs and StemPro on mineralization of hAECs
(B–D) and hDPSCs (E–G) using Alizarin Red staining assay. Calcium deposits were evident in hAECs
cultured with StemPro (D) and hDPCS cultured with eDMPs (F) and StemPro (G). (Scale bars: 50 μm).
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2.6. Mineralization

Representative images of the mineralization capability of hAECs and hDPSCs after
cultivation with eDMP and StemPro are shown in Figure 4B–G. Calcium deposits were
observed in hAECs and hDPSCs cultured with StemPro at day 21 (Figure 4D,G) and in
hDPSCs cultured with eDMPs (Figure 4F). Mineralization appeared in the form of small
and dense nodules, which were significantly smaller in hAECs. However, no calcium
deposits were observed in either cell type cultured in their respective standard media
(Figure 4B,E) or in hAECs cultured with eDMPs (Figure 4C).

3. Discussion

Revitalization is a promising endodontic therapy for immature necrotic teeth with
excellent clinical results [40]. However, the newly generated tissues are reported to be
reparative tissues, which show microanatomical deficits, such as the lack odontoblast cells
at the dentin–pulp interface [41]. In order to restore the pulp to its original form and
function, numerous tissue-engineering-approaches are currently being investigated based
on the concepts of cell transplantation as well as cell homing. Due to their pluripotency,
hAECs differentiate into various cell types in vivo depending on their local environment.
This has been demonstrated by injection of hAECs into the liver and into bone defects and
heart tissue and observing the adequate differentiation into functional hepatocytes [42],
osteoblasts [43] and cardiomyocytes [44], respectively. To the best of our knowledge, no
study has evaluated the odontogenic differentiation of hAECs so far. The results revealed
that human hAECs can adhere and spread on dentin and that they are able to mineralize;
however, the transition into an odontoblast lineage was not observed.

3.1. Cell Adhesion to Dentin

In the context of pulp regeneration, cell attachment to the dentin walls of the root canal
is essential [45]. Anatomical and functional restoration of the pulp–dentin complex is only
possible with a stable adhesion of the transplanted or recruited stem cells to the collagenous
extracellular matrix of dentin. The establishment of an odontoblast layer [27] is necessary as
an immunological cellular barrier of the pulp [20] and enables a continuous mineralization
in contact with the dentin walls upon the receipt of external stimuli. In the present study,
the dentin disks were conditioned with EDTA prior to cell seeding. As a chelator of calcium,
it removes the smear layer and provides a clean surface with exposed dentin tubules [46].
Furthermore, its demineralizing effect releases bioactive proteins and growth factors from
the dentin extracellular matrix [47] which facilitate stem cell migration, mineralization
and odontogenic differentiation [26]. In the clinical situation, EDTA also reverses the
deleterious effects of the disinfectant sodium hypochlorite on the survival of stem cells [48],
which makes it a crucial irrigation step in the current recommendations for revitalization
procedures [49]. To investigate the interaction of hAECs with dentin, cells were isolated
from human placentas and cultured directly on dentin disks for 48 h. Scanning electron
microscope images revealed that hAECs were able to adhere and spread on dentin in a
similar fashion to the dental pulp stem cells irrespective of EDTA-conditioning. As expected,
the remaining smear layer did not affect the cells’ survival; however, unconditioned dentin
did not provide the necessary access to the tubules.

3.2. Mineralization

After proper adhesion of the cells to the dentin matrix, they are expected to differenti-
ate into an odontogenic or osteogenic phenotype [27] and to start to secrete a mineralized
matrix. While osteogenic differentiation was induced with StemPro as commercial differen-
tiation medium, development into an odontogenic lineage was promoted by the addition of
extracted human eDMPs, as has been carried out and described in previous studies [26,50].
Alizarin Red staining after 21 days revealed that human amnion epithelial cells cultured
with StemPro medium were able to produce calcium deposits, confirming the basic min-
eralization capacity of these cells, as shown previously [43,51]; however, the calcification
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nodules were small and scarce compared to those of hDPSCs. Morphologically, a slight
enlargement of the hAECs was observed after induced osteogenesis, which did not mirror
previous investigations that reported a two-to-three-fold expansion of cell bodies following
osteogenic differentiation [30]. Overall, hAECs appeared not to respond to osteogenic
culture medium as well as was described in other studies [51,52]. Importantly, hAECs
cultured with 500 pg/mL of eDMPs did not reveal any calcium deposits [26], in contrast
to hDPSCs, which allows the conclusion that hAECs are not responsive to eDMPs in the
tested concentrations either.

3.3. Cell Differentiation

StemPro osteogenic differentiation medium and eDMPs induce osteogenic and odon-
togenic differentiation of mesenchymal stem cells, respectively [26]. In previous studies,
hAECs cultured with standard osteogenic medium [43,51], i.e., medium containing β-
glycerophosphate and dexamethasone, showed an increase in alkaline phosphatase activity
as well as the expression of bone-related genes [43,51]. As far as we know, the effect of
eDMPs and StemPro on amniotic epithelial stem cells has not been investigated so far. In
accordance with existing research, hDPSCs were able to differentiate into an odontogenic
cell type [53,54]. This was shown by the upregulation of typical marker genes for both os-
teogenic and odontogenic lineage: COL1A1, IBSP, BGLAP, BMP4 and transforming growth
factor beta 1 (TGF-β1) in qRT-PCR. In this context, COL1A1 is classified as a marker for early
mineralization [55–57]. IBSP is secreted during crystallization [58,59]. BGLAP can actively
bind calcium and is therefore a late marker for mineralization [26,56,58,60,61]. BMP4 is
known to stimulate odontogenesis and bone formation [62–64]. TGF-β1 is expressed by
odontoblasts during maturation and dentinogenesis [65]. Furthermore, the upregulation of
the dental specific marker NES confirms a differentiation of the hDPSCs along the odon-
togenic cell line [59,66]. To evaluate the odontoblastic transition of hAECs cultured with
eDMPs, the expression of genes related to odontoblast differentiation and mineralization,
including COL1A1, BMP4, IBSP, IGFBP2, NES and BGLAP (osteocalcin) [67], was analyzed
and compared with hDPSCs. We expected to see similar results for hAECs in eDMP;
however, the hAECs did not show any significant upregulation of mineralization markers
under odontogenic culture conditions. We therefore conclude that, under the settings of
this study, the hAECs were unable to differentiate into an odontogenic phenotype.

3.4. Epithelial–Mesenchymal Transition

A possible explanation for the compromised differentiation displayed by the otherwise
pluripotent hAECs could be that they underwent epithelial–mesenchymal transition (EMT),
which has been associated with a reduced osteogenic differentiability [68]. During this
process the epithelial cells lose their characteristics, such as polarization or cell–cell connec-
tions, and change their phenotype to that of mesenchymal cells. EMT can be physiological,
e.g., during embryonic development, inflammation, wound healing or fibrosis, but is also
part of pathological processes, such as tumor progression or oncogenesis. Interestingly,
it has even been observed to occur in cell culture [69,70]. Reportedly, freshly isolated
hAECs do not express mesenchymal surface markers, such as CD105 and CD44, but display
primarily epithelial markers, such as CD49f and CD326 [29,71–73]. However, cells in this
study also expressed CD105 and CD44, which is in line with research concerning cultured
and expanded hAECs [74–77]. This increasing change in phenotype over the cultivation
period has previously been described [68] and can also be seen as an indication that the
cells undergo EMT. Furthermore, S100A4, a calcium-binding protein also called fibroblast
specific protein 1, has been described as a marker for this transition [78]. IGFBP2, which
was upregulated by hAECs up to 4000-fold in comparison to the expression in DPSC, can
also be classified as an EMT marker [79]. A way to induce the EMT process in vitro can be
the addition of epidermal growth factor (EGF) and TGF-β, both of which were necessarily
in the media [80]. Autocrine TGF-β production can also stimulate this process [81]. An
additional explanation for why EMT is occurring could be unintentional selection of the
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mesenchymal phenotype by the culture protocol. Cells without CD44 expression are more
likely to detach from the culture flask and thereby be removed during medium change [68].
However, the change from an epithelial to a mesenchymal phenotype is described as being
accompanied by a change in morphology [68], which was not observed in our experiment.
Further research needs to be undertaken comparing the differentiability of freshly isolated
and expanded hAECs.

3.5. Impact of Culture Conditions

Glutathione peroxidase 3 (GPX3) aims at the reduction of hydrogen peroxide, which
may arise from oxidative stress in cell metabolism. In this case, increased GPX3 levels might
accompany stressful culture conditions or trypsination of the cells, which is commonly para-
phrased as “culture shock” [82,83]. Reportedly, hAECs are a highly sensitive cell type and
quite challenging in in vitro culture [84]. Their viability was significantly lower compared
to hDPSCs over all time points and EGF was essential to provide a more physiological
environment; however, analogously to the observations by other research groups, the cells
did not thrive outside their specific stem cell niche [38]. The upregulation of GPX3 by
hAECs, in combination with the reduced metabolic activity in eDMP, as indicated by the
MTT assay, could indicate unfavorable culture conditions that might affect differentiation.
This assumption is to be verified in further experiments by, e.g., determining intracellular
reactive oxygen species (ROS) or antioxidative enzymes.

4. Materials and Methods

4.1. Isolation and Characterization of hAECs

Human placentas were obtained from caesarean deliveries of healthy donors with
informed consent and the approval of the Bioethical Commission of the University of
Barcelona, Spain (No.: IRB00003099). The placentas were transported to the laboratory for
further processing in sterile saline at 4 ◦C. The hAECs were isolated in a laminar flow cabinet
following a previously published protocol [30]. Briefly, the amnion was detached from the
underlying chorion and washed with 200 mL of Ringer’s acetate solution (pH 6.5; Baxter,
Deerfield, MA, USA) for up to 10 min and 200 mL of PBS (PBS, Biochrom, Berlin, Germany)
to remove all blood particles. Subsequently, 2–3 g portions of amnion were digested
in Falcon tubes with 20 mL of 10× TryPLE solution (Life Technologies, Gaithersburg,
USA) on a shaker (35 rpm) at 37 ◦C for 30 min. The membrane underwent a second
digestion step with fresh digestion solution. Cells from both digestions were centrifuged
at 300× g for 10 min and suspended in DMEM (DMEM, high glucose; Life Technologies,
Gaithersburg, MD, USA) with 10% FBS, 100 U/mL penicillin and 100 μg/mL streptomycin,
2 mM L-glutamine, 1 mM sodium pyruvate and 10 ng/mL of epidermal growth factor
(EGF; StemCell Technologies, Vancouver, BC, Canada). This medium containing EGF,
which is an essential supplement for hAEC growth, is referred to as DMEM 10% FBS
in the following text. Cells from passage 2 were used in all experiments and cultured
at 37 ◦C and 5% CO2. To assess the effectiveness of the isolation procedure, amniotic
tissue before digestion as well as after the first and second digestion step was fixed in
formalin for 2 h and processed for histology. Histological processing and HE staining
was performed according to a previously published protocol [85]. Furthermore, flow
cytometry was conducted to evaluate the antigen profile of the isolated cells. Immediately
after isolation, hAECs were seeded in T75 flasks and cultured to 80% confluence with
DMEM 10% FBS. Finally, a suspension of 2 × 105 cells in 81 μL was incubated with 2 μL of
mouse anti-human CD44 (APC; 560890, BD Biosciences, San Jose, CA, USA), 5 μL of mouse
anti-human CD105 (PerCP-CY 5.5; 562245, BD Biosciences, San Jose, CA, USA), 8 μL of
anti-CD326 (FITC; 347197, BD Biosciences, San Jose, CA, USA) and 4 μL of rat anti-human
CD49f (PE; 561894, BD Biosciences, San Jose, CA, USA). Flow cytometry was conducted
with at least 10,000 events per sample (FACSCant, BD Biosciences, San Jose, CA, USA) and
data was analyzed with FlowJo (version 10.8, BD Biosciences, San Jose, CA, USA). Cells
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from two different donors were investigated in triplicate and median values with 25–75%
percentiles were computed (n = 6).

4.2. Isolation and Characterization of hDPSCs

Human dental pulp stem cells were isolated from human third molars and cultured as
described previously [86]. Dental pulp stem cells were maintained in αMEM supplemented
with 100 U/mL penicillin, 100 μg/mL streptomycin and 10% FBS. Finally, to ensure mes-
enchymal stem cell character, the cells were sorted for the surface antigen STRO-1using
the MACS-System (magnetic-activated cell sorting; Miltenyi Biotec, Bergisch Gladbach,
Germany). Furthermore, mesenchymal stem cell antigens, following Dominici et al. [87],
were determined in accordance with a previous work [50].

4.3. Extraction of Dentin Matrix Proteins (eDMPs)

Human caries-free third molars were collected from donors (15–25 years old) after
informed consent and with approval by an appropriate review board at the University of
Regensburg (No.: 19-1327-101; Faculty of Medicine, University of Regensburg, Regensburg,
Germany). eDMPs were extracted from human teeth according to a validated protocol [26].
Briefly, dentin was pulverized (Mixer Mill MM 200, RETSCH, Haan, Germany) after
removal of the enamel, cementum and pulp. Dentin powder was suspended in 10% EDTA
(AppliChem, Darmstadt, Germany) and the solution was purified with syringe filters (1.2,
0.45, and 0.2 μm Acrodisc Syringe Filters with Supor Membrane; Pall Corporation, Port
Washington, WI, USA) and enriched by centrifugal filtration with a molecular weight cut-off
of at 3000 Da (Amicon Ultra-15 3K; Merck Millipore, Billerica, MA, USA). The solvent was
exchanged for phosphate-buffered saline (PBS without Ca2+, Mg2+; Biochrom, Berlin, 137
Germany). Finally, TGF-β1 was quantified as a representative growth factor (Quantikine
138 ELISA Kit; R&D Systems Inc., Minneapolis, MN, USA) to facilitate standardized
supplementation to culture media.

4.4. Cell Viability

To quantify the cell viability, hAECs (3.2× 103 cells/well) and hDPSCs (3.2× 103 cells/well)
were seeded in 96-well plates to reach 80% confluency. The hAECs were exposed to
the following media: (i) DMEM 10% FBS; (ii) DMEM 10% FBS and 500 pg/mL eDMPs;
and (iii) osteogenic differentiation medium with 10 ng/mL EGF (StemPro Osteogenesis
Differentiation Kit; Thermo Fisher Scientific, Waltham, MA, USA). Likewise, hDPSCs were
cultured in (i) α-MEM with 10% FBS, (ii) α-MEM with 10% FBS and 500 pg/mL eDMPs and
(iii) osteogenic differentiation medium (StemPro Osteogenesis Differentiation Kit; Thermo
Fisher Scientific, Waltham, MA, USA). MTT assays were performed after 2, 4 and 8 days.
The cells were incubated with 100 μL/well of a 0.5 mg/mL MTT solution (Thiazolyl Blue
Tetrazolium Bromide; Sigma-Aldrich, Saint Louis, MO, USA) for 60 min at 37 ◦C and 5%
CO2. Subsequently, the dye was dissolved in 200 μL/well of dimethyl sulfoxide (DMSO;
Merck Millipore, Billerica, MA, USA) on a shaker (540 rpm) at room temperature for 10 min.
Optical density readings were performed on a microplate reader at λ = 540 nm (Infinite 200;
Tecan, Männedorf, Switzerland) and the results were summarized as median values with
25–75% percentiles (n = 8).

4.5. Fluorescence Microscopy

To evaluate morphological changes induced by the three different types of media,
hAECs (7.5 × 103 cells/well) and hDPSCs (5 × 103 cells/well) were seeded on coverslips
in 24-well plates and cultured as described above. After 7 days, cells were fixed with
4% formalin (10 min), permeabilized with 0.1% Triton X (5 min) and stained with phal-
loidin (30 min) and DAPI (1 min). Coverslips were mounted on slides (ProLong Glass
Antifade Mountant, Thermo Fisher Scientific, Waltham, USA) and imaged on a ZEISS
microscope (Axio Vert.A1, Carl Zeiss Microscopy, Jena, Germany) with the ZEISS Axiocam
503 color camera (Carl Zeiss Microscopy, Jena, Germany). Images with filters for blue
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(Carl Zeiss Microscopy, Jena, Germany) and red fluorescence (Set 43 and Set 49, Carl Zeiss
Microscopy, Jena, Germany) in place were taken independently and digitally superimposed.
ZEN software was used for microscopy and imaging (version 3.1, Carl Zeiss Microscopy,
Jena, Germany).

4.6. Cell Adhesion to Dentin

The adherence and phenotypic changes of hAECs and hDPSCs seeded on dentin disks
were evaluated by scanning electron microscopy. Dentin disks of 0.2 mm thickness were
obtained from the crown of human molars. They were optionally rinsed in 10% EDTA for
15 min and washed with distilled water afterwards. Subsequently, hAECs and hDPSCs
(3.8 × 104 cells/well) were seeded on the dentin disks in 24-well plates. The hAECs were
cultured in DMEM with 10% FBS and DPSCs in α-MEM with 10% FBS for 48 h (37 ◦C, 5%
CO2). Samples were fixed with 2.5% glutaraldehyde in 0.1 M Sørensen’s phosphate buffer
for 30 min and analyzed on a FEI Quanta 400 environmental scanning electron microscope
(SEM) with a field emitter and an Everhart–Thornley detector at 4.0 kV and high-vacuum
conditions (FEI Europe B.V., Eindhoven, The Netherlands).

4.7. Gene Expression

Cultures were established with hAECs (7.5× 104 cells/well) and hDPSCs (4.9 × 104 cells/
well) in 12-well plates, as described above. After 1, 7 and 14 days, mRNA was extracted us-
ing the RNeasy Mini Kit (Qiagen, Hilden, Germany) and quantified spectrophotometrically
(NanoDrop 2000, Thermo Fisher Scientific, Waltham, USA). Then, 500 ng of nucleic acids
were transcribed into cDNA (Omniscript RT Kit, Qiagen, Hilden, Germany) using oligo-dT
primers (Qiagen, Hilden, Germany). To assess the effect of eDMP and StemPro on gene
expression, qRT-PCR was performed using the TaqMan Fast Advanced Master 188 Mix
(4444557, Applied Biosystems, Thermo Fisher Scientific, Waltham, MA, USA) and probes
for the following genes: collagen type I alpha 1 (COL1A1; Hs00164004_m1), integrin bind-
ing sialoprotein (IBSP; Hs00913377_m1), bone gamma-carboxyglutamate protein (BGLAP;
Hs01587814_g1), bone morphogenic protein 4 (BMP4; Hs00370078_m1), transforming
growth factor beta 1 (TGFB1; Hs00998133_m1), nestin (NES; Hs04187831_g1), insulin-like
growth factor binding protein 2 (IGFBP2; Hs01040719_m1), S100 calcium binding protein
A4 (S100A4; Hs00243202_m1), glutathione peroxidase 3 (GPX3; Hs01078668_m1) and 40S
ribosomal protein S18 (RPS18; Hs99999901_s1) as the housekeeping gene. Finally, measure-
ments for all target genes were normalized to RPS18 and related to hDPSCs cultured in
10% by the comparative CT method (ΔΔCT) [88]. Medians with 25–75% percentiles were
calculated on the basis of two experiments with cells from different donors (n = 4).

4.8. Mineralization

To visualize calcium deposition, hAECs (3.7 × 104 cells/well) and hDPSCs (2.4 × 104

cells/well) were seeded in 24-well plates to reach 80% confluency. Both cell types were
cultured according to the previously described groups. After 21 days, cells were fixed
with formalin for 10 min and incubated with 40 mM alizarin (Alizarin Red S, Carl Roth,
Karlsruhe, Germany) at pH 4.2 and room temperature for 30 min. Images were taken with
an inverted microscope (Axio Vert.A1, Carl Zeiss Microscopy GmbH, Jena, Germany).

4.9. Statistical Analysis

Data were treated nonparametrically and pairwise Mann–Whitney U tests were con-
ducted at a significance level of α = 0.05. Statistical analysis was performed, comparing
hAECs and hDPSCs for each medium for each follow-up point. All statistical analyses
were computed with GraphPad Prism 9 (GraphPad Software, La Jolla, CA, USA) and non-
statistical significance (p > 0.05) was indicated in the respective figures by lowercase letters.
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5. Conclusions

Human amnion epithelial cells can adhere and spread on dentin and are able to differ-
entiate and mineralize. Nevertheless, hAECs failed to reveal an odontoblastic transition
under in vitro conditions. Even if hAECs show great promise in other regenerative applica-
tions, they do not seem to be a feasible alternative stem cell source for dental pulp tissue
engineering. In addition to the difficult culture behavior, their cellular reactions are difficult
to control by signaling molecules and are not as reliable as, for example, mesenchymal
stem cells from pulp, which was particularly evident in EMT. Thus, the advantages of
hAECs in terms of pluripotency do not come into play and their advantages in terms of
high availability can presumably not be used.
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Abstract: Regenerative therapy for tissues by mesenchymal stem cell (MSCs) transplantation has
received much attention. The cluster of differentiation (CD)146 marker, a surface-antigen of stem
cells, is crucial for angiogenic and osseous differentiation abilities. Bone regeneration is accelerated
by the transplantation of CD146-positive deciduous dental pulp-derived mesenchymal stem cells
contained in stem cells from human exfoliated deciduous teeth (SHED) into a living donor. However,
the role of CD146 in SHED remains unclear. This study aimed to compare the effects of CD146
on cell proliferative and substrate metabolic abilities in a population of SHED. SHED was isolated
from deciduous teeth, and flow cytometry was used to analyze the expression of MSCs markers.
Cell sorting was performed to recover the CD146-positive cell population (CD146+) and CD146-
negative cell population (CD146-). CD146 + SHED without cell sorting and CD146-SHED were
examined and compared among three groups. To investigate the effect of CD146 on cell proliferation
ability, an analysis of cell proliferation ability was performed using BrdU assay and MTS assay.
The bone differentiation ability was evaluated using an alkaline phosphatase (ALP) stain after
inducing bone differentiation, and the quality of ALP protein expressed was examined. We also
performed Alizarin red staining and evaluated the calcified deposits. The gene expression of ALP,
bone morphogenetic protein-2 (BMP-2), and osteocalcin (OCN) was analyzed using a real-time
polymerase chain reaction. There was no significant difference in cell proliferation among the three
groups. The expression of ALP stain, Alizarin red stain, ALP, BMP-2, and OCN was the highest in
the CD146+ group. CD146 + SHED had higher osteogenic differentiation potential compared with
SHED and CD146-SHED. CD146 contained in SHED may be a valuable population of cells for bone
regeneration therapy.

Keywords: stem cells from human exfoliated deciduous teeth; bone regeneration; CD146

1. Introduction

Regenerative medicine is a medical technology that uses stem cells to regenerate
tissues that have become dysfunctional; it was developed as a new therapeutic technology
to replace organ and bone transplantation [1–4]. Mesenchymal stem cells (MSCs) were
first identified as colony-forming cells with the ability to differentiate into osteoblasts,
adipocytes, and chondrocytes within bone marrow organs [5]. MSCs are present in skeletal
muscles, adipocytes, placentae, dental pulp, and periodontal ligament, and play roles in
preparing for and maintaining homeostasis during the restoration of compromised tis-
sues [6,7]. In addition, since MSCs can be collected from tissues and grown in standardized
culture conditions, they are used as a transplanted cell preparation for autoimplantation in
the medical field; cell preparation for skin and cartilage regeneration has already been mar-
keted [8,9]. Notably, techniques for the isolation and culture of MSCs from oral tissues have
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been developed in dentistry, and research and development for the practical application of
regenerative treatment of dental pulp and periodontal tissues have been promoted [10–12].

Since the beginning of 2000, a search for MSC sources in intraoral tissues has been
undertaken. Studies have demonstrated and identified the presence of tissue stemness
in stem cells from human exfoliated deciduous teeth (SHED) and dental pulp stem cells
(DPSCs) [13,14]. SHED and DPSCs have a higher proliferative potential than bone marrow-
derived MSCs (BMSCs), and their potential to differentiate into osteoblasts, adipocytes,
chondrocytes, and neural cells has been demonstrated [15–18]. SHED and DPSCs are
involved in the formation of dentin and pulp complexes [11,15] and bone [19,20]. Previous
studies reported that the successful isolation rates of SHED and DPSCs were approximately
83% and 70%, respectively [21], and SHED and DPSCs had a bone regeneration capacity
equivalent to that of BMSCs when SHED, DPSCs, and BMSCs were seeded in the polylactic
acid membrane and transplanted into the parietal bone defect model of immunodeficient
mice [22]. Kunimatsu et al. found that SHED had a higher cellular proliferative capacity
than DPSCs and BMSCs, and SHED showed significantly higher expression of fibrob-
last growth factor (bFGF) and bone morphogenetic protein-2 (BMP-2) genes compared
with hDPSCs and hBMSCs [23]. Moreover, SHED reportedly have a higher capacity for
adipogenic and osteogenic differentiation compared to DPSCs [24]. In addition, SHED
have been suggested to be distinctly different in nature from DPSC in recent review arti-
cles; they also have a higher osteogenic differentiation potential compared to DPSCs [25].
Kichenbrand et al. reported the following benefits of SHED: 1. Hard tissues cover the
pulp; thus, less DNA injury occurs in the pulp, 2. It is easy to harvest MSCs, and the
procedure is painless and non-invasive, 3. Several tissue samples can be collected, and
4. Since permanent teeth replace deciduous teeth, no ethical concerns exist [26]. In addition,
SHED possess advantages for tissue regeneration, which allows quick in vitro expansion
before implantation of the tissue, compared to their DPSCs [27]. Thus, SHED is becoming
an attractive source of cells and a potential candidate for tissue regeneration. However,
the cell population involved in the bone regeneration mechanism of SHED has not yet
been elucidated.

Recently, the surface antigens of MSCs have garnered attention, as many surface
antigens of MSCs serve as coreceptors for growth factors and provide valuable benefits for
the regeneration of various tissues, such as promoting angiogenesis and osteogenesis [28].
MSCs isolated from tissues are a heterogeneous cell population expressing various surface
antigens. The effect of surface antigens on cell properties can be investigated using cells
with the surface antigen of interest, isolated by cell sorting [29]. Cluster of differentiation
(CD)146, a surface antigen, is expressed on MSCs and the plasma membranes of vascular
endothelial cells and vascular pericytes, where it functions as a key cellular adhesion
molecule in angiogenesis [30,31]. CD146-positive cells isolated by cell sorting from hetero-
geneous populations of bone marrow- and umbilical cord-derived MSCs have higher bone
regenerative potential than CD146-negative cells, and CD146 is related to bone regenera-
tive potential [30–33]. Therefore, we focused on investigating the expression of CD146 in
SHED. In a bone defect immunodeficient mouse model, osteogenesis was promoted by the
transplantation of CD146-positive SHED cells [34]. However, a detailed examination of the
in vitro effect of CD146 on bone regenerative capacity has not yet been reported in SHED.
Accordingly, the present study aimed to compare the cell proliferative and osteogenic
potentials of CD146-positive cells, CD146-negative cells, and SHED heterogeneous cells.

2. Results

2.1. Surface-Antigen Analyses of Isolated SHED

The representative results of one of five donors are shown in Figure 1a. Cells expressing
CD146 accounted for 70.9 ± 4.3% of the heterogeneous population of SHED cells isolated
from the deciduous pulp. MSC-positive markers, CD90 and CD73, were expressed in all
donors, and CD105 was expressed in 99.56 ± 0.37% of donors. CD14, CD19, CD34a, and
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CD45 (MSC-negative markers) were expressed in 0.08 ± 0.02%, 0.27%, 0.05 ± 0.01%, and
2.93 ± 0.54% of donors, respectively (Figure 1a).

Figure 1. Surface-antigen analysis of SHED and comparative properties of SHED, CD146 + SHED,
and CD146-SHED cellular proliferative potential. (a) Surface-antigen analysis of SHED. Among the
heterogeneous population of SHED isolated from the deciduous pulp, 70.9 ± 4.3% of cells expressed
CD146. MSCs were positive for CD90, CD73, and CD105 but negative for CD14, CD19, CD34, and
CD45. (b) Comparison of population doubling time (PDT). The log phase was assessed based on
the cell growth curve from day 2 to day 6 of incubation, and the PDT was calculated for this period.
PDT did not differ significantly among the three groups (n = 5, Kruskal–Wallis test, Not significant;
N.S.) (c,d). Comparison of cell proliferation. (c) Two hours after BrdU treatment, DNA synthesized in
SHED was slightly higher than that in CD146 + SHED and CD146-SHED, but there were no significant
differences among the three groups. (d) Twenty-four hours after BrdU treatment, the results were
similar (n = 5, Kruskal–Wallis method, Not significant; N.S.).

2.2. Cellular Proliferative Capacity of SHED, CD146 + SHED, and CD146-SHED
2.2.1. PDT

PDT was 44.06 h, 46.88 h, and 47.15 h in SHED, CD146-SHED, and CD146 + SHED,
respectively. However, there were no significant differences among the three groups
(Figure 1b).
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2.2.2. BrdU Proliferation Assay

Although the proliferative capacity of SHED was slightly higher than that of CD146 +
SHED and CD146-SHED 2 h and 24 h after BrdU administration, there were no significant
differences among the three groups (Figure 1c,d).

2.3. Osteogenic Differentiation-Related Gene Expression Analyses in SHED, CD146 + SHED, and
CD146-SHED

Before the induction of osteogenic differentiation, the gene expression of ALP, BMP-2,
and OCN did not differ significantly among SHED, CD146 + SHED, and CD146-SHED
(Figure 2a). However, CD146 + SHED had significantly higher gene expression of ALP,
BMP-2, and OCN on days 21 and 28 after osteodifferentiation induction than SHED and
CD146-SHED (Figure 2b,c). In addition, SHED showed significantly higher gene expression
of ALP, BMP-2, and OCN than CD146-SHED (Figure 2b,c).

Figure 2. Gene expression in relation to bone differentiation on days 0, 21, and 28 of induction
of bone differentiation. (a) Uninduced osteogenic differentiation. No significant differences were
found among SHED, CD146 + SHED, and CD146-SHED in the gene expression of ALP, BMP-2,
and OCN (n = 5, Not significant; N.S.). (b,c). Induced osteogenic differentiation on days 21 and 28.
CD146 + SHED showed significantly higher gene expression of ALP, BMP-2, and OCN than SHED
and CD146-SHED (n = 5, Kruskal–Wallis method, ** p < 0.01, * p < 0.05).

2.4. Osteogenic Differentiation Potential of SHED, CD146 + SHED, and CD146-SHED

ALP staining performed on day 21 after inductive osteogenic differentiation revealed
a decreased order in the intensity of dark staining in CD146 + SHED, SHED, and CD146-
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SHED (Figure 3a). In addition, the mean ALP protein levels measured on day 21 after the
induction of osteogenic differentiation were 14.28 ± 0.745 μg/mL, 10.27 ± 0.636 μg/mL,
and 6.96 ± 0.573 μg/mL in CD146 + SHED, SHED, and CD146-SHED, respectively.
CD146 + SHED showed significantly higher ALP protein levels than SHED and CD146-
SHED (Figure 3b); SHED showed significantly higher ALP protein levels than CD146-SHED
(Figure 3b).

 

Figure 3. Osteogenic differentiation potential of SHED, CD146 + SHED, and CD146-SHED.
(a) Osteogenic differentiation assessed by ALP staining on day 21. ALP staining was confirmed
in all cells. The ALP staining intensity decreased in the following order: CD146 + SHED, SHED,
and CD146-SHED (Scale bar = 500 μm). (b) Determination of ALP protein levels by ELISA. ALP
protein levels were significantly higher in CD146 + SHED than those in SHED and CD146-SHED.
The same was true for SHED compared to CD146-SHED (n = 5, Kruskal–Wallis method, ** p < 0.01,
* p < 0.05). (c) Induced osteogenic differentiation. Osteogenic differentiation assessed by Alizarin red
staining on day 28 decreased in the following order: CD146 + SHED, SHED, and CD146-SHED (Scale
bar = 500 μm). (d) CD146 + SHED showed significantly higher absorbance values than SHED and
CD146-SHED (n = 5, Kruskal–Wallis method, ** p < 0.01, * p < 0.05).

2.5. Comparative Analysis of Calcium Deposition among SHED, CD146 + SHED, CD146-SHED

Alizarin red staining was dense in CD146 + SHED, SHED, and CD146-SHED on day
28 after the induction of osteogenic differentiation (Figure 3c), with a decreased staining
intensity observed in CD146 + SHED, SHED, and CD146-SHED, in that order. In addition,
the absorbance assay showed that CD146 + SHED had significantly higher levels than
SHED and CD146-SHED, indicating an increased calcified deposit in CD146 + SHED
(Figure 3d).
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3. Discussion

MSCs are isolated from various tissues, such as the bone marrow, adipose tissue,
umbilical cord, and dental pulp, and implanted in defective tissues to promote tissue
restoration and regeneration. Since deciduous teeth are shed spontaneously with the
permanent tooth replacing them, harvesting SHED is less invasive than harvesting BMSCs,
adipose-derived MSCs, and umbilical cord-derived MSCs. Since SHED and BMSCs have a
similar bone regeneration capacity, the present study investigated SHED and BMSCs as
sources of cells for transplantation into bone defects.

In tissues where abundant blood vessels are present, such as the pulp, there is a
microenvironment around the blood vessels called the MSC niche [35,36], which comprises
MSCs, hematopoietic stem cells, mesenchymal progenitors, fibroblasts, and pericytes
(vascular pericytes) [37]. CD146 is expressed in MSCs and the plasma membrane of vascular
endothelial cells and pericytes, and is associated with cell-to-cell or cell-to-extracellular
matrix [38,39]. The surface antigen CD146 expressed on MSCs is a receptor for growth
factors, such as Netrin-1, Wnt-1, and vascular endothelial growth factor (VEGF)-C [40], and
it reportedly acts as a coreceptor for VEGF receptor-2 (VEGFR2) and platelet-derived growth
factor receptor beta, thereby contributing to angiogenesis and vascular maintenance [41,42].
Since MSCs and pericytes are present in MSC niches and express some similar surface
antigens, including CD146, pericytes are considered the origin of MSCs, and CD146 + MSCs
may be very close to pericytes [43–45].

In the present study, the surface-antigen analyses of SHED-like cells revealed that
more than 99.5% of the heterogeneous cells expressed CD105, CD73, and CD90. However,
less than 3% of these cells expressed CD14, CD19, CD34, and CD45. SHED isolated from
the pulp of deciduous teeth met the requirements for defining MSCs established by the
International Society for Cellular Therapy [46]. CD105, CD73, and CD90 are expressed in
these cells under standard culture conditions; however, CD45, CD34, CD14, CD11b, CD79a,
CD19, and HLA-DR are not. Although CD105, CD73, and CD90 are MSC-positive markers,
they are expressed in MSCs, hematopoietic stem cells, and blood cells [47]. However, MSC-
negative markers, i.e., CD14, CD19, CD34, and CD45, are specific markers for hematopoietic
stem cells and hemocytes [47]. In the present study, cells isolated from the deciduous pulp
were CD105-, CD73-, CD90-, CD14-, CD19-, CD34-, and CD45-negative, and they were very
likely to be SHED. Differentiation of SHED (which were isolated in a similar procedure)
into osteoblasts, adipocytes, and chondrocytes in vitro systems was confirmed by Miura
et al. [13] and Nakajima et al. [23]. In this study, the analysis of CD146 expression rates
by flow cytometry showed that CD146 was expressed in approximately 70.9% of SHED
heterogeneous populations. In contrast, CD146 was expressed in 48.39–66.3% of SHED
heterogeneous populations [48,49]. In this study, adequate numbers of CD146 + SHED were
isolated from SHED by cell sorting, which might contribute to slightly higher outcomes
than previously reported (70.9% vs. 48.39–66.3%). These findings demonstrate the potential
of CD146 + SHED as a valuable source of cells for future clinical applications.

The properties of SHED, CD146 + SHED, and CD146-SHED were investigated in
cellular studies. Based on the BrdU cell proliferation assay and PDT analysis, there were no
significant differences in proliferative capacity among the three groups, although SHED
had a slightly higher proliferative capacity. CD146 + MSCs exhibited significantly higher
cell proliferative capacity than CD146-MSCs in human endometrium-derived MSCs and
periodontal ligament-derived MSCs [50,51]. However, some papers have demonstrated
that CD146-MSCs have higher proliferative potential than CD146 + MSCs [42]. Paduano
et al. reported that the proliferative capacity of CD146- MSCs and CD146+ MSCs, cells
varied in each study [52]. In the present study, there were no significant differences in the
proliferative ability among CD146-SHED, CD146 + SHED, and SHED. Factors accounting
for the difference between the reports may include the type of MSC, performance of cellular
conditioning or sorting devices used, and effect of the procedure. In this study, cells were
passaged after cell sorting, cultured to confluence, and seeded in 96-well and 12-well
plates for cell growth testing. However, CD146 + SHED and CD146-SHED grew more
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slowly immediately after cell sorting than SHED without cell sorting. The longer operating
times after releasing cells from the dish, and several centrifugations during the cell sorting
procedure, might have minor adverse effects on CD146 + SHED and CD146-SHED. Further
investigations with different conditions, such as decreasing the number of passages after
cell sorting, are warranted.

Comparative analysis of bone differentiation potential showed that CD146 + SHED had
a higher bone differentiation potential than SHED and CD146-SHED based on ALP staining,
quantitative ALP analysis, and alizarin red staining of SHED cultured in an osteogenic
differentiation-inducing medium. During the osteogenic differentiation-inducing process,
the progenitor cells are differentiated into osteoblasts and express ALP from the early- to
mid-stage, followed by the expression of bone-specific OCN and, ultimately, the production
of hydroxyapatite and collagen I with a crystallographic architecture present in the bone
matrix in vivo [53–55].

MSC-differentiated osteoblasts are known to secrete VEGF [56]. As an autocrine factor,
VEGF secreted by osteoblasts differentiated from SHED may have promoted the osteoge-
nesis of SHED. VEGFR2 is expressed in CD146-SHED [57] and promotes the expression
of bone morphogenetic protein-2 (BMP-2) and Runx2, and CD146 acts as a coreceptor
for VEGFR2 in CD146 + SHED. In addition, DPSC bone differentiation is promoted by
VEGF in vitro [58]. Moreover, the genetic analysis on days 21 and 28 after the initia-
tion of osteogenic differentiation showed that CD146 + SHED had significantly higher
gene expression of ALP, OCN, and BMP-2 than SHED and CD146-SHED, indicating that
CD146 + SHED has a higher osteogenic differentiation potential. However, to confirm the
relationship between VEGF and CD146 + SHED osteogenic differentiation potential, it is
necessary to further examine the signaling pathway; expression analysis of genes (such
as VEGF, VEGFR2, Runx2, and Osterix) in osteodifferentiated SHED, CD146 + SHED, and
CD146-SHED; and osteogenic differentiation potential by treatment with VEGF and anti-
VEGF neutralizing antibodies. Previously, it has been reported that hMSC-CD146(+) cells
exhibited greater chemotactic attraction in a transwell migration assay, and when injected
intravenously into immune-deficient mice following closed femoral fracture, exhibited
wider tissue distribution and significantly increased migration ability as demonstrated by
bioluminescence imaging [30]. Therefore, CD146 defines a subpopulation of hMSCs capable
of bone formation and in vivo trans-endothelial migration and thus represents a population
of hMSCs suitable for use in clinical protocols of bone tissue regeneration [30]. Moreover,
newly formed bone matrix with embedded osteocytes of donor origin was reportedly
observed upon transplantation of CD146(+) human umbilical cord perivascular cells-
Gelfoam-alginate 3D complexes in severe combined immunodeficiency (SCID) mice [32]. In
addition, a high expression of CD146 in MSCs from bone marrow reportedly correlates with
their robust osteogenic differentiation potential [33]. This study suggested CD146 + SHED
had superior bone regeneration potential compared to SHED and CD146-SHED in vitro.
Based on the present and previous findings on CD146 + BMSCs [30,32,33,39,41,42,52,59],
CD146 + SHED may have the following properties: “They have very close properties
to pericytes,” and “the binding of VEGF and VEGFR2 further enhances the pathway to
promote the expression of bFGF, BMP-2, Runx2, and Osterix as CD146 acts as a coreceptor
of VEGFR2.” These factors may have promoted angiogenesis and bone regeneration. A
previous study on BMSCs with single-cell sorting of BMSC populations revealed osteo-,
adipo-, and chondroid differentiation of as many as 100 cells in clonal culture, and only
50% of these cells differentiated into these three lineages. Furthermore, 80% of BMSCs
differentiated into the three lineages expressing CD146, and 40% of the cells differentiated
into only one or two lineages expressing CD146 [30]. Therefore, even if a population of
CD146-positive cells is isolated, there may be a heterogeneous presence of cells within that
population, leading to different differentiation potentials [30]. Thus, it is conceivable that
CD146 + SHED and CD146-SHED cell populations isolated from heterogeneous SHED cell
populations in this study also differ in function and nature, and may be heterogeneous cell
populations. At present, it is difficult to investigate the functional heterogeneity of MSC
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populations in-depth, and much remains to be elucidated [60]. However, single-cell sorting
and clonal culture should also be performed in SHED, CD146 + SHED, and CD146-SHED,
and the extent of osteodifferentiation and the ability to differentiate into the three lineages
in CD146 + SHED and CD146-SHED populations used in this study should be examined in
detail in future studies.

4. Materials and Methods

4.1. SHED Isolation and Culture

Pulp tissues were collected from deciduous teeth extracted from five healthy patients
(Average 9 years 8 months, ± 2 years 4.8 months) who provided informed consent at
the Department of Orthodontics, Hiroshima University Hospital. SHED were isolated
and cultured using a previously described procedure [21–23,34], with reference to the
methods of Miura et al. [13] and Gronthos et al. [14]. The following text elaborates on
the isolation of SHED from the pulp. A mixture of α-MEM (Sigma-Aldrich, St. Louis,
MO, USA), 4 mg/mL collagenase (Thermo Fisher Scientific, Waltham, MA, USA), and
3 mg/mL dispase (Godo Shusei, Tokyo) was prepared. The pulp tissue was immersed in
the solution and minced with a scalpel. Adequate dental pulp tissue slices were transferred
to a 10-mL tube and then incubated at 37◦ C under 5% CO2 for 20 min with shaking.
Cell aggregates were eliminated using a 70-μm cell strainer (CORNING, Corning, NY,
USA), and the filtered solution was diluted with α-MEM and centrifuged at 1500 rpm
for 5 min. The supernatant was aspirated and added to 20% fetal bovine serum (FBS)
(Daiichi Kagaku, Tokyo), 0.24 μL/mL kanamycin (Meiji Seika Pharma Co., Ltd., Tokyo),
0.5 μL/mL penicillin (Meiji Seika Pharma), and 1 μL/mL. After being suspended in α-MEM
containing mL amphotericin (MP Biomedicals), they were seeded in a cell culture petri dish
(CORNING) with a diameter of 35 mm, cultivated at 37◦C and 5% CO2, and the cells were
detached from the petri dish using PBS containing 0.25% trypsin (Nacalai Tesque, Kyoto)
and 1 mM EDTA (Wako Pure Chemical Industries, Osaka) when confluent and passaged.
After the first passage (P1), the cells were cultured in α-MEM containing 10% FBS (Daiichi
Kagaku, Tokyo) and the abovementioned antibiotics at 37◦C under 5% CO2. This study was
conducted in accordance with the Regulations for Epidemiological Studies of Hiroshima
University Hospital (approval no. E-20-2). Cells were independently isolated from the
deciduous teeth obtained from the five patients, and the cells were cultured separately.

4.2. Fluorescence-Activated Cell Sorting

MSCs were isolated from the pulp of deciduous teeth, and surface-antigen analysis
was performed to confirm the presence of CD146. Each SHED collected from 5 patients
was cultured and passaged to P3. Flow cytometry was subsequently performed using
one of the 10 cm dishes in which the cells of each donor were cultured (five in total), and
the targeted surface antigens were analyzed. The targeted surface antigens were CD146
and MSC-positive (CD73, CD90, and CD105) and MSC-negative (CD14, CD19, CD34, and
CD45) markers, as defined by the International Society for Cellular Therapy. The cultured
cells were detached using phosphate-buffered saline (PBS) containing 0.25% trypsin and
1 mM ethylenediaminetetraacetic acid. The cell suspension was centrifuged at 1800 rpm
for 5 min. After aspirating the supernatant, the cells were washed with PBS containing
2% fetal bovine serum (FBS). Two PBS solutions (2% FBS) containing 1 × 106 cells were
prepared for each antibody detection.

One of the prepared solutions was supplemented with 30 μL of PE mouse anti-human
CD146, PE mouse anti-human CD90, FITC mouse anti-human CD105, PE-CTM 7 mouse
anti-human CD14, APC-H7 mouse anti-human CD19 (BD Pharmingen, San Jose, CA,
USA), Brilliant Violet™ 421 mouse anti-human CD73, FITC mouse anti-human CD34, and
APC-H7 mouse anti-human CD45 (Becton Dickinson, San Jose, CA, USA). In addition,
5 μL of the corresponding kappa isotype control was added to the other prepared solution
and incubated at 4 ◦C, protected from light, for 20 min. Thereafter, the mixture was
washed twice with PBS containing 2% FBS and 3 μL of 7-amino-actinomycin (7-AAD; BD
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Pharmingen) was added. FLOWJO software (Tomy Digital Biology Co., Tokyo, Japan) was
used to analyze the surface antigens. The cells were sorted based on the surface antigen
analysis to separate CD146-positive (CD146 + SHED) and negative (CD146-SHED) cells
using FACS Aria II Cell Sorter (BD Biosciences, San Jose, CA, USA). The separated cells
were cultured in α- minimum essential medium (α-MEM) at 37 ◦C in 5% CO2.

The remaining cells were not used for flow cytometry and were used for subsequent
experiments as an unsorted SHED group. Following the analysis of these surface antigens
by flow cytometry, the cells were merely sorted for CD146, only into CD146-positive and
CD146-negative SHEDs. Therefore, surface antigens other than CD146 were only analyzed
and not sorted. In subsequent experiments, three groups of CD146-positive and CD146-
negative SHEDs isolated by cell sorting and unsorted SHEDs without flow cytometry were
used. The resulting SHED cells were cultured separately. Thereafter, we examined the
proliferative and osteogenic differentiation activities of each of the five samples of SHED of
an individual.

4.3. Properties of SHED, CD146 + SHED, and CD146-SHED
4.3.1. Cellular Proliferative Capacity of SHED, CD146 + SHED, and CD146-SHED

The following variables were examined to compare and examine the cellular prolifera-
tive abilities of SHED, CD146 + SHED, and CD146-SHED.

Population Doubling Time

SHED isolated from deciduous pulp, and CD146 + SHED and CD146-SHED isolated
by cell sorting, were cultured in corresponding media, and passage-4 cells were seeded in
24-well plates (CORNING Inc., Corning, NY, USA; 1.0 × 104 cells/well) and cultured in
5% CO2 at 37 ◦C. Dead cells were stained with 0.4% trypan blue (MP Biomedicals, Santa
Ana, CA, USA), and the number of live cells was counted daily from day 1 to day 10 of
culture using a hemocytometer. Subsequently, a cell growth curve was generated, and the
logarithmic growth phase was defined as days 2–6. Population doubling time (PDT) was
calculated using the following equation [23].

PDT = (t − t0) log2/logN − logN0

where t0 indicates the time taken for the cell count and the number of cells at N, N0:t, t0.

Bromodeoxyuridine Cell Proliferation Assay

Cell growth ELISA and Cell Proliferation ELISA Bromodeoxyuridine (BrdU) kits
(Roche Diagnostics, Basel, Switzerland) were used. SHED, CD146 + SHED, and CD146-
SHED were seeded in 96-well plates (CORNING; 3 × 103 cells/well) and cultured at 37◦C
in 5% CO2. After 48 h of growth, the cells were incubated with BrdU for 24 h at 37 ◦C in 5%
CO2. The absorbance was measured at the wavelength of 375 nm using a microplate reader
(MultiskanTM FC; Thermo Fisher Scientific, Waltham, MA, USA).

4.3.2. Induction of Osteogenic Differentiation of SHED, CD146 + SHED, and CD146-SHED

SHED isolated from primary dental pulp, and CD146 + SHED and CD146-SHED
isolated by cell sorting, were cultured in corresponding media, and passage-4 cells were
seeded in 24-well plates (CORNING) coated with type I collagen (Nippon Ham, Osaka,
Japan; 1.0 × 104 cells/well) and cultured at 37 ◦C in a 5% CO2 incubator. After the
cells reached 80% confluence, 100 nM dexamethasone (Sigma-Aldrich), 0.2 mM ascorbate-
phosphate (Sigma-Aldrich), and 10 mM β-glycerolphosphate (Tokyo Kasei Kogyo, Tokyo,
Japan) were added to the cell culture media (D-MEM; Sigma-Aldrich). The osteogenic
differentiation-inducing media were changed every 2 days.
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4.4. Quantitative Real-Time Polymerase Chain Reaction Analysis

SHED, CD146 + SHED, and CD146-SHED were cultured at 37◦C under 5% CO2.
After the cells reached 80% confluence, induction of differentiation was initiated with the
osteodifferentiation induction medium described above. The cells were harvested before
induction, and at 21 and 28 days after induction. The mRNA expression levels of alkaline
phosphatase (ALP), osteocalcin (OCN, a bone transcription factor), and bone morphogenetic
protein-2 (BMP-2) were determined using quantitative real-time polymerase chain reaction
(RT-PCR) analysis with QuantiTect SYBR Green PCR master mix (Qiagen, Valencia, CA,
USA) with a LightCycler® 480 II instrument (Roche Diagnostics). Total RNA was extracted
from cells using an RNeasy Mini kit (Qiagen) and quantified using a NanoDrop One/Onec
spectrophotometer (Thermo Fisher Scientific, Inc., Waltham, MA, USA). RNA purity was
also assessed using this instrument based on the OD 260/OD 280 ratio; only samples
with an A260/A280 ratio of 1.5–2.0 were used for further analysis. Subsequently, 1 μg of
purified total RNA was reverse-transcribed to cDNA using a ReverTra Ace first-strand
cDNA synthesis kit (Toyobo, Osaka, Japan). RT-PCR was performed using Thunderbird
SYBR qPCR mix (Toyobo) with specific primer sets (Table 1).

Table 1. The sequence of each primer.

Gene Sequence (5′→3′)

GAPDH
Forward CCA CTC CTC CAC CTT TGA

Reverse CAC CAC CCT GTT GCT GTA

ALP
Forward ATG GTG GAC TGC TCA CAA C

Reverse GAC GTA GTT CTG CTC GTG GA

BMP-2
Forward AAC ACT GTG CGC AGC TTC C

Reverse CTC CGG GTT GTT TTC CCA C

OCN
Forward GCA GAG TCC AGG AAA GGG TG

Reverse GTC AGC AAC TCG TCA CAG

4.5. ALP Staining and Determination of ALP Activity

The cells were fixed on days 3, 7, 14, 21, and 28 after incubation with an osteogenic
differentiation medium, and ALP staining was performed using the following methods.
After fixation with 4% paraformaldehyde PBS (Fujifilm Wako Pure Chemical, Osaka, Japan)
for 10 min, the cells were incubated with PBS containing 0.05% Tween-20 (Roche Diagnos-
tics) (washing buffer). After removing the washing buffer, the cells were incubated with
ALP staining solution (Fujifilm Wako Pure Chemical Industries, Ltd.) at room temperature
under light-resistant conditions for 10 min.

For the quantitative testing of ALP, the cells were harvested on days 3, 7, 14, 21, and 28
using the pNPP Phosphatase Assay Kit (AnaSpec, Fremont, CA, USA) after incubation with
an osteogenic differentiation induction medium. The harvested cells were homogenized
using a Sonic Vibra Cell (Sonic & Materials, Newtown, CT, USA), and the supernatant was
collected and used as the sample. The sample was mixed with 50 μL of the pNPP substrate
solution in a 96-well plate (CORNING), and the absorbance was determined at a wavelength
of 405 nm using a microplate reader MultiskanTM FC (Thermo Fisher Scientific).

4.6. Calcium Deposition Analyses (Alizarin Red Staining)

After the cells were cultured with an osteogenic differentiation-inducing medium for
28 days, they were washed with PBS and 10 mM Tris-HCl (pH 7.5) with 0.9% NaCl. The
cells were fixed with 4% paraformaldehyde and stained with 1% Alizarin Red S (Kshida
Chemical, Osaka, Japan). The stained tissue sections were photographed and observed
using a BZ-X810 microscope (Keyence, Osaka, Japan). In addition, for quantification
analyses, the cells were incubated with a mixed solution of 10% acetic acid and 20%
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methanol at room temperature for 15 min after staining to elute the stained dye. The
eluate was added to a 96-well plate (CORNING), and the absorbance was determined at a
wavelength of 405 nm using a microplate reader Multiskan™FC (Thermo Fisher Scientific).

4.7. Statistical Analysis

All data are presented as mean ± standard deviation. The Kruskal–Wallis test, a
nonparametric test, was performed to analyze significant differences between the groups
using the software BellCurve® for Excel (SSRI; Tokyo, Japan). p < 0.05 and < 0.01 were
considered statistically significant.

5. Conclusions

In conclusion, the results indicated that CD146 + SHED has superior bone regeneration
ability compared with SHED and CD146-SHED. Moreover, CD146 affects the bone regener-
ation ability of SHED, and CD146 + SHED might be helpful for bone regeneration treatment.
Further studies are needed to elucidate the detailed mechanism of bone regeneration in
CD146 + SHED for the clinical application of SHED.
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Abstract: Interaction of oral bacteria with stem cells from the apical papilla (SCAP) can negatively
affect the success of regenerative endodontic treatment (RET). Through RNA-seq transcriptomic
analysis, we studied the effect of the oral bacteria Fusobacterium nucleatum and Enterococcus faecalis, as
well as their supernatants enriched by bacterial metabolites, on the osteo- and dentinogenic potential
of SCAPs in vitro. We performed bulk RNA-seq, on the basis of which differential expression
analysis (DEG) and gene ontology enrichment analysis (GO) were performed. DEG analysis showed
that E. faecalis supernatant had the greatest effect on SCAPs, whereas F. nucleatum supernatant
had the least effect (Tanimoto coefficient = 0.05). GO term enrichment analysis indicated that
F. nucleatum upregulates the immune and inflammatory response of SCAPs, and E. faecalis suppresses
cell proliferation and cell division processes. SCAP transcriptome profiles showed that under the
influence of E. faecalis the upregulation of VEGFA, Runx2, and TBX3 genes occurred, which may
negatively affect the SCAP’s osteo- and odontogenic differentiation. F. nucleatum downregulates the
expression of WDR5 and TBX2 and upregulates the expression of TBX3 and NFIL3 in SCAPs, the
upregulation of which may be detrimental for SCAPs’ differentiation potential. In conclusion, the
present study shows that in vitro, F. nucleatum, E. faecalis, and their metabolites are capable of up- or
downregulating the expression of genes that are necessary for dentinogenic and osteogenic processes
to varying degrees, which eventually may result in unsuccessful RET outcomes. Transposition to the
clinical context merits some reservations, which should be approached with caution.

Keywords: stem cells from the apical papilla (SCAP); regenerative endodontic treatment (RET);
osteogenesis; dentinogenesis; Enterococcus faecalis; Fusobacterium nucleatum; transcriptome analysis;
differential gene expression analysis (DEG)

1. Introduction

The oral cavity is an ecological niche for a diverse range of microorganisms, including
more than 700 bacterial species [1]. Microorganisms and their host live in a flexible balance
that risks disturbance if traumatic dental injuries (TDIs) or oral diseases such as dental
caries occur. Accordingly, if microorganisms penetrate dental structures and disturb host
cell homeostasis, it can lead to infection (pulpal necrosis), periapical inflammation, and
bone resorption (apical periodontitis) [2].

Int. J. Mol. Sci. 2022, 23, 14420. https://doi.org/10.3390/ijms232214420 https://www.mdpi.com/journal/ijms
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Pulpal necrosis in immature necrotic teeth demands challenging clinical procedures
that pose a risk to teeth’s long-term survival. Conventional treatment of immature necrotic
teeth includes apexification, which consists either of a long-term application of calcium
hydroxide (CH) [3] paste to induce an apical barrier or placement of mineral trioxide
aggregate (MTA) [4] to achieve closure of the root apex. These procedures, however, do
not result in promoting root development [5] and may increase susceptibility to cervical
fractures [6].

A currently promising therapeutic option—regenerative endodontic
treatment (RET)—encourages tissue regeneration by promoting continued root develop-
ment [7]. RETs are capable of regenerating vascular dental pulp tissue in animal models
and human patients by ex vivo expanded autologous tooth stem cells implanted from
deciduous teeth [8]. In this context, stem cells found at the apical papilla of the tooth
(SCAP) are a unique group of dental stem cells characterized by their plasticity, potency,
and versatility [9]. SCAPs have been shown to differentiate into osteo/odontoblast-like
cells, adipocytes, and chondroblasts [10]. Moreover, SCAPs have been proven to take part
in the processes of neurite outgrowth and axonal targeting, both in vitro and in vivo [11]. In
comparison with dental pulp stem cells (DPSCs) and bone marrow mesenchymal stromal
cells (BMMSCs), SCAPs show a higher proliferation rate and osteo/dentinogenic potential,
and express multiple osteogenic markers including dentin sialophosphoprotein (DSPP),
osteocalcin, and alkaline phosphatase (ALP) [12].

The presence of bacteria such as Streptococcus oralis and Actinomyces naeslundii and
their residuals in the root canal, even after disinfection methods [13], can jeopardize RET
success. In fact, micro-environmental conditions, such as pre-existing infection, seem to
influence the viability, proliferation, and mineralization capacity of SCAPs [14,15]. Previous
studies have confirmed that products from S. oralis J22 and A. naeslundii T14V-J1 inhibited
mineralization of human SCAPs [13]. Moreover, lipopolysaccharides (LPS) extracted from
Porphyromonas gingivalis resulted in a pronounced osteogenic response, since it significantly
upregulates bone sialoprotein gene expression [16].

In a previous study, we reported that key species in dental root canal infection, namely
A. gerensceriae, S. exigua, F. nucleatum and E. faecalis were able to modulate SCAPs under
oxygen-free conditions in a species-dependent fashion. Moreover, E. faecalis and F. nucleatum
reported the strongest binding capacity and significantly reduced SCAP proliferation [15].
As a diverse commensal and opportunistic bacterium, F. nucleatum participates in a variety
of interactions with other bacteria and human cells, and these interactions can vary from
helpful to damaging [17]. F. nucleatum is considered to be a key species in a biofilm
formation, supporting primary colonizers such as Streptococcus species, and providing a
low-oxygen microenvironment in the root canal, thereby protecting a secondary colonizer
such as P. gingivalis [18]. F. nucleatum has been highly correlated with traumatized teeth [19],
oral and extraoral human diseases such as periodontitis [20], endodontic infection [21],
inflammatory bowel disease [22], and colorectal cancer [23]. Recently, it was shown that
F. nucleatum, when exposed to immortalized primary colonic epithelium and vascular
endothelial cells, upregulated genes related to inflammation, downregulated genes related
to histone modification, and significantly remodeled chromatin states [24].

Enterococcus faecalis is associated with failed endodontic treatment [25] and is known
for its survival capacity even in harsh conditions thanks to its virulence factors (enterococcal
surface protein (esp), gelatinase (gelE), aggregation substance (asa1), cytolysin B (cylB) etc.)
and ability to form biofilms [17,26]. It was reported that E. faecalis biofilm downregulated
dentinogenic genes and upregulated osteoblastic genes in SCAPs [27]. E. faecalis is the most
frequently isolated bacterial species from symptomatic root canal-treated teeth, accounting
for up to 90% of cases [28]. Due to its ability to persist in harsh conditions with nutrient
destitution and high alkalinity and despite the presence of intracanal medication, E faecalis
is commonly found in secondary or chronic cases [29]. Forming a biofilm that is 1000-fold
more impervious than planktonic bacteria to the action of anti-microbials, E. faecalis repre-
sents a particular pathogenicity and eradication problem [17]. Moreover, E. faecalis promotes
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the differentiation of murine bone marrow stem cells into CD11c-positive dendritic cells
with aberrant immune functions while retaining the ability to induce proinflammatory
cytokines [30].

Transcriptome profiling by RNA sequencing (RNA-seq) has been widely used to
provide far higher coverage and greater resolution of the dynamic nature of the transcrip-
tome. Unlike the genome (which is usually the same for all cells of the same lineage), the
transcriptome can vary greatly depending on environmental conditions [31].

In the present study, we used RNA-seq transcriptomic analysis to reveal the alteration
of gene expression across the SCAP genome in the case of F. nucleatum and E. faecalis
stimulation, which lays a foundation for understanding the cellular changes induced
by bacterial stimulation. Furthermore, we searched for osteogenic- and dentinogenic-
associated genes expressed by SCAPs upon F. nucleatum and E. faecalis stimulation.

2. Results

2.1. Mapping and Quantifying SCAP Transcriptomes by RNA-Seq

A total of 109.7 GB of raw sequence data was generated from all fifteen samples
(Table 1). There were on average 49 million paired-end reads (2 × 150 bp) for each sample.

Table 1. RNA-seq data statistics. DI—SCAP donor I; DII—SCAP donor II; DIII SCAP donor III;
NB—non-treated SCAP; F.n_B—SCAP co-cultured with F. nucleatum; F.n._S—SCAP cultured with
F. nucleatum supernatant; E.f._B—SCAP co-cultured with E. faecalis; E.f._S—SCAP cultured with
E. faecalis supernatant.

Sample Type of
Treatment

Raw Data
(Read Count)

Clean Data
(Read Count)

Total Mapped
Reads

Total Mapping
Rate (%)

Percent of Genome Regions (%)

Exon Intron Intergenic

1 DI NB 43,633,856 43,606,890 43,210,852 99.1 93.0 2.5 4.5

2 DI F.n_B 54,476,736 54,444,824 53,964,109 99.1 93.3 2.4 4.3

3 DI F.n._S 42,956,122 42,933,526 42,576,137 99.2 93.7 2.0 4.3

4 DI E.f_B 55,629,374 55,600,608 54,824,199 98.6 88.9 5.9 5.2

5 DI E.f_S 55,430,062 55,401,924 54,885,257 99.1 92.3 3.2 4.5

6 DII NB 47,027,536 47,002,190 46,541,473 99.0 93.5 2.2 4.3

7 DII F.n_B 48,806,760 48,784,160 48,246,591 98.9 91.6 2.9 5.5

8 DII F.n._S 46,427,206 46,406,140 45,986,861 99.1 92.1 2.7 5.2

9 DII E.f_B 39,262,262 39,242,992 38,806,871 98.9 90.9 4.2 4.9

10 DII E.f_S 49,064,034 49,042,722 48,616,751 99.1 91.9 3.3 4.8

11 DIII NB 48,797,068 48,773,676 48,361,861 99.1 93.7 2.1 4.2

12 DIII F.n_B 52,910,564 52,883,784 52,349,588 98.9 93.2 2.5 4.3

13 DIII F.n._S 52,127,896 52,105,306 51,686,329 99.2 91.9 2.7 5.4

14 DIII E.f_B 46,191,244 46,171,130 45,806,664 99.2 90.8 4.2 5.0

15 DIII E.f_S 49,193,684 49,173,978 48,823,399 99.3 93.4 2.3 4.3

2.2. SCAP Transcriptome Elicits Distinct Profiles Based on Bacterial Stimulation

Principal component analysis (PCA) of the transcriptome profile of all 15 samples re-
vealed four major clusters based on treatment variants. PCA is a dimensionality-reduction
method, which helps to visualize differences between expressed gene profiles in controls
and in treated samples, and to find the patterns in a dataset. Different clusters are formed by
the transcriptomic profiles of SCAPs (donors I–III) treated by viable E. faecalis (planktonic
stage), E. faecalis (supernatant), and viable F. nucleatum (planktonic stage). However, the un-
stimulated SCAP (negative control) and SCAPs co-cultured with F. nucleatum supernatants
clustered together (Figure 1).
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Figure 1. Principal component analysis of various transcriptomic profiles of SCAPs under different
treatment conditions. SCAP donors are marked by shapes, and treatment variants are denoted by
colors. Suggested clusters are circled. The first principal component (PC1) shown on the x-axis
represents the most variation in the data, and the second principal component (PC2) on the y-axis
represents the second-highest level of data variation. The axes are ranked in order of importance:
differences along the PC1 axis are more important than differences along the PC2 axis.

2.3. E. faecalis Supernatant Has the Strongest Influence on SCAPs Whereas Supernatant of F.
nucleatum Has a Mild Effect

The transcriptome profile of uninfected versus infected SCAPs was compared using
differentially expressed genes (DEG) analysis.

As a result of DEG analysis of transcriptomic profiles of SCAPs under the influence of
bacteria or their supernatants, direct bacterial contact with E. faecalis resulted in differential
expression of 1350 genes, and its supernatant resulted in the differential expression of
1453 genes. Moreover, 1252 genes were identified as DEGs via treatment with viable
F. nucleatum, and only 135 genes by F. nucleatum supernatant infection (Figure 2).

Furthermore, differentially expressed genes (DEGs, p < 0.05 and log2 fold change > 1.5)
were used to compare SCAP gene expression patterns by different treatment variants. For
each comparison, the number of unique and shared genes was investigated, as shown in
Figure 3. First, a comparison of up- and downregulated genes after SCAP co-cultivation
with viable F. nucleatum and E. faecalis showed a similar number of co-upregulated genes;
191 genes in total. There were 207 genes which were commonly downregulated for direct
bacterial treatment with F. nucleatum and E. faecalis. A comparison of bacterial supernatant
treatments showed that the number of individually downregulated expressed genes was
much higher under the influence of E. faecalis supernatant (808) than after F. nucleatum
supernatant treatment (at 16). A difference in individually upregulated genes was also
observed: 563 genes for E. faecalis’s supernatant and 37 genes for F. nucleatum’s supernatant.
A higher number of differentially expressed genes (both up- or downregulated) would
have a higher influence on the SCAPs. In this context, E. faecalis’s supernatant has the
strongest influence on SCAPs. In contrast, F. nucleatum’s supernatant was characterized as
having a very mild effect on SCAPs.
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Figure 2. Venn diagram of SCAPs’ differentially expressed genes, by treatment variant. Data is
shown in absolute numbers of genes, where the differentially expressed genes (in relation to control)
in each treatment are compared with each other. Pooled data for SCAP (donors I–III): F.n_B: SCAP
co-cultured with F. nucleatum; F.n._S: SCAP co-cultured with F. nucleatum supernatant; E.f._B: SCAP
co-cultured with E. faecalis; E.f._S: SCAP co-cultured with E. faecalis supernatant.

Figure 3. Bar graph of pairwise comparison of differentially expressed genes (DEGs) in absolute num-
bers. F.n_B: SCAP co-cultured with F. nucleatum; F.n._S: SCAP cultured with F. nucleatum supernatant;
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E.f._B: SCAP co-cultured with E. faecalis; E.f._S: SCAP cultured with E. faecalis supernatant. DEG de-
gree of similarity was analyzed based on the Tanimoto coefficient (T; highest possible similarity = 1.0).
The genes that were up- or downregulated exceptionally for one of the compared profiles are named
as individual genes; shared genes that were up- or downregulated in both types of treatment are
named as similar genes.

The Tanimoto coefficient was used to assess the degree of similarity between each
compared pair of DEG profiles. A Tanimoto coefficient value of = 1.0 represents the highest
degree of similarity between the two sets of elements. Comparing different pairs of DEG
profiles, the highest Tanimoto coefficient, i.e., the greatest similarity between the two DEG
profiles, was found for a pair of E. faecalis bacterial and E. faecalis supernatant treatments
(T = 0.25). Accordingly, as the highest level of Tanimoto coefficient was 0.25 between treat-
ment variants, it is suggested that the investigated treatments influence SCAPs co-equally.

2.4. F. nucleatum Upregulates Immune and Inflammatory Response whereas E. faecalis
Downregulates Cell Division and Proliferation in SCAP

To investigate the function of the DEGs, gene ontology (GO) term enrichment analysis
was performed using the Database for Annotation, Visualization and Integrated Discovery
(DAVID). The GO analysis presented the top GO terms for upregulated and downregulated
DEGs sorted by p-value and categorized into biological processes as a functional group
(Figure 4).

 

Figure 4. Gene ontology annotation. Upregulated biological processes (red bars) and downregulated
processes (blue bars) sorted by p-value. Biological processes with the highest p-value are placed on the
bottom, with the smallest p-value on the top (for both up- and downregulated processes): (A) SCAPs co-
cultured with viable E. faecalis; (B) SCAPs co-cultured with E. faecalis supernatant; (C) SCAPs co-cultured
with viable F. nucleatum; and (D) SCAPs co-cultured with F. nucleatum supernatants. Biological processes
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(upregulated or downregulated) that were similar between treatment with planktonic bacteria and
corresponding supernatants are marked by red or blue frames, respectively. ER: endoplasmic reticu-
lum, STK: serine/threonine kinase, PERK: PKR-like ER kinase, ASP: apoptotic signaling pathway.

Co-culture of SCAPs with E. faecalis (planktonic and supernatant) leads to activa-
tion/downregulation of several analogous processes in SCAPs (Figure 4A,B). In this context,
the identical upregulated biological processes were responses to stress, positive regulation
of apoptotic processes, and oxidation-reduction processes (Figure 4A). Cell division, cell
cycle regulation, cell proliferation, and regulation of signal transduction by p53 were com-
monly downregulated biological processes in SCAPs co-cultured with viable E. faecalis and
its supernatant (Figure 4A,B).

Similarly, a set of identical biological processes was upregulated/downregulated in
SCAPs co-cultured with viable F. nucleatum and F. nucleatum supernatants. The identical
upregulated processes were apoptotic processes, inflammatory responses, cellular response
to lipopolysaccharides, and immune responses; whereas mitotic nuclear division was the
only commonly downregulated biological process (Figure 4C,D). It is worth mentioning
that despite the common regulated biological processes between direct and indirect bac-
terial contact, there was both up- and downregulation of biological processes that were
unique to each type of treatment. For example, only the F. nucleatum supernatant led to
the upregulation of the negative regulation of cell proliferation and downregulation of
cytokinesis processes (Figure 4D). Conversely, the supernatant of E. faecalis upregulated the
processes of positive regulation of cell proliferation, the cellular response to lipopolysac-
charides, the cellular response to hypoxia, etc.—processes that were not stimulated under
the direct E. faecalis stimuli (Figure 4B). Overall, F. nucleatum modulated SCAP through up-
regulated genes which were mainly involved in immune and inflammatory responses, and
downregulated genes mainly involved in the process of cell cycle regulation. Interestingly,
the effect of F. nucleatum supernatants on SCAPs was very mild and was evidenced by the
small gene count, as an exception among other treatment cases.

2.5. Osteogenic/Odontogenic Genes in SCAPs Are Strongly Influenced by F. nucleatum and
E. faecalis Associated with Endodontic Infections

Several genes were chosen for their role in the mineralization process and were
sorted into the following categories: dentinogenic, osteogenic cell surface, or osteogenic
intracellular and osteogenic secreted genes (Table 2). Accordingly, Figure 5 showed SCAP
transcriptomic analysis and corresponding genes that were up- or downregulated.

Table 2. Genes which were examined in the SCAP transcriptome, sorted by their function in osteoge-
nesis and dentinogenesis.

Gene Function Reference

D
e
n

ti
n

o
g

e
n

ic
g

e
n

e
s

Vascular endothelial growth factor A
(VEGFA)

Inducing proliferation and
differentiation of hDPSCs into

odontoblasts
Matsushita et al., 2000 [32]

Fibroblast growth factor 2 (FGF2) Potent regulator of mineralization

Roberts-Clark and Smith, 2000; Madan
and Kramer, 2005; Cooper et al., 2010;
Miraoui and Marie, 2010; Marie et al.,

2012; Smith et al., 2012 [33–38]

Platelet-derived growth factor C
(PDGFC)

Enhancement of
DPSCs proliferation, odontoblast

differentiation, and regeneration of
dentin–pulp complex

Tsutsui, 2020 [39]

Transforming growth factor β-1
(TGF-β1)

Importance in regulating reparative
dentinogenesis

Toyono et al., 1997; Piatelli et al., 2004;
Unterbrink et al., 2002 [40–42]
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Table 2. Cont.

Gene Function Reference
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m
a
rk

e
rs

Gamma-aminobutyric acid B receptor
1 (GABABR1) Negative regulation of

osteoblastogenesis Takahata et al., 2011 [43]

Gamma-aminobutyric acid B receptor
2 (GABABR2)

Parathyroid hormone 1 receptor
(PTH1R)

Committing MSCs to the osteoblast
lineage and promoting bone

formation
Yu et al., 2012 [44]

Receptor activator of nuclear factor-κB
(RANK) or TNFRSF11A

Suppression of osteoblast
differentiation Chen et al., 2018 [45]

Integrin alpha-V (ITGAV) Osteoblast differentiation promotion Cheng et al., 2001 [46]

Osteoclast-associated receptor
(OSCAR) Regulator of osteoclast differentiation Barrow et al., 2011 [47]

Activated leukocyte cell adhesion
molecule (ALCAM/CD166)

Immature osteoblast marker,
promotes osteoblast differentiation Hooker et al., 2015 [48]

O
st

e
o

g
e
n

ic
in

tr
a
ce

ll
u

la
r

m
a
rk

e
rs

Nuclear factor interleukin-3-regulated
(NFIL3)

Transcriptional repressor in
osteoblasts Hariri et al., 2020 [49]

Runt-related transcription factor 2
(RUNX2)

Essential for initial commitment of
MSCs to the osteoblastic lineage Camilleri et al., 2006 [50]

T cell immune regulator 1 (TCIRG1) Osteoclastogenesis regulation Zhang et al., 2020 [51]

WD repeat domain 5 protein (WDR5) Critical for MSCs osteogenic
differentiation Zhu et al., 2016 [52]

T-box 2 (TBX2) Positive regulation of osteogenic
differentiation

Govoni et al., 2009; Abrahams et al.,
2010 [53,54]T-box 3 (TBX3)

Distal-less homeobox 5 (DLX-5) Transcriptional regulation of
osteoblast differentiation Hassan et al., 2004 [55]

Early B cell factor 2 (EBF2) Inhibition of osteoblast differentiation Kieslinger et al., 2005 [56]

O
st

e
o

g
e
n

ic
se

cr
e
te

d
m

a
rk

e
rs

Signal peptide, CUB, and EGF-like
domain-containing protein 3

(SCUBE3)

Controlling growth, morphogenesis,
and bone and teeth development Lin et al., 2021 [57]

Type 1 collagen A (COL1A1) Early marker of osteoblast Kannan et al., 2020 [58]

Insulin-like growth factor binding
protein-3 (IGFBP-3)

Osteoblasts differentiation
suppression Li et al., 2013 [59]

Insulin-like growth factor binding
protein-4 (IGFBP-4) Osteoclastogenesis regulation Maridas et al., 2017 [60]

Secreted protein acidic and rich in
cysteine (SPARC)

Regulation of bone remodeling and
bone mass maintenance Rosset et al., 2016 [61]

SPARC-related modular
calcium-binding protein 1 (SMOC1)

Increases the expression of osteoblast
differentiation-related genes in BMSCs Choi et al., 2010 [62]

Acid phosphatase 5 (ACP5)
Promotion of odontoblast

differentiation and mineralization
during tooth development

Choi et al., 2016 [63]

Biorientation of chromosomes in cell
division1-like 1(BOD1L1)

Positive regulation of osteoblasts
differentiation Okamura et al., 2017 [64]; NCBI [65]

Aggrecan (ACAN) Bone tissue formation Viti et al., 2016 [66]

Tissue-nonspecific alkaline
phosphatase (ALPL)

Essential for bone mineralization;
osteoblast marker Nakamura et al., 2020 [67]

Biglycan (BGN) Modulation of osteoblast
differentiation Parisuthiman et al., 2005 [68]

Decorin (DCN) Key marker of odontoblasts Matsuura et al., 2001 [69]

Fibronectin 1 (FN1) Essential for osteoblast differentiation
and mineralization Globus et al., 1998 [70]

Bone morphogenetic protein (BMP2) Important in osteoblast differentiation Yang et al., 2012 [71]
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Figure 5. Up- and downregulation of genes associated with bone and dentin formation detected in
SCAP culture variants. Transcriptome analysis of SCAP mRNA from three donors was performed.
Gene expression is shown in log2 fold change. Blue boxes represent downregulation. Red boxes
represent upregulation.

The largest number of dentinogenic/osteogenic-associated genes were regulated
when SCAPs were exposed to E. faecalis supernatants. Vascular endothelial growth factor A
(VEGFA), fibroblast growth factors (FGF2), runt-related transcription factor 2 (RUNX2), T-
box transcription factor 3 (TBX3), and nuclear factor interleukin 3 (NFIL3) were upregulated
in comparison with non-treated SCAPs. In contrast, the parathyroid hormone 1 receptor
(PTH1R); WD repeat-containing protein 5 (WDR5); signal peptides; CUB domain and EGF-
like domain (Epidermal growth factor) containing 3 (SCUBE3); insulin-like growth factor-
binding protein 3 (IGFBP3); and collagen, type I, alpha 1 (COL1A1) were downregulated in
comparison with non-treated SCAPs.

Co-culture of SCAPs with viable E. faecalis led to the regulation of five osteogenic
genes. NFIL3, the T cell immune regulator gene 1 (TCIRG1), and gamma-aminobutyric acid
B receptor 1 (GABABR1) were upregulated, and WDR5 and IGFBP3 were downregulated.
In addition, five dentinogenic/osteogenic genes were regulated when SCAPs were exposed
to F. nucleatum. VEGFA, TBX3, and NFIL3 were upregulated, and WDR5, as well as T-
box transcription factor 2 (TBX2), were downregulated. Only one osteogenic-associated
gene was upregulated when SCAP was co-cultured with F. nucleatum supernatant (NFIL3).
Interestingly, NFIL3 was upregulated in all treatment variants (Figure 5).

3. Discussion

A transcriptome is the whole set of cell transcripts, and their quantity for a specific
stage of cell development or physiological state. Comprehension of cell transcripts as
transcriptomes is critical for development and disease conception, as well as for elucida-
tion of the functional aspects of the genome and in disclosing the molecular elements of
cells and tissues [72]. Through RNA-seq transcriptomic analysis, we managed to obtain
transcriptomic profiles of healthy SCAPs under the exposure of opportunistic bacteria of
the oral cavity and their metabolites. In this study, with the help of transcriptomic analysis,
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we established that the E. faecalis supernatant showed a distinguished stimulant effect on
the expression of osteo- and dentinogenic genes in SCAPs, compared with other treatment
types. In contrast, cells treated by F. nucleatum supernatants had the smallest effect on
the expression of these genes. This work on a cellular model of healthy SCAP modulated
by oral bacteria in vitro is an initial step towards understanding the complex processes
potentially occurring in the in vivo ecosystem of SCAP and oral bacteria.

Moreover, PCA analysis of the transcriptome profiles of SCAPs formed four clusters
founded by treatment variants. Three of these clusters were formed strictly by the treatment
variant: SCAPs under the direct bacterial influence of F. nucleatum; SCAPs treated with the
planktonic stage of E. faecalis; and SCAPs treated with E. faecalis supernatants. However, it
is noteworthy that SCAPs treated by F. nucleatum supernatant (donors I–II) and untreated
SCAPs (donors I–III) were grouped in one cluster.

In addition, differential gene expression analysis (DEG) has shown similarities between
up- and downregulated genes in E. faecalis and F. nucleatum in direct bacterial treatment.
However, when comparing the action of the supernatants of these bacteria, the number
of DEGs under the influence of the supernatant of E. faecalis was ten times higher than
DEGs under the influence of F. nucleatum supernatants. The similarity between the two
types of cell treatment was evaluated using the Tanimoto coefficient, which in this case was
the smallest (0.05). The low value of Tanimoto coefficient (0.06) in comparing direct and
indirect bacterial contact by DEG number confirmed the meager influence of F. nucleatum
supernatants on SCAP. The strength of the treatment’s influence on stem cells from the
strongest to the weakest was as follows: E. faecalis supernatant > E. faecalis bacteria > F.
nucleatum bacteria > F. nucleatum supernatant.

According to the search of gene ontology annotation, in between upregulated biologi-
cal processes, apoptotic processes were upregulated in all treatment variants: through both
direct contact with bacteria in the planktonic stage and through supernatants saturated
by bacterial metabolites. This means that the presence of bacteria in the planktonic stage
or secreted bacterial metabolites in the tooth at the investigated concentrations can possi-
bly lead to root aberration and failure of regeneration treatments, as was already shown
in several studies using other cells or models [73,74]. The key differences between the
influence of F. nucleatum (bacteria as well as supernatant) in comparison with E. faecalis
(bacteria as well as supernatant) on SCAPs were the upregulation of the immune and
inflammatory responses occurring only in the case of SCAP treatment with F. nucleatum
bacteria/supernatant. Intensification of inflammatory processes would lead to dentist at-
tention and improve the probability of improving the regenerative process [75], whereas the
effect of E. faecalis bacteria in either the planktonic stage or bacterial metabolites may not be
detected as quickly because it remains hidden from the immune response [76]. Chong et al.
demonstrated this on a mouse model with non-healing wounds infected with E. faecalis
that led to the suppression of the inflammatory cytokines, notwithstanding the immune
cell infiltration [77]. It was shown that the ability of bacteria to reduce proinflammatory
cytokine secretion is an intrinsic feature that reflects the degree of bacterial virulence [78].

Interestingly, the number of gene counts in the biological processes that were identified
via the gene ontology tool were shifted to the side of downregulated processes in the case
of SCAP co-culture with E. faecalis. If SCAPs were cultured in E. faecalis supernatant, bio-
logical processes were balanced between up- and downregulation. Upregulated biological
processes predominated if SCAPs were treated by F. nucleatum bacteria or its supernatant.
The decreased number of gene counts for upregulated genes could be an indication of cell
infection with pathogenic bacteria, as was reported by Stekel and co-authors on a model of
human intestinal epithelial cells [79].

It is noteworthy that the regulated biological processes found via the GO tool for
SCAPs co-cultured with bacteria and for SCAPs cultured in the supernatant from the
corresponding bacteria were not only similar, but also unique in their upregulated and
downregulated processes. This very likely indicates that the effect of bacteria on cells is me-
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diated not only by direct contact with microbial-associated molecular patterns (MAMP) [80],
but also, possibly, by secreted bacterial metabolites [81].

Recent findings considered SCAPs to be a new and promising source of stem cells for
regenerative endodontic treatments [9,82,83] which is why the key issue in the present study
was to examine the influence of two specified bacterial species, isolated from the root canal,
on the differentiation directions of SCAPs. To this end, 33 dentinogenic- and osteogenic-
related genes that were selected according to their role in mineralization processes (Table 2)
were examined in the transcriptomics/gene expression profile of non-infected SCAPs, after
which the expression of these genes was compared with gene expression profiles in the
treated groups. The selected genes were divided into two subgroups according to the
genesis of either dentin or bone (osteogenic or dentinogenic markers), and the subgroup of
osteogenic markers was further divided according to the marker’s location in the cell: on
the cell surface, intracellular, or secreted.

This study showed that direct bacterial treatment with SCAPs and the bacterial metabo-
lites of F. nucleatum affect the expression of dentinogenic and osteogenic intracellular-
associated genes in various ways. One important gene for dental pulp repair and reparative
dentine formation—VEGFA—was upregulated only in the group that underwent direct
bacterial treatment with F. nucleatum. Mendes et al. showed that F. nucleatum was able to
induce an immune response in endothelial cells and increase VEGF cell secretion, but the
expression of this gene at the mRNA level was lower [84]. Immunohistochemical data of
cells from the inflammatory infiltrate of irreversible pulpitis showed strong positive VEGF
expression [85]. Despite the fact that VEGF is important for pulp healing and angiogenesis
in general [86], stimulation of the expression of this gene by F. nucleatum may indicate an
inflammatory process in SCAPs, since angiogenesis may in fact increase the severity of the
inflammatory process [85].

We have furthermore shown that direct bacterial contact of SCAPs with F. nucleatum
leads to upregulated expression of two other osteogenic intracellular markers: TBX3 and
NFIL3. A previous study conducted by Govoni et al. had demonstrated that TBX3 inhibits
mineralization of osteoblast cells on mouse pre-osteoblast cells [53]. Another upregulated
gene—NFIL3—was found to be upregulated in all variants of SCAP treatment and the only
osteogenic gene that was regulated in the case of SCAP culture in F. nucleatum supernatant.
Besides the involvement of NFIL3 in the development of the innate immunity cells in a
mouse model [87], it has been shown that NFIL3 can act as a transcriptional repressor in
osteoblasts while exhibiting differential activity as an activator in osteocytes on mouse
osteoblastic cell lines [49].

However, direct bacterial contact of F. nucleatum with SCAPs resulted in the down-
regulation of two genes, WDR5 and TBX2. It should be noted that downregulation of the
expression of these genes was also observed under direct and indirect bacterial exposure
to E. faecalis. Studies show that the expression of these genes works as a stimulator of the
canonical Wnt pathway, and therefore acts as a stimulus for differentiation of odonto- and
osteoblasts [52,88].

Concerning the other treatment group, E. faecalis’s bacterial suspension and super-
natant, it was shown that the supernatant of these bacteria modulated SCAPs to a greater
extent. Direct bacterial stimulation of SCAPs with E. faecalis resulted in the upregulation
of three genes: GABABR1, TCIRG1 and NFIL3. To date, there is no data on how the ex-
pression of these genes affects the osteo/odontogenic potential of SCAP, but it is known
that the secretion of these factors may indicate an inflammatory process and inhibition of
osteoblastogenesis [43,49,89].

Interestingly, it was the indirect effect of E. faecalis on SCAPs (via the bacterial super-
natant) that resulted in the greatest influence on the transcriptomic SCAP profile. Only
in the case of indirect bacterial contact was the expression of VEGF and FGF2 observed.
As mentioned before, VEGF is important both in angiogenesis and osteogenesis; however,
recent studies show that overexpression of VEGF by dental pulp cells exposed to gram-
positive bacterial toxins may, in the long run, lead to pulp necrosis owing to intra-pulpal
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pressure caused by VEGF [90]. The upregulated expression of RUNX2, TBX3, and NFIL3
indicate that under the influence of E. faecalis, SCAPs’ differentiation potential may be
affected negatively [91]. We strongly emphasize the observation that only this treatment
option caused the upregulation of RUNX2. RUNX2 could be activated by the mitogen-
activated protein kinase (MAPK) pathway, and in turn this pathway could be stimulated
by cell treatment with the osteogenic growth factor, FGF2 [92]. Since in the present study
FGF2 expression was found to be upregulated only in the E. faecalis supernatant treatment
option, we can assume that RUNX2 is being activated and it can induce differentiation to
osteoblasts instead of odontoblasts [91]. In addition, with E. faecalis supernatant treatment,
the downregulation of PTH1R, SCUBE3, COL1A1m, which are important for osteogenic
differentiation, was shown [57,93–95]. Furthermore, it is worth noting that the expression
of the IGFBP3 gene was downregulated in this type of SCAP treatment, and a recent study
by Aizawa et al. in a mouse model showed that IGFBP3 is required for pre-odontoblast
differentiation [96].

Additionally, the transcriptomic analysis is very specific, sensitive, and reproducible,
and allows for the assay of multiple samples simultaneously [72].

SCAPs are a promising source of local stem cells, which could be used for regenerative
endodontic treatment (RET) of traumatic dental injuries to immature teeth [97]. Trau-
matic dental injuries create the possibility for oral bacteria, which exist in the planktonic
stage, to come into direct contact with SCAP cells [98] through the surface components of
bacteria (flagella, pili, surface layer proteins, capsular polysaccharides, lipoteichoic acid,
lipopolysaccharides) via SCAPs’ toll-like receptors (TLR). This then regulates several sig-
naling pathways, such as nuclear factor B (NF-κB) and mitogen-activated protein kinases
(MAPK), as was shown on epithelial cells [99,100]. The dysregulation of the latter pathway
leads to diminishment of the mineralization processes in human dental pulp stem cells
(DPSCs) [101,102].

However, oral bacteria exist in most cases in the oral cavity in the form of biofilms and
can continuously secrete metabolites produced by bacteria, such as vesicles, extracellular
proteins, organic acids, indoles, etc. Those metabolites can easily reach the SCAPs in the case
of traumatic dental injury and, probably, stimulate signaling cascades and the production
of specific cytokines and chemokines, which then up- or downregulate inflammation,
resulting in a changed microenvironment which can influence regeneration [27,103–105].
The success of regenerative endodontic treatment depends on a better understanding of
the consequences of SCAPs’ and live bacteria’s direct interaction in comparison with SCAP
stimulation by bacterial metabolites alone.

Our results presume rigorous disinfection procedures in the case of traumatic dental
injuries to be one of the keys to successful regenerative treatment. One limitation of this
study is the short duration of cell exposure to different treatment options (with a longer
exposure, the processes of cell death began to prevail due to live bacteria), which prevented
us from seeing the development and the result of the differentiation process.

Undoubtedly, the influence on healthy SCAPs by bacteria, which are most often
isolated from infected root canals, is improperly perceived as a model of an infected injured
tooth; however, interest in and feasibility of the total elimination of the two proposed
opportunistic bacteria merits further discussion on the one hand, and on the other hand
so do the interactions of these two bacteria with other species of the oral microbiota.
Thus, from a translational perspective, our investigations suggest that further studies
investigating not only one species but a cell–microbiota interaction may be warranted in
order to mimic the complex clinical situation.

Furthermore, extrapolating the results to mimic the situation of a chronic process
should be done with care, as we are using an in vitro system. Nevertheless, our method
still provides useful information to increase understanding of in vivo processes.

In summary, the differentiation of tissue-specific MSCs, such as SCAPs to osteoblasts,
is a very complex process that is finely orchestrated by a number of cytokines, chemokines,
signaling molecules, and mechanical stimuli. Such a stimulus should be applied at specific
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time points of the differentiation process [106,107]. In the previous study, we showed that
F. nucleatum stimulates the inflammatory response of SCAP, whereas E. faecalis reduces
it and decreases the level of the key proteins of Wnt/β-Catenin and NF-κB signaling
pathways that are important for bone formation [98]. In the present study, stem cells were
exposed to bacteria at the planktonic stage or to the corresponding bacterial supernatant
over a 24 h period in vitro. Direct and indirect bacterial stimulation of cells led to a change
in the transcriptomic profile of SCAPs, namely up- and downregulation of genes, changes
in the levels of which may adversely affect the processes of osteo- and dentinogenesis.

4. Materials and Methods

4.1. Cell Isolation and Culture

In this study, we used three clinical isolates obtained from impacted human teeth
(n = 3; two lower jaw third molars and one upper jaw canine) from three healthy patients
(one male and two females with mean age of 17 years and a range 11–20 years), due to
retention and/or lack of space in orthodontic treatment [10,108]. The authenticity of the
multipotent stromal cells was confirmed by the presence of CD73, CD90, CD105, and
CD146, and the absence of CD11b, CD19, CD34, CD45, and HLA-DR. Detection was
performed with PE-conjugated antibodies against the above-mentioned markers by flow
cytometry (FCM, Becton Dickinson, Accuri C6), and analyzed with FlowJo Software V9.
The multipotency and stemness of isolated SCAPs from these donors, in a step toward
adipogenic and osteogenic differentiation, were previously published [15]. Collection,
culture, storage, and usage of all cell lines were approved by the local research ethics
committee at Umeå University (Reg. no. 2013-276-31M).

The SCAPs we used in this study were isolated 4–5 years ago and cryo-preserved in
cryomedium (90% FBS and 10% DMSO). SCAPs were brought back from cryopreservation
and grown until 95% confluency in cell culture medium α-MEM, GlutaMAX™ GIBCO
(ThermoFisher (Lifetech), Waltham, MA, USA, #32561029), supplemented by a 10% FBS
and 1% Penicillin-Streptomycin solution (Merck (Sigma-Aldrich, St. Louis, MO, USA) #
P0781). Cells were harvested using trypsin/EDTA solution (Merck (Sigma-Aldrich) #T3924),
counted by Countess II Automated Cell Counters (ThermoFisher Scientific) according to
the manufacture’s protocol, and seeded at a cell density of 2 × 104 cells/mL into 10 cm
cell culture dishes, and kept in the cell incubator at +37 ◦C with 5% CO2 overnight until
adherence. SCAP cells (4th passage) were used for the experiments.

4.2. Bacterial Strains and Culture Conditions

We used clinical isolates of F. nucleatum subsp. polymorphum and E. faecalis (Table S1)
obtained from root canal samples of traumatized necrotic teeth of young patients that
were referred to the Endodontic Department, Region Västerbotten, Sweden (Reg. no.
2016/520-31) in this study. Sample collection, processing, and characterization of isolates
was performed as previously described [19]. Briefly, samples were collected from root
canals under strict aseptic conditions. Before entering the pulp space, a rubber dam was
applied and the tooth, clamp, and dam were disinfected with hydrogen peroxide (30%)
and tincture of iodine (5%). The contents of the root canal were absorbed into sterile paper
points. The paper points were then moved to a TE buffer followed by culturing in anaerobic
conditions on Fastidious Anaerobe Agar (FAA) (Svenska LabFab) for one week. Colonies
with different phenotypic patterns were selected from each plate, amplified by PCR, and
sequenced to identify bacterial species [13]. Sequences were compared with the eHOMD
database (Expanded Human Oral Microbiome Database, Forsyth, (http://www.ehomd.org
(accessed on 9 February 2017) for detection at the species level with >98.5% sequence
similarity with regard to their 16S rRNA genes.

The cryostocks of the designated species were preserved in 20% sterile skimmed
milk and stored at −80 ◦C until needed for experiments. Bacteria were removed from the
cryostocks and passaged on Fastidious Anaerobe Agar (FAA) (Svenska LabFab, Söderhamn,
Sweden) medium supplemented with 5% citrated bovine blood (Svenska LabFab FIE
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34200500) and 16 μg/L of vitamin K (Sigma-Aldrich M5850) in an anaerobic atmosphere
(10% CO2, 10% H2, 80% N2) at +37 ◦C for 5–7 days.

Bacteria were then harvested and resuspended in cell culture medium MEM-α en-
riched with 10% FBS. Optical density of each bacterial suspension was adjusted by spec-
trophotometer at 600 nm to 1.0 (corresponds to 1 × 108 CFU/mL). Bacterial suspensions
were used directly in the co-culture experiment with SCAPs or for preparation of bacterial
supernatants. Bacterial strains were quantitatively inoculated in MEM-α supplemented
with 10% FBS in order to have the equivalent of multiplicity of infection (MOI) equal to 100.
Each strain was grown individually over 24 h in anaerobic conditions at +37 ◦C. Bacteria
were then pelleted by centrifugation at 10.000× g for 10 min at 4 ◦C and supernatants
enriched by bacterial metabolites (hereafter referred to as ‘bacterial supernatants’) were
filtrated through a sterile syringe filter with 0.22 μm pore size (Fisher Scientific #10268401),
aliquoted, and stored at −80 ◦C until use.

4.3. SCAP Infection by Bacterial Strains: Co-culture Experiments

Species of E. faecalis and F. nucleatum were used in this study because of their strong
binding capacity and proliferation effects on SCAPs [15]. Viable bacteria in the plank-
tonic stage and bacterial supernatants were analyzed in the following treatment variants:
(i) SCAPs (donors I–III) co-cultured with viable F. nucleatum (planktonic stage); (ii) SCAPs
(donors I–III) co-cultured with viable E. faecalis (planktonic stage); (iii) SCAPs (donors I–III)
co-cultured with F. nucleatum (supernatant); (iv) SCAPs (donors I–III) co-cultured with
E. faecalis (supernatant); and (iv) SCAPs (donors I–III) without bacterial infection, used
as controls.

Previous study showed that selected bacterial species modulated SCAP cytokine
secretion only after 24 h of co-cultivation [15]. Based on the results of the previous study,
SCAPs were cultured in an anaerobic atmosphere (10% CO2, 10% H2, 80% N2) at +37 ◦C for
24 h. For the co-culture experiments, viable bacteria or their supernatants were resuspended
in antibiotic-free cell culture medium and adjusted to MOI 100 on SCAPs as previously
described [15]. MOI 100 was determined to be an effective concentration of bacteria per
cell, by both the dose response test and the neutral red cytotoxicity test [15].

4.4. RNA Extraction and Quality Evaluation

After bacteria or supernatants were co-cultured with SCAP for 24 h, cell monolay-
ers were washed with PBS and detached via a trypsin/EDTA solution. Collected cells
were treated using an RNA stabilizer (RNAprotect Cell Reagent Qiagen, #76526) and
kept overnight at +4 ◦C. The next day, collected cell samples were lysed and homoge-
nized (QIAshreder Qiagen, #79654). RNA extraction was performed using a RNeasy Mini
Kit (RNeasy Mini Kit, Qiagen, #74104) according to the manufacturer’s protocol with an
additional step of on-column treatment by DNase for elimination of residual DNA contam-
ination (DNase I, RNase-free, ThermoFisher Scientific #EN0521). The quality of isolated
RNA (yield, purity, and integrity) was assessed using an Agilent 2100 instrument (Agilent
Technologies, Santa Clara, CA, USA).

mRNA extraction, conversion to complementary DNA (cDNA), and sequencing library
preparation (150 nucleotides) were performed by Novogene Bioinformatics Technology Co.,
Ltd. (Beijing, China). The RNA integrity number (RIN)—an important tool in conducting
valid gene expression measurement experiments—satisfied the quality requirements for
transcriptomic analysis (mean 9.13) (Table 3). Thus, good RNA quality assessment is
considered one of the most critical elements in obtaining meaningful gene expression data
via transcriptomics [109]. Agarose gel electrophoresis confirmed that none of the samples
were contaminated by DNA or protein and that the RNA was intact and showed two sharp
28S and 18S rRNA bands (Figure S1).
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Table 3. Characteristics of total RNA extracted from the designated sample. The ‘No Bacteria’ type of
treatment should be considered a control.

Sample SCAP Source Treatment Concentration, pg/μL
Absorbance Ratio

260/280
RNA Integrity

Number

1 Donor I No Bacteria 4405 2.086 9.9
2 Donor I F. nucleatum B * 3737 2.113 9.4
3 Donor I F. nucleatum S ** 3016 2.088 9.1
4 Donor I E. faecalis B 3977 2.089 6.4
5 Donor I E. faecalis S 3078 2.102 9.8
6 Donor II No Bacteria 4791 2.097 9.8
7 Donor II F. nucleatum B 6566 2.123 9.2
8 Donor II F. nucleatum S 5288 2.096 10.0
9 Donor II E. faecalis B 5208 2.087 8.0
10 Donor II E. faecalis S 4465 2.080 9.5
11 Donor III No Bacteria 4193 2.068 10.0
12 Donor III F. nucleatum B 4929 2.058 8.7
13 Donor III F. nucleatum S 4673 2.064 9.5
14 Donor III E. faecalis B 4871 2.068 7.6
15 Donor III E. faecalis S 4089 2.069 10.0

* B: bacteria, ** S: supernatants.

4.5. Transcriptomic Analysis, Data Preprocessing and Bioinformatics

The paired-end reads obtained from NovaSeq were checked for quality using FastQC [110].
Initially, we pre-processed the RNA-seq data from our fifteen samples using Cutadapt
(v3.1) [111] by trimming reads containing adapter and poly-N sequences and low-quality
raw data reads. All downstream analyses were based on clean data of high quality. The
trimmed reads were aligned separately to the human genome by HISAT2 (v2.2.1) [112] using
default parameters. The genome sequences and the human annotations (GRCh38.p13) were ob-
tained from the NCBI genome database (https://www.ncbi.nlm.nih.gov/genome, accessed on
5 March 2021). Post-alignment QC metrics were generated using RSeQC (v2.6.4) [113], which
detected junctions, read distribution, experiment type, and ribosomal contamination [114].

For quantitation of the mapped read numbers of each gene we used FeatureCounts
(subread v2.0.0). Differential expression analysis was performed using DESeq2 (v1.32) [115].
Differentially expressed genes were those whose expression changed at least 1.5 times at the
log2 level compared with the expression of genes in the control group, and those who had
a level of statistical significance of p < 0.05. For clarity, DEGs exhibiting higher levels of ex-
pression in treated samples compared with controls were designated as ‘highly regulated’,
whereas those exhibiting the opposite ratio were designated as ‘reduced’. Unwanted varia-
tion was removed using the removeBatchEffects function from Limma (v3.48.3) through
technical heterogeneity [116]. DESeq2 was used to compute a VST (variance stabilizing
transformation) of the original count data for visualization in principal component analysis
(PCA) using R (4.0.3). Variability due to the three replicate data sets being higher (Figure S2),
referred to as ‘batch effects’, was corrected using the ‘Limma’ R package [116] prior to fur-
ther analysis to avoid introducing biologically irrelevant signals into the high-throughput
data and misleading conclusions [117].

The Database for Annotation, Visualization and Integrated Discovery (DAVID; ver-
sion 6.8; david.ncifcrf.gov/ (accessed on 20 April 2021)) was used to perform GO (www.
geneontology.org (accessed on 20 April 2021)) enrichment; p < 0.05 was considered to
indicate a statistically significant difference [118–120].

A Tanimoto coefficient was used to assess the degree of similarity between each
compared pair of DEG profiles. A Tanimoto coefficient ranges from 0 (no similarity) to
1 (high similarity), where values greater than 0.85 reflect a high probability of similarity
between the two sets of elements [121].
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Abstract: This study was aimed at engineering photocrosslinkable azithromycin (AZ)-laden gelatin
methacryloyl fibers via electrospinning to serve as a localized and biodegradable drug delivery
system for endodontic infection control. AZ at three distinct amounts was mixed with solubi-
lized gelatin methacryloyl and the photoinitiator to obtain the following fibers: GelMA+5%AZ,
GelMA+10%AZ, and GelMA+15%AZ. Fiber morphology, diameter, AZ incorporation, mechanical
properties, degradation profile, and antimicrobial action against Aggregatibacter actinomycetemcomitans
and Actinomyces naeslundii were also studied. In vitro compatibility with human-derived dental pulp
stem cells and inflammatory response in vivo using a subcutaneous rat model were also determined.
A bead-free fibrous microstructure with interconnected pores was observed for all groups. GelMA
and GelMA+10%AZ had the highest fiber diameter means. The tensile strength of the GelMA-based
fibers was reduced upon AZ addition. A similar pattern was observed for the degradation profile
in vitro. GelMA+15%AZ fibers led to the highest bacterial inhibition. The presence of AZ, regardless
of the concentration, did not pose significant toxicity. In vivo findings indicated higher blood vessel
formation, mild inflammation, and mature and thick well-oriented collagen fibers interweaving
with the engineered fibers. Altogether, AZ-laden photocrosslinkable GelMA fibers had adequate
mechanical and degradation properties, with 15%AZ displaying significant antimicrobial activity
without compromising biocompatibility.

Keywords: antimicrobial; electrospinning; dentistry; drug delivery; endodontics; fibers

1. Introduction

Dental trauma and caries are the most prevalent causes of pulp necrosis, leading to
tooth loss if left untreated [1]. It is well recognized that pulpal necrosis in permanent teeth
with incomplete apex development presents a severe danger of fracture and therefore de-
creases the long-term survival [2,3]. To diminish this issue, the indication of the once termed
revascularization technique to treat necrotic immature teeth has been documented during
the last decade [4]. Briefly, this two-step regenerative-based technique first includes disin-
fecting the root canal system with irrigation solutions and minimal instrumentation, then
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placing an intracanal medication containing antibiotics to eliminate and restrict bacterial
growth to improve the regenerative outcomes [5–8].

Although regenerative endodontics constitutes a fairly modern clinical domain and has
matured over the last two decades, the topic still presents unstudied potential therapeutics
for immature permanent teeth with pulp necrosis [9]. For instance, recent advances in
electrospinning technology have made the synthesis of natural and/or synthetic polymer
scaffolds and drug delivery systems feasible, with significant clinical potential to manage
endodontic infection prior to regenerative procedures [7,10,11].

Gelatin methacryloyl (GelMA) is a semi-synthetic biocompatible, degradable, and
tunable hydrogel that mimics many essential characteristics of the native extracellular
matrix (ECM). Furthermore, GelMA contains cell binding and matrix metalloproteinase
(MMP)-sensitive degradation sites and has shown great potential in drug delivery and
regenerative medicine [12,13]. From a chemical standpoint, GelMA is synthesized by replac-
ing the amine-containing side groups of gelatins with methacrylamide and methacrylate
groups [14,15]. Importantly, due to its hydrophilicity, GelMA can be incorporated with
distinct compounds, including but not limited to antibiotics and other clinically relevant
therapeutic agents (e.g., dexamethasone-loaded clay nanotubes) [14–16]. Notably, when
combined with a photoinitiator, customarily 2-Hydroxy-1-(4-(2-hydroxyethoxy)phenyl)-2-
methylpropan-1-one (IrgacureTM 2959) and ultraviolet (UV) light with appropriate intensity
and wavelength, the GelMA precursor undergoes radical polymerization to generate a
covalently crosslinked fibers network [12]. Regrettably, the use of UV light has been proven
to evoke several biological deleterious effects, such as DNA damage by pyrimidine dimer-
ization or the production of reactive oxygen species (ROS), leading to oxidative damage
to DNA, accelerated tissue aging, and immunosuppression [17]. Nonetheless, it has been
recently established that when using a proper solvent, GelMA can be employed into the
fabrication of photocrosslinkable (UV) nanofibers [15]; however, aside from the stated
phototoxic effects, UV light penetrates tissues, hydrogels, and fibers only to a limited
extent, posing a further barrier to its medical uses [12]. Collectively, these issues have
prompted scientists to examine the use of higher-wavelength light, such as visible light,
combined with a photoinitiator that can be triggered at those wavelengths [12]. In this way,
lithium phenyl(2,4,6-trimethylbenzoyl)phosphinate (LAP), a colorless, single-component
initiation system with strong thermal stability and good solubility, which can be triggered
by conventional dental curing light, has garnered substantial notice [18].

Azithromycin (AZ) is a semi-synthetic, acid-stable second-generation macrolide an-
tibiotic with a 15-membered azlactone ring, demonstrating a broad spectrum of bacte-
riostatic action and enhanced pharmacokinetics, and is clinically proven to be effective
against Gram-positive, Gram-negative, and atypical infections [19]. Interestingly, in a
recent study assessing the effect of AZ on pre-existing experimental periapical lesions, the
antibiotic-modulated macrophage polarization from pro-inflammatory (M1) macrophages
to pro-resolving (M2) macrophages led to the resolution of periapical inflammation through
its immunomodulatory effect [20].

In the present study, we detail for the first time the development of visible-light
photocrosslinkable GelMA electrospun fibers loaded with azithromycin as a biodegradable
and biocompatible localized drug delivery system for endodontic infection control. Herein,
we hypothesized that a combination of LAP-triggered photocrosslinked GelMA fibers
with optimal azithromycin content would lead to significant antimicrobial action against
endodontic pathogens, with acceptable toxicity to dental pulp stem cells and minimal
inflammatory effects upon subcutaneous implantation of the engineered AZ-laden GelMA
fibers in rats.

2. Results

2.1. Morphological and Chemical Characteristics

A bead-free fibrous network with interconnected pores was observed for all groups
(Figure 1). The diameters of GelMA+5%AZ and GelMA+15%AZ electrospun fibers ranged
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between 0.66 ± 0.18 μm and 0.83 ± 0.34 μm and were considerably smaller (p < 0.05)
than pure GelMA fibers (1.08 ± 0.40 μm). At the same time, the fiber diameter of the
GelMA+10%AZ fibers (1.01 ± 0.34 μm) did not differ from the control group (p < 0.05).

Figure 1. (Left) Representative scanning electron microscopy (SEM) images of the electrospun azithromycin-laden
gelatin methacryloyl and the pure (antibiotic-free) GelMA fibers. (Right) Histograms showing the fiber
diameter frequency and average fiber diameter (AFD) with standard deviation.
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The FTIR analysis and interpretations of peaks for pure GelMA and different AZ
concentrations before and after photocrosslinking are presented in Figure 2. The character-
istic peaks of AZ at 3493.03, 1719.9, 1249.85, and 1082.15 cm−1 correspond to the hydroxyl
group, H-bonded OH, ketone carbonyl compound, aromatic ethers, aryl -O stretch, and
organic sulfates [21]. All four similar characteristic peaks were present in uncrosslinked
fibers; 3285.51–3307.80, 1645.29–1650.39, 1242.73–1243.73, and 1080.57–10.80.92 cm−1. The
spectrum of AZ has characteristic peaks at 2907, 1720, 1363, 1190, 1108 cm−1, and about
1350 corresponded, respectively, to C-H (methyl group) stretching, C=O stretching, C=C bending,
C-O-C asymmetrical stretching, C-O-C symmetrical stretching, and C-N stretching.

Figure 2. Fourier transform infrared spectroscopy (FTIR) spectra of (A) uncrosslinked and (B) crosslinked
GelMA-based fibers.

Regarding pure GelMA fibers, peaks at 3288 cm−1,1640 cm−1, 1650 cm−1, and 1530 cm−1

correspond to O-H and N-H stretching, C=C stretching of the methacrylate group, C=O stretching
of the amide group, and N-H bending coupled to C-H stretching of the amide group,
respectively. Peaks for AZ between 100–1300 cm−1 are present for the GelMA+AZ groups,
particularly for crosslinked groups. Conversely, azithromycin’s main peak at 1720 cm−1 is
unclear in the GelMA+AZ groups, possibly because of the chemical reaction between the
methyl group of AZ (CH3) and the methacrylate group of GelMA (C=C).

2.2. Mechanical Properties and Degradation Profile

The tensile strength of the electrospun samples (in MPa) decreased, along with the ascend-
ing concentration of the added AZ as follows: 1.17 ± 0.35 (GelMA), 0.76 ± 0.24 (GelMA+5%AZ),
0.66 ± 0.27 (GelMA+10%AZ), and 0.53 ± 0.28 (GelMA+15%AZ). The tensile strength of the
GelMA fibers was significantly (p < 0.05) higher than GelMA+10%AZ and GelMA+15%AZ.
Meanwhile, all the AZ-laden GelMA fiber groups did not show significant differences in
strength between them (Figure 3A). Young’s modulus was significantly reduced by adding
AZ to the GelMA fibers. However, no differences were found comparing the three distinct
AZ concentrations (Figure 3B). When the elongation at break was evaluated, pure GelMA
and GelMA+5%AZ exhibited similar values and were significantly (p < 0.05) higher than
GelMA+10%AZ or GelMA+15%AZ (Figure 3C). The degradation profile for the synthesized
GelMA-based fibers is shown in Figure 3D. All the groups had a higher mass loss in the
first three days of PBS incubation. The greater degradability values were associated with
groups loaded with higher AZ concentrations (p < 0.0001). Pure GelMA lost ~5% of mass
by day 3, and the GelMA+15%AZ fibers lost about 33% of the mass, followed by 25% and
12% mass loss for 10% and 5% AZ-laden GelMA fibers, respectively. It is important to
note that all groups remained stable after reaching a plateau from day 3 until day 14 with
minimal mass loss variation.
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Figure 3. Mechanical analyses of the engineered GelMA-based electrospun fibers laden with 3 distinct
amounts of azithromycin. (A) Tensile strength in MPa; (B) Young’s modulus in MPa; (C) Elongation
at break in %; and (D) Degradation profile over 14 days in %. (E) Release profile of AZ from
GelMA+15%AZ fibers over 5 days. Data are shown as mean and standard deviation.

2.3. Drug Release

The in vitro release profile of azithromycin from the GelMA+15%AZ fibers is shown in
Figure 3E. A burst release of AZ was observed in the first 24 h, reaching 17.8 ± 0.04 μg/mL.
From day 1 to day 3, an 8% increase in the antibiotic release was noticed, attaining
19.4 ± 0.23 μg/mL. From day 3 to day 5, there was a slight decrease in the AZ release
compared to day 3, achieving 18.72 ± 0.36 μg/mL.

2.4. Cytocompatibility

Determining the in vitro cytotoxicity of our novel GelMA-based fibers is essential to
supporting its potential application as a localized drug delivery system for endodontic
infection control. Here, we investigated the cytocompatibility of the fabricated AZ-laden
GelMA-based fibers with hDPSCs. The results are shown in Figure 4A as the viability
percentage of each group using the control group (cells seeded but without any aliquots)
as 100%. Compared with the pure GelMA group, the number of surviving cells decreased
after exposure to the aliquots collected on day 1 for AZ concentrations at 5 and 10%. The
same pattern was observed for aliquots collected on day 3, with the 15% AZ group showing
the highest decrease (p = 0.0002), which was significantly distinct from 10% AZ (p = 0.0004).
For aliquots collected on day 7, a viability plateau of around 70% was reached for all
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tested groups, without differences. For aliquots collected on day 14, the AZ-laden fibers
demonstrated slightly higher viability than pure GelMA, with the GelMA+15%AZ group
displaying significant (p = 0.0298) differences.

Figure 4. (A) Graphic representation of mean and standard deviation of hDPSCs cell viability (%)
determined after 72 h using aliquots collected at 1, 3, 7, and 14 d. The percentage of cell viability
was normalized by the mean absorbance of hDPSCs cultured on the plate on day 1 (100%). Ab-
sorbance was measured at 490 nm. Antimicrobial potential against Actinomyces naeslundii (B), and
Aggregatibacter actinomycetemcomitans (C), evaluated through the Kirby-Bauer diffusion test (D) for Aa
and (E) for An using 0.12% CHX as a positive control. Different lowercase letters represent statistical
differences between groups compared on the same day (p < 0.05).

2.5. Antimicrobial Assessment

The electrospun AZ-laden GelMA-based fibers’ antimicrobial effect was assessed through
agar diffusion against Actinomyces naeslundii and Aggregatibacter actinomycetemcomitans per-
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formed by an indirect contact assay (i.e., eluates collected over 14 days from sample
incubation in PBS). No inhibition was observed in the negative control (PBS). A 12 mm
mean inhibition zone was observed for the positive control (0.12% chlorhexidine, CHX)
for all time points. Agar diffusion analyses confirmed the antimicrobial properties of the
AZ-laden GelMA fibers (Figure 4B–E). Only the highest AZ concentration (15%) had an
antimicrobial effect against An on all aliquots collected from days 1 to 14 (Figure 4B). For
the Aa, GelMA fibers containing 15% AZ presented a higher inhibition (~10 mm) than 10%
and 5% AZ concentrations for aliquots collected on days 1 and 3. Notably, GelMA+15%AZ
aliquot on day 3 led to similar inhibition when compared to the positive control (Figure 4C).
For aliquots collected on day 7, 10% and 15% AZ concentrations demonstrated statistically
higher inhibition than 5%; and for 14-day aliquots, antibiotic activity was still present, since
the 15% AZ concentration demonstrated statistically higher inhibition than the other two
AZ-laden groups (Figure 4C).

2.6. In Vivo Biocompatibility

The biocompatibility (H&E) and collagen fiber production (Picrosirius Red) results of
AZ-laden GelMA fibers subcutaneously implanted in rats are shown in Figures 5 and 6.
After 14 days, the host tissue response at the interface between the implanted material
and subcutaneous tissue had an exacerbated inflammatory reaction for pure GelMA fibers
when compared to Bio-Gide® (control) and GelMA+15%AZ fibers mainly consisting of
polymorphonuclear over the mononuclear inflammatory cells. Blood vessel formation was
observed for the three groups, specifically for GelMA+15%AZ with larger diameters. At
28 days post-implantation, the inflammation for all 3 groups slightly decreased over time.
Bio-Gide® presented better results, with minimal mononuclear inflammatory infiltrate
and initial material resorption. Pure GelMA evoked mild inflammation compared to the
control, along with the presence of fatty infiltrates. The GelMA+15%AZ showed slightly
decreased inflammation, predominantly consisted of mononuclear inflammatory cells,
showing higher vascularity formation and well-organized collagen fibrils’ layers when
compared to pure GelMA. There were no apparent differences in the level of degradation
or fragmentation of the GelMA-based fibrous mats.

Figure 5. H&E-stained slices for implanted materials in rats’ subcutaneous tissue at 14 and 28 d.
4X magnification (scale bar = 250 μm) and 10X magnification (scale bar = 100 μm). A dashed
yellow square delimits the area selected for higher magnification. Scaffold: Sc, Blood vessels: yellow
arrowhead, Fibroblasts with collagen fibrils: blue asterisk. Note at 14 d, the enhanced inflammatory
reaction evoked by pure GelMA, compared to the other two groups, and higher blood vessel formation
and well-oriented collagen fibers from the group GelMA+15%AZ at 28 d.
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Figure 6. Representative Picrosirius Red stained slices for the implanted scaffolds in rat’s subcuta-
neous tissue at 14 days and 28 days. Original magnification: 10× (scale bar = 100 μm). Scaffold: Sc,
Red fibers considered as mature and thick interspersing the scaffold: green arrowhead. On day 28,
note the presence of mature collagen fibers interspersing the area initially occupied by the scaffold.

3. Discussion

Among the primary aims of endodontic treatment is to eradicate microbial infection,
which is usually a multispecies infection involving aerobic and anaerobic bacteria, with
obligate anaerobes being the predominant ones [22]. For this investigation, azithromycin
was chosen based on a recently disclosed potential for eliminating pre-existing experimental
periapical inflammation [20]. To the best of our knowledge, this is the first report on
electrospun LAP-photocrosslinked GelMA-based fibers with and without the incorporation
of azithromycin. Our findings indicate that incorporation of AZ into the GelMA matrix does
not compromise biocompatibility and yet supports the development of antibiotic-laden
GelMA-based fibers as a biodegradable and localized drug delivery method for endodontic
therapy.

The GelMA-based fibers produced by electrospinning were observed to be homoge-
neous and smooth. The addition of AZ was observed to decrease the diameter for the
5% and 15% concentrations. This may be attributed to an enhancement of the electrical
conductivity of the electrospinning solution. This higher conductivity suppresses vari-
cose instability and enhances whipping instability, consequently forming finer fibers [23].
The novel GelMA-based fibers were also characterized based on their physicochemical
characteristics. First, chemical analysis reveals that the incorporation of AZ did not affect
the peaks related to vibrational bands of GelMA in the FTIR spectra, which supports the
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chemical stability of the fibers. Meanwhile, the AZ’s main peak at 1720 cm−1 is unclear
in the GelMA+AZ groups, probably due to (i) the overlapping peaks of GelMA and AZ,
and (ii) the chemical reaction between the methyl group of AZ (CH3) and the methacrylate
group of GelMA; consequently, AZ-related peaks were not easy to identify. Nevertheless,
the effective incorporation of AZ into GelMA nanofibers was confirmed based on the an-
timicrobial findings. Next, to demonstrate that the GelMA-based fibers can be successfully
utilized as an effective and highly tunable platform for delivering antimicrobial drugs, an
in vitro degradation assay was performed. Hydrogel degradation plays an essential role
in the controlled drug release, avoiding rapid drug clearance, and leading to a long-term
drug release [24]. Based on the presented results, it can be concluded that the degradation
of AZ-laden fibers was directly proportional to the concentration of the added antibiotic.
However, even with the highest concentration, after significant degradation in the first
24 h (around 30% weight loss), the fibers remained stable until day 14 (about 70% of the
original weight). Currently, it is well-established that the use of GelMA at a concentration
equal to or less than 15% (w/v) has a satisfactory degradation rate for tissue regeneration
and is highly biocompatible [25]. In addition, the use of LAP has shown a direct influ-
ence on the rate of degradation, as well as on drug release [26]. Therefore, the ability
to crosslink GelMA-based fibers ensured greater control of the degradation rate without
compromising biocompatibility.

From a mechanical perspective, the presence of AZ led to a reduction in tensile strength,
which was inversely proportional to the AZ concentration. Despite Young’s modulus being
significantly reduced by AZ addition into the GelMA fibers, no differences were found
comparing the three distinct concentrations. Notably, since the equilibrium between
hydrophobicity and hydrophilicity is essential to producing physical-mechanically stable
matrices, we hypothesized that the hydrophobicity of AZ led to the observed reduction in
tensile strength, which based on the foreseen clinical applications as drug delivery systems
(e.g., intracanal or in deep caries lesions) should not compromise the in vivo performance
of the material.

Localized drug delivery systems represent a promising therapeutic strategy for ap-
plications in treating oral infections. An indispensable attribute of the present study was
to validate the antimicrobial action of the AZ-laden GelMA fibers against endodontic
pathogens associated with primary endodontic infection and persistent infection due to
failed endodontic treatment [27–29]. In this case, our indirect agar diffusion antimicrobial
results revealed that GelMA+15%AZ led to a substantial and prolonged antimicrobial
action toward An and Aa due to the elevated antibiotic concentration, thus proving the
release of AZ from the fibers from the first 24 h, keeping the antimicrobial action until day
14. Notably, based on our drug release investigation, the same pattern was observed; from
the first day of incubation, the AZ released by the GelMA+15%AZ successfully attained
higher values than 1 μg/mL, which represents the amount at which ≥90% of the Aa popu-
lation is inhibited (MIC90) [30], and higher than the 0.5 μg/mL MIC for An [31]. Due to its
dual-base structure, AZ is actively absorbed by various cells and acts by binding to the 23S
rRNA of the bacterial 50S ribosomal subunit inhibiting the transpeptidation/translocation
step of protein synthesis, resulting in the control of various bacterial infections. Specifically,
AZ is known to accumulate inside neutrophils, enhancing phagocytic killing of the Aa [32].

In addition to the antimicrobial activity, assessing the in vitro cytotoxicity of the
developed GelMA-based fibers is key to confirming their potential application and safety
as an auxiliary drug delivery system for endodontic infection management. In the present
study, using human dental pulp stem cells, a minor cytotoxic effect was observed for
aliquots collected at days 1 and 3, likely due to the more significant release of AZ on
the first 3 days. From day 7 and beyond, the incorporation of AZ did not compromise
cell viability. Also, it is essential to note that the minor concentration of added LAP did
not demonstrate cytotoxicity. These data reinforce safe use of the proposed nanofibers in
endodontic infection control protocols and pulp regeneration therapies.
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After the promising results from in vitro experiments, we decided to investigate the
biocompatibility in vivo. The rat subcutaneous model explored cellular infiltration prop-
erties, collagen production, and GelMA-based fibers morphological changes. Although
the implantation site diverged from the suggested clinical application, the subcutaneous
in vivo biocompatibility test is a well-established model used to represent mechanisms and
consequences of tissue-biomaterial interactions [33]. Hematoxylin/eosin, and picrosirius
red images of retrieved tissue with implanted AZ-laden GelMA fibers indicated no com-
promised biocompatibility. Moreover, adding AZ to the newly synthesized GelMA-based
fibers enhanced the collagen deposition between the fibers.

The anti-inflammatory properties of AZ can be attributed to its action on macrophages,
since mechanistic studies demonstrated immunomodulatory activity through the regulation
of cellular processes involved in inflammation through the reduction in NF-kB activation
and, consequently, reduction in the up-regulation of pro-inflammatory cytokines [34,35].
Also, AZ exhibits immunomodulatory properties by shifting the inflammatory response
toward an M2 macrophage state, characterized by regulation of inflammation and re-
pair [36]. AZ also inhibits the expression of phospholipases A2, an enzyme involved
in cell signaling processes that produces arachidonic acid byproducts [37], induced by
LPS, an essential component of the outer membrane in Gram-negative bacteria, such as
Aggregatibacter actinomycetemcomitans [38].

It is important to emphasize that, to the best of our knowledge, this is the first study
reporting on the fabrication of visible-light photocrosslinkable GelMA-based fibers loaded
with azithromycin as a biodegradable and biocompatible localized drug delivery system
for endodontic infection control. Thus, more studies are needed to determine the drug
release rate, stability, and durability of the antimicrobial activity. Lastly, since the healing of
apical periodontitis is crucial for continuing root development and the overall regenerative
outcome, we plan to address in a future investigation the potential benefits of AZ-laden
GelMA electrospun fibers as alternative antimicrobial and immunomodulatory therapeutics
within the context of regenerative endodontics.

4. Materials and Methods

4.1. Gelatin Methacryloyl Synthesis

GelMA production was performed following formerly reported studies [16,26]. Briefly,
on a heating plate at 50 ◦C, type A gelatin from porcine skin (300 bloom, Sigma-Aldrich,
St. Louis, MO, USA) at 10% w/v was solubilized into Dulbecco’s phosphate-buffered saline
(DPBS, Gibco Invitrogen Corporation, Grand Island, NY, USA). Next, in a dropwise manner,
8 mL of methacrylic acid (MA) was added to the gelatin solution, allowing them to react for
2 h under continuous stirring. The reaction was interrupted by adding an equal quantity
of DPBS at 40 ◦C. Lastly, unreacted monomers and salts were eliminated by dialyzing the
mixture in deionized water (DI) and employing a 12–14 kDa dialyze tube at 45 ± 5 ◦C
for 7 d, with DI water changed twice daily. The prepared solution was frozen at −80 ◦C,
lyophilized (Labconco FreeZone 2.5L, Labconco Corporation, Kansas City, MO, USA) for a
week, and stored at −80 ◦C until further use.

4.2. Electrospinning and Nanofibers Preparation

Pure GelMA (i.e., AZ-free) and AZ-laden GelMA fibers were engineered via electro-
spinning based on formulation of a single antibiotic at three distinct amounts (5%, 10%, and
15%, w/w), hereafter referred to as GelMA+5%AZ, GelMA+10%AZ, and GelMA+15%AZ,
respectively. These formulations were based on an initial screening performed by our
team to find suitable cytocompatibility and electrospinning ability. Briefly, lyophilized
GelMA was dissolved at a concentration of 15% w/v in acetic acid (Sigma-Aldrich). The
mixture was left on the hot plate at 50 ◦C overnight. Next, AZ was individually added at
the specified concentrations and left stirring for 2 h. Then, a photoinitiator, i.e., lithium
phenyl-2,4,6-trimethylbenzoylphosphinate (LAP, TCI America Inc., Portland, OR, USA),
was added at the concentration 0.075% w/v to all groups [16,26]. The prepared GelMA-based
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solutions were separately loaded into 5 mL plastic syringes capped with a 27-gauge metallic
needle. The electrospun fibers were spun using the specifications 2 mL/h, 18 cm distance,
and 18 kV on a rotating mandrel overlaid with aluminum foil at 120 rpm in a custom-made
electrospinning box. Notably, to protect the GelMA-based solutions from room light expo-
sure during electrospinning, both the plastic syringes and the electrospinning box were
wrapped with black paper. The electrospun mats were placed in a desiccator overnight
at room temperature (RT) to ensure complete acetic acid evaporation. Lastly, the fibers
were peeled from the aluminum foil, cut into the desired size according to the experi-
ment, wetted with 100% amorphous ethanol, gently dried with low-lint wipes (Kimwipes,
Kimberly-Clark Corporation, Irving, TX, USA), and light-cured for 5 min on each side using
an LED light box (Light Zone II, BesQual-E300N, Meta Dental Corp, Glendale, NY, USA).

4.3. Morphological and Chemical Characteristics

Scanning electron microscopy (SEM, MIRA3, FEG-SEM, Tescan, Czech Republic) was
performed to assess fiber morphology and microstructure. Using double-sided carbon adhesive
tape, the samples were fixed on Al stubs and sputter-coated with a thin (~5–10 nm) layer of
Au-Pd (SPI-Module Carbon/Sputter Coater, SPI Supplies, West Chester, PA, USA) before imag-
ing. The average fiber diameter (AFD) was determined using ImageJ (National Institutes of Health,
Bethesda, MD, USA) software. Four SEM images per group were used to measure fiber
diameter and the data reported as average ± standard deviation (n = 25/image/group).
To confirm AZ incorporation, Fourier-transform infrared spectroscopy FTIR (ATR-FTIR,
Thermo-Nicolet IS-50, Thermo Fischer Scientific, Inc., Waltham, MA, USA) using attenuated
total reflection was conducted. The spectra recording was performed between 4000 and
600 cm−1 at 4 cm−1 resolution.

4.4. Mechanical Properties

The tensile strength of the fibrous mats was evaluated by uniaxial tensile testing
(eXpert 5601; ADMET Inc., Norwood, MA, USA) [39]. Testing of rectangular-shaped speci-
mens (25 mm × 3 mm2, n = 6/group) was performed at a crosshead speed of 1 mm/min.
Three distinct mechanical properties (i.e., tensile strength, Young’s modulus, and elongation
at break) were recorded or determined from the load-position curves.

4.5. Degradation Profile

In vitro degradation of the fabricated GelMA-based fibers was assessed by incubat-
ing them in PBS and recording their weight variation over time. The electrospun fibrous
mats were cut into square-shaped samples (20 × 20 mm), treated with 100% ethanol,
and light-cured for 5 min/side. The samples (n = 3) were weighed, immersed into
2 mL sterile PBS, and incubated for 14 days. At prearranged time points, the samples
were removed from the incubation medium, gently dried with low-lint wipes (Kimwipes,
Kimberly Clark Corporation), and washed twice with DI water and dried at RT for 24 h
before the weight was recorded. The degradation profile was calculated by the formula,
where Wt denotes the residual weight over time and w0 denotes the original dried weight.

Degradation ratio (%) =
wt

w0
×100

4.6. Drug Release

To determine the kinetics of azithromycin release, four square-shaped (10 × 10 mm2)
GelMA+15%AZ fibrous mats were individually incubated in glass vials containing 10 mL
PBS at 37 ◦C under constant shaking. After 1, 3, and 5 days, 1000 μL aliquots were
drawn. Equal amounts of fresh PBS were added back to the incubation following aliquot
retrieval. The AZ content was determined by quantifying the absorption of the clear
supernatant using a UV-spectrophotometer (SpectraMax iD3, Molecular Devices LLC,
San Jose, CA, USA) at 410 nm in triplicate. The AZ concentration at each time point was
calculated by comparing it with the established standard curve [14].
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4.7. Cytocompatibility

Four square-shaped (15 mm × 15 mm2) fibrous mats per group were individually
incubated in glass vials containing Glucose Dulbecco Modified Eagle Medium (DMEM,
Gibco Invitrogen Corporation) for up to 14 days. 500 μL aliquots were drawn at prearranged
time points and identical amounts were added to maintain the extraction volume constant.
Using a 0.22 μm nylon membrane under vacuum, the aliquots were filtered before further
analysis [16].

Human dental pulp stem cells (hDPSCs) obtained from permanent third molars (passages
6–8) were cultured in DMEM containing 15% fetal bovine serum (FBS; Hyclone Laboratories, Inc.,
Logan, UT, USA) and 1% penicillin-streptomycin (Sigma-Aldrich) in a humidified incu-
bator at 37 ◦C with 5% CO2. The cells were seeded at a density of 3 × 103/well (100 μL
cell suspension) in 96-well tissue culture microtiter plates. After 4 h of incubation, the
media was removed and replaced by the collected aliquots in triplicate (100 μL), adjusted
to 15%FBS and 1% penicillin-streptomycin, and the positive control (0.3% vol phenol
solution) [16]. Quadruplicated wells were arranged using medium without cells (blank
control) and medium with cells but without any aliquot (reflecting 100% survival) [16].
The microplates were then incubated in a 5% CO2 chamber. After 3 days, 20 μL CellTiter
96 Aqueous One Solution Reagent (Promega Corporation, Madison, WI, USA) was added
to the test wells and incubated for 2 h. The color change reaction was assessed by reading
the absorbance at 490 nm in a microplate reader (Spectra iD3; Molecular Devices LLC,
San Jose, CA, USA) against blank wells [16].

4.8. Antimicrobial Assessment

GelMA-based AZ-laden fibers were further investigated using agar diffusion against
Actinomyces naeslundii (An, American Type Culture Collection, ATCC 12104, Manassas, VA, USA),
and Aggregatibacter actinomycetemcomitans (Aa, American Type Culture Collection, ATCC 43718).
Like the procedure for cell compatibility, square-shaped (n = 3; 15 mm × 15 mm2) fibrous
mats were first disinfected by UV light (30 min/side) and rinsed twice with sterile PBS.
Next, the GelMA-based mats were individually incubated in PBS for 2 weeks. At predeter-
mined time points, 500 μL aliquots were drawn and equal amounts were added to keep the
extraction volume unchanged. The aliquots were stored at −20 ◦C until further use [26].

Broth cultures of bacterial strains were grown for 24 h at 37 ◦C in BHI broth (Becton,
Dickinson & Co. Sparks, MD) in a 5% CO2 atmosphere (A. actinomycetemcomitans) or
anaerobically in 5% CO2, 10% H2 in N2 atmosphere (A. naeslundii). Bacterial cultures on
agar plates were grown under the same conditions, using tryptic soy agar with 5% v/v
sheep blood (Hardy Diagnostics, Santa Maria, CA, USA) for A. actinomycetemcomitans and
Brucella blood agar with hemin and vitamin K (Hardy Diagnostics) for A. naeslundii. One
hundred μL of each broth culture was spread onto appropriate agar plates to create a lawn
of bacteria. Four individual zones receiving 10 μL of eluates from AZ-laden GelMA-based
fibers (days 1, 3, 7, and 14) were created on each plate. Chlorhexidine (0.12%) and sterile
PBS were positive and negative controls, respectively. The plates were incubated according
to the bacteria strain. After 2 days of incubation, the diameters (in mm) of the clear growth
inhibition zones were calculated.

4.9. In Vivo Biocompatibility

All animal procedures followed the ARRIVE guidelines for reporting animal research
and were in accordance with the procedures of the local Institutional Animal Care and Use
Committee (PRO00010329). Four 6-week-old male Fischer 344 rats (280–300 g) were used
for the experiments (Envigo RMS, Inc., Oxford, MI, USA). All surgical procedures were
performed under general anesthesia induced with 50 mg/kg of ketamine (Hospira, Inc.,
Lake Forest, IL, USA) and 5 mg/kg xylazine (Akorn, Inc., Lake Forest, IL, USA) intraperi-
toneally. After anesthesia, a 2 cm incision in a head-tail orientation with a size 15 scalpel
blade was performed, and subsequently, four small separate subcutaneous pockets were
created through tissue divulsion [40].
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Square-shaped samples (10 mm height × 10 mm width × 1 mm depth) of electrospun
GelMA+15%AZ fibers (scaffolds) were implanted. Antibiotic-free (i.e., pure) GelMA electro-
spun fibers and Bio-Gide® (Geistlich Pharma North America Inc., Princeton, NJ, USA) were
used as controls. After wound closure with Coated Vicryl® polyglactin 910 (Ethicon Endo-Surgery, Inc.,
Cincinnati, OH, USA), the animals were allowed to recover from anesthesia. At 14- or
28-days post-implantation, the animals were euthanized by CO2 inhalation, and the im-
planted biomaterials with surrounding tissue were retrieved, fixed in 10% buffered formalin
overnight, embedded in paraffin, cut into 6 μm-thick sections, and stained with hematoxylin
and eosin (H&E) to investigate under light microscopy (Nikon E800, Nikon Corporation,
Tokyo, Japan) for the presence of inflammatory cells and neovascularization. They were
then, stained with picrosirius red (PSR) to analyze under polarized light microscopy the
orientation, pattern, and interweaving of the collagen fibers in the implanted material,
where greenish-yellow fibers were considered to be immature and thin, while yellowish-red
fibers were considered to be mature and thick [41].

4.10. Statistical Analysis

All the analyses were performed with GraphPad Prism 9 software (GraphPad Software,
San Diego, CA, USA). The fiber diameter and tensile strength were analyzed using a one-
way analysis of variance. Each group’s inhibition zone and cytocompatibility data were
compared using an analysis of variance that included a random effect to account for
correlations within a specimen over time. Tukey’s post-hoc test was used to count for
differences among groups. The level of significance was set at 5%.

5. Conclusions

The AZ-laden fibers (GelMA+15%AZ) have been shown to be a promising alternative
for the sustained delivery of azithromycin for endodontic infection control, particularly
within the context of regenerative endodontics due to their potent antimicrobial activity
against Aa and An without compromising the biocompatible properties.
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Abstract: This study aimed at engineering cytocompatible and injectable antibiotic-laden fibrous mi-
croparticles gelatin methacryloyl (GelMA) hydrogels for endodontic infection ablation. Clindamycin
(CLIN) or metronidazole (MET) was added to a polymer solution and electrospun into fibrous mats,
which were processed via cryomilling to obtain CLIN- or MET-laden fibrous microparticles. Then,
GelMA was modified with CLIN- or MET-laden microparticles or by using equal amounts of each
set of fibrous microparticles. Morphological characterization of electrospun fibers and cryomilled
particles was performed via scanning electron microscopy (SEM). The experimental hydrogels were
further examined for swelling, degradation, and toxicity to dental stem cells, as well as antimicro-
bial action against endodontic pathogens (agar diffusion) and biofilm inhibition, evaluated both
quantitatively (CFU/mL) and qualitatively via confocal laser scanning microscopy (CLSM) and SEM.
Data were analyzed using ANOVA and Tukey’s test (α = 0.05). The modification of GelMA with
antibiotic-laden fibrous microparticles increased the hydrogel swelling ratio and degradation rate.
Cell viability was slightly reduced, although without any significant toxicity (cell viability > 50%).
All hydrogels containing antibiotic-laden fibrous microparticles displayed antibiofilm effects, with
the dentin substrate showing nearly complete elimination of viable bacteria. Altogether, our findings
suggest that the engineered injectable antibiotic-laden fibrous microparticles hydrogels hold clinical
prospects for endodontic infection ablation.

Keywords: electrospinning; cryomilling; biodegradation; antibiotics; fibrous particles; regeneration;
dentistry; endodontics

1. Introduction

The success of endodontic regenerative treatment depends on the elimination of
intraradicular microorganisms and the establishment of a microenvironment favorable to
the proliferation and differentiation of stem cells [1]. Over decades, calcium hydroxide
was the antimicrobial agent most commonly used for the disinfection of contaminated root
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canals [2], but its effectiveness was revealed to be limited against some pathogens, such as
Enterococcus faecalis (E. faecalis), Actinomyces naeslundii (A. naeslundii), and Candida albicans
(C. albicans) [3,4]. Moreover, the overall efficacy of calcium hydroxide within the dentinal
tubules seemed unreliable [5]. Thus, other intracanal medicaments (e.g., antibiotics) or
the combination of different agents seemed paramount to maximizing the eradication of
microorganisms [6,7]. Notwithstanding, the local administration of antibiotics may result
in some negative side effects (e.g., bacterial resistance, cell toxicity, among others) [8–10],
making it relevant to the continued search for an effective and biologically safe drug
delivery method capable of penetrating the root canal system of infected pulp tissues.

In light of offering a biocompatible scenario for the disinfection of contaminated root
canals, biodegradable drug delivery systems (e.g., scaffolds and hydrogels) laden with
antimicrobial agents have gained the attention of researchers, and several studies are cur-
rently characterizing their clinical potential [11–14]. Concerning the use of fibrous scaffolds,
electrospinning is a straightforward method for synthesizing antibiotic-laden polymeric
nanofibers [6,9,15,16]. Notably, a tubular 3D construct based on triple antibiotic-eluting
fibers has already been developed to fit within the intracanal space of infected teeth [6];
thus, allowing significant antimicrobial activity, the elimination of bacterial biofilm in-
side dentinal tubules, and more importantly, healing of damaged periapical tissues [6].
Nevertheless, electrospun fibers may not be capable of complete eradication of root canal
infections, especially due to the complex anatomical geometry of the root canal system (e.g.,
the existence of lateral canals and apical ramifications), which may be difficult to access
by a solid drug-releasing approach such as the 3D construct described earlier. In order
to improve the bioavailability of antimicrobial agents into the entire root canal system,
the incorporation of electrospun fibers into hydrogels has also been attempted, showing
promising results due to more controlled degradation and drug release profile [17–19].
Despite effectiveness, the strategy of combining electrospun fibers with a hydrogel may
present some drawbacks, such as inadequate dispersion of the fibers within the hydrogel
matrix. Alternatively, enhanced miscibility between nanofibers and the hydrogel ma-
trix was demonstrated when electrospun fibers were further processed via cryomilling
into microspheres or small-sized particles [20,21]. Relevant to clinical dentistry, gelatin
methacryloyl (GelMA) is a semi-synthetic biocompatible and biodegradable hydrogel with
interesting structural characteristics, such as curing capacity, stability at physiological
temperature, and cell-friendly behavior [22]. Of note, a recent study by Monteiro et al. [23]
demonstrated that GelMA can be easily photopolymerized using a dental curing light, rep-
resenting a promising method of placing injectable biomaterials into the root canal system
following a chairside procedure. Considering that no previous attempt has been made
to engineer injectable antibiotic-laden fibrous microparticles GelMA hydrogels, herein,
electrospun fibers loaded with clindamycin (CLIN) or metronidazole (MET) were effec-
tively processed into antibiotic-laden microparticles and successfully used to modify a
well-known photo-curable gelatin methacryloyl hydrogel, guaranteeing excellent biolog-
ical and antimicrobial/antibiofilm properties to fight endodontic infections. Altogether,
our findings suggest that the engineered injectable antibiotic-laden fibrous microparticles
hydrogels hold clinical prospects for endodontic infection ablation.

2. Results

2.1. Antibiotic-laden Fibers and Cryomilled Fibrous Microparticles

The SEM micrographs shown in Figure 1 demonstrate a bead-free fiber morphology for
the obtained electrospun fiber mats. While the MET-based fibers (Figure 1C) were thicker
(p < 0.001) than the PLGA fibers (Figure 1A), the CLIN-based fibers (Figure 1B) exhibited
a thinner fiber diameter distribution (p = 0.042). All the fiber mats showed an average
fiber diameter that was statistically different from each other (p < 0.001; Figure 1D). SEM
micrographs of the cryomilled fibers showed the formation of a uniform set of GelMA-based
fiber particles, with both the CLIN- (Figure 1E) and MET-laden (Figure 1F) microparticles
demonstrating homogeneous dispersion within the GelMA matrix without any signs of
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aggregation. Even though some typical peaks of CLIN and MET overlapped with the peaks
of GelMA, Figure 1G reveals that both antibiotics were successfully incorporated within
the GelMA particles. The peaks at 1560 cm−1 (C=C), 1690 cm−1 (C=O), and 1965 cm−1

(C–H) are related to the stretching vibration of CLIN, [24] whereas the peaks at 870 cm−1

(C–NO2), 1275 cm−1 (C–O), 1537 cm−1 (N=O), and 3097 cm−1 (=C–H) are related to the
stretching vibration of MET [25,26].

 

Figure 1. Representative SEM micrographs of electrospun and cryomilled fibers. (A) PLGA fibers
(control); (B) CLIN-laden fibers; (C) MET-laden fibers; (D) graph showing the average fiber diameter
of the electrospun fibers, with different letters above standard deviation bars, indicating statistical
differences among the groups (p < 0.05); (E) fiber-based particles comprised of CLIN, yellow arrows
indicate CLIN-laden fibers, and (F) fiber-based particles comprised of MET, red arrows indicate
MET-laden fibers; and (G) FTIR spectra of pristine antibiotics (CLIN and MET) and GelMA particles,
as well as the processed antibiotic-modified GelMA particles, black arrows indicate characteristics
peaks of each antibiotic. SEM, Scanning Electron Microscope; PLGA, Poly(lactic-co-glycolic acid);
CLIN, Clindamycin; MET, metronidazole; FTIR, Fourier-transform infrared spectroscopy; GelMA,
gelatin methacryloyl hydrogel.
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2.2. Antibiotic-laden Fibrous Microparticles in Gelatin Methacryloyl Hydrogels
2.2.1. Swelling and Biodegradation

Figure 2 shows the swelling ratio (A), degradation profile (B), and cell viability (C) of
the synthesized hydrogels. Modification of GelMA with the antibiotic-laden cryomilled
particles significantly increased the swelling ratio of the hydrogel (p < 0.05), ranging from
15.4% in the fiber-free GelMA to 37% in the CLIN+MET-based GelMA. The hydrogels
incorporated with MET-laden fiber particles (MET and CLIN+MET groups) resulted in a
greater swelling ratio than the CLIN-based hydrogel (p < 0.05). All hydrogels displayed a
degradation profile starting within the first hour of the experiment, although the groups
comprised of MET-based particles seemed to produce a faster and more intense degradation
profile as compared with the CLIN and GelMA groups. CLIN+MET hydrogel lost nearly
50% of the initial mass after 6 h, and at the 72 h time point, it was degraded. CLIN- and
MET-based hydrogels showed a slower extent of degradation than the CLIN+MET group,
with complete degradation of the former occurring at the 168 h time point. The fiber-free
GelMA was not completely degraded after 336 h, showing approximately 20% of the
remaining mass after enzymatic degradation.

Figure 2. Graphs showing the swelling ratio (A), the degradation profile (B), and the cell viability
(C) of the engineered hydrogels. The swelling ratio (%) results indicate the amount of water absorbed
by the hydrogels within a 24 h period at 37 ◦C. The results for the in vitro degradation test reveal
the mass loss of all hydrogels after exposure to DI water containing 1 U/mL of collagenase type I at
37 ◦C for 336 h. The results for the viability of stem cells from exfoliated deciduous teeth (SHEDs)
were obtained indirectly using an MTS assay after 24 h of cell exposure in response to aliquots of the
hydrogels at days 1, 3, 7, 14, and 21. The percentage of cell viability was normalized by the mean
absorbance of SHEDs cultured at day 1 (100%). All the results are presented as mean ± SD values
(n = 4/group). Distinct letters above the standard deviation bars indicate statistically significant
differences among the groups (p < 0.05). GelMA, gelatin methacryloyl hydrogel; CLIN, Clindamycin;
MET, metronidazole.
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2.2.2. Cell Viability

Concerning cytocompatibility of the tested hydrogels, a reduction in SHEDs’ viability
was observed at every time point investigated, especially for the materials containing MET.
However, at day 1 there was no statistical difference between the groups and the control
(SHEDs) (p > 0.05), although, at day 3, all groups showed a cell viability potential that was
statistically lower (p < 0.05) than the control and below the 80% level. The antibiotic-laden
fibrous microparticle hydrogels sustained a lower cytocompatibility compared with the
control at days 7 and 14, although without any cytotoxic behavior, ranging from 61% to
70% of cell viability. All hydrogels presented cell viability of ~100% when testing aliquots
collected at day 21.

2.2.3. Antimicrobial Efficacy

Results for the antimicrobial properties (agar diffusion assay) of the antibiotic-laden
fibrous microparticles hydrogels are shown in Figure 3A. All hydrogels showed antimi-
crobial action against the bacteria, except for MET against E. faecalis at all periods tested
and against A. naeslundii at days 7 and 14; and the CLIN+MET group when tested against
E. faecalis at days 1 and 3, which did not display any inhibition potential. The antibiotic-
modified hydrogels showed overall lower antimicrobial activity compared with the control
(CHX), except when tested against A. naeslundii, in which CLIN resulted in greater in-
hibition zones (p < 0.05). Among the hydrogel groups, CLIN demonstrated increased
antimicrobial effectiveness, especially against A. naeslundii. MET was as effective as CLIN
when tested against F. nucleatum, although its antimicrobial action against A. naeslundii
was limited to the first 3 days, and against E. faecalis, it presented no inhibition poten-
tial. The CLIN+MET-laden hydrogel overall exhibited lesser effectiveness compared with
the isolated counterparts (p < 0.05), and its antimicrobial activity against E. faecalis was
time-dependent, resulting in inhibition zones only after day 7.

The antibiotic-free hydrogel (GelMA) and the negative control group (bacterial growth)
neither impair biofilm formation nor reduce cells viability, as demonstrated by high colony-
forming units’ (log10 CFU/mL) values (Figure 3B). Meanwhile, all antibiotic-modified
hydrogels showed antibiofilm effects, resulting in lower CFU counts than the controls
(p < 0.05). The antibiofilm activity was similar among the modified hydrogels, regardless of
the type or combination of antibiotics (p > 0.05). SEM micrographs shown in Figure 3 reveal
a homogeneous accumulation of biofilm for the negative control (Figure 3D) and GelMA
(Figure 3E) groups after 7 days of A. naeslundii culture on dentin. Conversely, dentin
treated with the antibiotic-modified hydrogels showed the absence of biofilm (Figure 3F–H),
with the dentin tubules apparently being empty. As verified in the CLSM micrographs
related to the negative control and GelMA groups (Figure 3I,J), a dense population of viable
bacteria attached to the dentin surface and penetrating dentinal tubules was identified.
However, after the application of the antibiotic-modified hydrogels, the dentin substrate
showed nearly complete elimination of viable bacteria (Figure 3K–M), similar to the positive
control (Figure 3N).
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Figure 3. Results for the antimicrobial properties of the tested hydrogels. (A) Graphs showing the
results (mean inhibition zones, in mm) from the agar diffusion assays against three bacteria at days
1, 3, 7, and 14. Chlorhexidine (CHX) served as the positive control. (B) Graph depicting the results
(mean counts of colony-forming unit [CFU/mL]) from the A. naeslundii biofilm model used in the
study, having a negative control group consisting of untreated bacterial growth. Distinct letters above
the standard deviation bars indicate statistically significant differences among the groups (p < 0.05).
(C) Representative SEM micrograph showing the evaluated areas of each sample (inner root walls
of dentin slices). (D–H) SEM micrographs for the negative control (D) and groups treated with
GelMA (E), CLIN-based hydrogel (F), MET-based hydrogel (G), and CLIN+MET-based hydrogel (H).
(I–N) CLSM micrographs of 7-day A. naeslundii biofilm imaged from inner root canal walls. Images
are related to the negative control group (I), antibiotic-free GelMA (J), CLIN-based hydrogel (K),
MET-based hydrogel (L), CLIN+MET-based hydrogel (M), and 2.5% sodium hypochlorite (N), which
served as the positive control. CLSM images were collected in sequential illumination mode by using
488 nm and 552 nm laser lines. Fluorescent emission was collected in 2 HyD spectral detectors with
filter range set up to 500–550 nm and 590–655 nm for green (SYTO9) and red dye (PI), respectively.
SEM, Scanning Electron Microscope; GelMA, gelatin methacryloyl hydrogel; CLIN, Clindamycin;
MET, metronidazole; CLSM, confocal laser scanning microscopy.

3. Discussion

The drug delivery system developed in this study combined the effects of two straight-
forward releasing vehicles (i.e., electrospun fibers and fiber-based particles) to obtain a
hybrid mechanism for the safe and sustained release of antibiotics targeting the elimination
of root canal infections. More importantly, our main goal was to offer a drug delivery
system in the form of an injectable and photo-curable hydrogel, aiming to establish a
feasible chairside procedure of easy application with effective antimicrobial action.

The fibers synthesized via electrospinning were all morphologically adequate, showing
a smooth and homogeneous fiber diameter distribution. The CLIN-based fibers presented
the thinnest average fiber diameter of 628 nm (±194 nm), which was lower than the PLGA
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fibers (729 ± 214 nm) and the MET-based fibers (1.3 ± 0.3 μm). Here, both antibiotics
(CLIN and MET) possess a hydrophilic nature [27], which may decrease the viscosity of
the polymer solution, allowing for the formation of thinner fibers [28]. However, the MET-
based fibers did not show such thin distribution, exhibiting ca. two-fold higher thickness
values, probably due to the single hydroxyl group found in MET, which may have increased
hydrogen bonding interactions and cross-linking of the polymer network, thereby reducing
spinnability during electrospinning and the acquisition of thicker fibers [28]. Overall, the
incorporation of antibiotics did not compromise morphological features of the electrospun
fibers, which is an essential aspect for their proper functioning as a drug-releasing vehicle.

Considering that electrospun fibers may result in the burst release of drugs during
the first 24 h [16,27,29], we have further processed them into small-sized particles, aim-
ing to obtain a more controlled and sustained release of CLIN/MET. The method used
here was cryomilling, which consists of cooling the material, then reducing it to smaller
particles. According to some studies [29,30], this approach can maintain or even improve
the therapeutic properties of the original fibers. The matrix used for the embedment of
the fibers prior to cryomilling was GelMA (i.e., the same polymer used to prepare the
injectable hydrogel system) so that better distribution and chemical compatibility between
the fiber-based particles and the hydrogel could be expected without affecting hydrogel
injectability. Considering that the incorporation of CLIN and MET into the respective hydro-
gels was confirmed by the identification of typical FTIR peaks (Figure 1G), we anticipated
that the engineered antibiotic-laden fibrous microparticles hydrogels would demonstrate
antimicrobial properties.

The release rate of any drug or therapeutic compound relies on the degradation
speed of the carrying vehicle [12,22]. In the case of GelMA, the degradation speed is
inversely correlated to three main factors: the degree of functionalization of the compound,
the concentration of the hydrogel, and the total amount of enzymes [31]. The foregoing
characteristics were all kept constant in our study. In light of verifying the degradation
ability of the hydrogels, we performed two different tests: hygroscopic swelling and in vitro
enzymatic degradation. As shown in Figure 2A, the antibiotic-modified hydrogels absorbed
a greater amount of humidity (PBS) when compared with the neat GelMA, probably due
to the hydrophilic nature of CLIN and MET [27]. Both of these antibiotics are comprised
of hydroxyl groups, hence increasing polar interactions and the formation of hydrogen
bonding. Nevertheless, it may be suggested that MET is more hydrophilic than CLIN due
to the more heterogeneous composition of the latter (e.g., elements, such as phosphorus,
chlorine, and sulfur). Thus, the presence of MET would make the GelMA matrix swell to a
greater extent as compared with the presence of CLIN. No less important, the porosity of
the synthesized fibers may have also played a role in the swelling ratio of the fiber-modified
hydrogels, since the higher the degree of porosity of the fiber mat, the more intense its
hygroscopic behavior [32,33]. Despite the fact that we did not conduct any analysis to
determine the porosity level of the fiber mats, one should note that the MET-laden fibers
showed the thickest morphology and the most porous fiber architecture. Thus, the total
amount of GelMA matrix embedded within the fiber mat was also probably higher, turning
the MET fibrous particles more prone to hydrolysis [27]. This may explain the more
intense hygroscopic swelling and biodegradation patterns demonstrated by the MET and
CLIN+MET hydrogels when compared with the CLIN group.

From the findings presented here, one can note that our antibiotic-modified hydrogels
would work adequately since they demonstrated a one-week driven degradation profile,
which is indeed desirable for a dressing medication that aims to eliminate root intracanal
infection during a clinical inter-appointment period. It is the sustained release of antibi-
otics during that one-week interval that could effectively act in the ablation of root canal
infections. However, it is paramount that the release of antibiotics does not reach cytotoxic
levels; otherwise, the hydrogels would interfere with tissue healing/regeneration events,
thus impairing the clinical translation of our strategy. According to the results shown in
Figure 2C, the hydrogels incorporated with the antibiotic-laden fibrous particles did not
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exhibit any significant cytotoxic effects on SHEDs. Even so, one may note that lower cell
viability was identified for the antibiotic-modified hydrogels at days 3 and 7, probably due
to the release of CLIN and MET during degradation of the GelMA matrix. Even though
antibiotics are usually cytotoxic when administered at high concentration levels [34], the
amount of CLIN and MET used in our study was minimal, so their release would not
be responsible for a significant reduction in the viability of SHEDs. Here, one would
suggest that cell proliferation into the photopolymerized hydrogel may occur at a slower
rate of speed, increasing once the moderately cross-linked structure of the hydrogel starts
to degrade. Of note, cell viability was importantly increased after complete degradation
of the hydrogels, suggesting that any byproducts originated during degradation and the
release of CLIN and MET did not cause toxic effects to the cells. Last but not least, all the
experimental hydrogels demonstrated cell viability values above the cytotoxicity threshold
of 50%, suggesting their clinical safety and suitability.

In light of verifying the antimicrobial properties of the experimental hydrogels, we
conducted two distinct antimicrobial analyses: agar diffusion and biofilm inhibition assays.
Concerning the first analysis, the CLIN-based hydrogel was the only GelMA material show-
ing antimicrobial activity against all the bacteria species at every time point investigated
in the study (Figure 3A), corroborating to the findings of a previous study [35], which
showed that microorganisms are usually highly susceptible to CLIN but not always to
MET. Here, three bacteria (F. nucleatum, E. faecalis, and A. naeslundii) were considered in the
agar diffusion assay due to their broad association to cases of infected immature teeth and
failed endodontic treatment with persistent infection [36,37]. The foregoing bacteria are
usually pathogenic and difficult to eliminate, but as verified by our findings, the strategy
of using a hydrogel system incorporated with antibiotics resulted in important inhibition
values, although it was dependent on the type of antibiotic(s) used, as well as the type of
bacteria tested. While CLIN is typically a bacteriostatic agent, acting on the inhibition of
bacterial protein synthesis [27], MET is a bactericidal antimicrobial competing with the
biological electron acceptors of bacteria, disturbing their energy metabolism, and thus
causing cell death [27]. Having this in mind, MET was expected to be less effective against
Gram-positive (G+) bacteria, which presents a more organized cell wall structure, compared
with the Gram-negative (G–) counterparts. Indeed, MET was effective when tested against
F. nucleatum (G–), but it did not result in any inhibition potential against E. faecalis (G+). It
seems that the concentration of MET released through the present drug-delivery strategy
was insufficient for the proper growth inhibition of G+ bacteria. Conversely, CLIN was
effective against all three bacteria, and especially to A. naeslundii (G+), which suggests that
this bacterial species is a very sensitive microorganism to CLIN. Indeed, CLIN may act as a
direct peptidyltransferase inhibitor in the case of sensitive microorganisms, hence affecting
the process of the peptide chain initiation and stimulating dissociation of peptidyl-tRNA
from ribosomes, i.e., a potent antibacterial inhibition mechanism [38].

In our study, one hydrogel was prepared by mixing equal amounts of the CLIN- and
MET-laden fibrous microparticles to elucidate whether the antimicrobial activity would be
potentiated upon the presence of both antibiotics into the same hydrogel. Nevertheless, the
inhibition potential was not amplified, indicating the existence of a minimum inhibition
concentration level for each of the drugs. One should note that the concentration of each an-
tibiotic released from the CLIN+MET hydrogel was probably lower than the concentrations
derived from the single-mix CLIN and MET groups; therefore, explaining the overall lower
or lack of statistical differences in the antimicrobial results of those groups. Remarkably,
the MET hydrogel did not result in consistent antimicrobial activity to all of the tested
conditions, although the hydrogel modified with the CLIN-laden fibrous microparticles
exhibited a steadier antimicrobial action, thus supporting further investigations in pre-
clinical animal models of periapical disease. It is noteworthy that on one hand, we could
increase the concentration level of MET incorporated into the fibrous particles, aiming
to obtain a more significant gain in antimicrobial effect, but on the other hand, we could
negatively increase the cytotoxicity of the resultant hydrogel, thus limiting the applicability
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of MET when using the same strategy. Last, the presence of MET fibrous particles in the
CLIN+MET hydrogel formulation allowed a faster GelMA degradation, with the complete
breakdown occurring at 72 h of incubation, i.e., a shorter period as compared with the
one-week profile shown by the single-mix counterparts, which, as discussed earlier, would
be more desirable as an intracanal dressing.

Concerning the biofilm inhibition assay evaluated in this study, SEM and CLSM analy-
ses (Figure 3) revealed almost complete removal of the A. naeslundii biofilm upon exposure
to our antibiotic-laden fibrous microparticles GelMA, indicating that this hybrid strategy
is effective in the ablation of even complex structures such as a highly-organized biofilm.
Different from the negative control (bacterial growth) and antibiotic-free GelMA groups,
the hydrogels containing CLIN- and MET-laden microparticles significantly decreased the
counts of viable bacteria in our A. naeslundii biofilm model, showing that the fiber-particle
vehicle proposed here would provide a satisfactory diffusion of antibiotics through dentinal
tubules, as well as to the entire extent of the root canal system (e.g., lateral canals and apical
ramifications). Even though our study used a standard sample of human radicular dentin,
rather than a full root canal model, the present methodology is commonly used due to its
ability to mimic the clinical scenario as it facilitates the continuous formation of biofilms
and penetration of bacteria within dentinal tubules [39].

The great novelty of the present study relates to the fact that the antimicrobial mecha-
nisms of small-sized particles are still complex to understand due to the variety of mecha-
nisms involved, making it difficult for bacterial cells to become resistant [40]. This highlights
the importance of our strategy, which combines the beneficial effects of small-sized fibers
and particles to that of the minimum use of antibiotics to combat bacterial infection, con-
sisting of a biocompatible and therapeutic effective drug delivery approach with minimal
possibility of causing bacterial resistance. Moreover, the release of small-sized compounds,
such as the antibiotic-loaded fibrous particles synthesized here, may improve the availabil-
ity of antibiotics at sites of difficult access within the root canal system, perhaps contributing
to a more efficacious treatment. To the best of our knowledge, this is the first study that has
loaded PLGA electrospun fibers with CLIN and MET and has further processed the fibers
via cryomilling in order to obtain microparticles with the drug-releasing ability and the
capability of being encapsulated into a photo-curable GelMA hydrogel.

4. Materials and Methods

4.1. Reagents

Poly(DL-lactide-co-glycolide) (PLGA [75:25], Mw = 97,100, [η] = 0.55–0.75 dL/g, Lactel
Absorbable Polymers, Birmingham, AL, USA) pellets, metronidazole (MET), type A gelatin
(300 bloom from porcine skin), and methacrylic anhydride were bought from Sigma-Aldrich
(St. Louis, MO, USA). Clindamycin phosphate 97.0%+ (CLIN) and lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP) were obtained from TCI America Inc. (Portland, OR,
USA). Chloroform and methanol were procured from Thermo Fisher Scientific (Waltham,
MA, USA), whereas Dulbecco’s phosphate-buffered saline (DPBS) was purchased from
Gibco Invitrogen Corporation (Grand Island, NY, USA). All the reagents were used without
further purification.

4.2. Synthesis of Antibiotic-Releasing Fibers

Three stock polymer solutions were prepared by dissolving PLGA in chloroform to
produce an 18 wt.% solution, which was incorporated with different antibiotic mixtures
(CLIN or MET dissolved in methanol) at a 15 wt.% concentration relative to the total
polymer weight. One stock solution was not incorporated with antibiotics, serving as the
control (PLGA). The solutions were stirred overnight, loaded into 5 mL plastic syringes
(Becton, Dickson and Company, Franklin Lakes, NJ, USA) fitted with a 27 G metallic needle
(Small Parts, Inc., Miami, FL, USA), and then processed via electrospinning using the
following parameters: rotating mandrel (120 rpm of speed), a flow rate of 1–2 mL/h, a
spinning distance of 20 cm, and 18 kV. The obtained fiber mats were dried overnight at room
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temperature to remove any residual solvent and stored at 4 ◦C until use. The morphology
and architecture of the fiber mats were analyzed via scanning electron microscopy (SEM;
JSM-6390, JEOL, Tokyo, Japan). Samples obtained from each group were mounted on Al
stubs and sputter-coated with gold before imaging. The average fiber diameter of 100 single
fibers was measured with ImageJ (National Institutes of Health, Bethesda, MD, USA) and
expressed as mean ± SD values (in μm).

4.3. Preparation of Fiber-Based Particles and Morpho-Chemical Characterizations

The antibiotic-laden fiber mats were processed into fine, small particles via cry-
omilling [29]. First, the fibrous mats were gently soaked in GelMA, which was synthesized
as described elsewhere [22,41]. Briefly, gelatin was solubilized in DPBS at 50 ◦C to produce
a 15 wt.% solution, followed by the dropwise addition of 8 mL of methacrylic anhydride.
After 2 h of stirring, 8 mL of DPBS was added at 40 ◦C to interrupt the reaction, followed
by dialysis in deionized water for 1 week to remove salts and unreacted monomers. After
hydrogel (GelMA) synthesis, each electrospun fiber mat was cut into small pieces and com-
pletely soaked in GelMA. A photocrosslinker (LAP) was added to the mixture at the 0.05%
level and stirring (240 rpm) was conducted at 50 ◦C; crosslinking was achieved for 60 s
using a light-emitting diode (LED) curing unit (Bluephase; Ivoclar-Vivadent, Amherst, NY,
USA) at 385 nm, resulting in GelMA/fibrous mat samples with a 50 wt.% fiber content. The
resin-fiber samples were left to dry in a fume hood overnight, then placed in appropriate
metallic milling vials, precooled for 2 min in liquid nitrogen, and milled for 15 min utilizing
a cryogenic impact mill (model SPEX CertiPrep 6750, SPEX CertiPrep, Metuchen, NJ, USA).
The cryomilling process included alternating 1 min milling cycles separated by 1 min cool-
ing intervals, respectively. The obtained fiber-based particles were stored in a desiccator
containing silica at room temperature until further use. SEM imaging was done to verify
the morphology of the obtained particles. Fourier-transform infrared spectroscopy (FTIR;
Thermo Fischer Scientific, Inc.) was utilized in attenuated total reflection mode ranging
between 700–4000 cm−1 at a resolution of 4 cm−1 to confirm the chemical characteristics of
the fiber-based particles incorporated with CLIN and MET.

4.4. Fabrication of the Antibiotic-Laden Fibrous Microparticles Gelatin Methacryloyl Hydrogel

The antibiotic-laden fiber particles were sieved (45 μm) before their incorporation
into 4 mL of hydrogel solution (15% GelMA), i.e., the same hydrogel synthesized earlier
for the GelMA/fiber mats soaking process. Photocrosslinker was added, as described
before, followed by the addition of the fiber-based particles at a 5% (w/v) level. Four
groups were prepared: GelMA—fiber-free GelMA (control); CLIN—GelMA comprised
of CLIN-laden fiber particles; MET—GelMA comprised of MET-laden fiber particles; and
CLIN+MET—GelMA comprised of equal amounts of CLIN- and MET-laden fiber particles.

4.5. Characterization Analyses

Fiber-modified and fiber-free GelMA mixtures were prepared to obtain distinct hydrogel-
based samples for the analyses described below. To that end, 100 μL of each mixture was
placed into an elastomeric (CutterSil Putty PLUS; Kulzer Dental North America, South
Bend, IN, USA) mold of varying dimensions (depending on the test) and irradiated (pho-
topolymerized) for 15 s with the LED at 385 nm.

4.5.1. Swelling and Biodegradation

Cylindrical specimens (n = 3/group) were immersed in PBS to allow for swelling
for 24 h at 37 ◦C. Next, the specimens were weighed to establish their wet weight (Ww),
then they were lyophilized and weighed again to establish their dry weight (Wd). The
volumetric swelling ratio (in %) of each hydrogel group was calculated using the following
equation:

Swelling Ratio = (Ww − Wd)/Wd × 100 (1)
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The in vitro biodegradation of the hydrogels was carried out by incubating cylindrical
specimens (6 mm diameter × 2 mm thick) of each hydrogel in an enzymatic solution
comprised of DPBS and collagenase type I (1 U/mL, Roche Holding AG, Basel, Switzerland).
The specimens (n = 4/group) were weighed at baseline (W0) before their incubation in
5 mL of enzymatic solution for 3 weeks at 37 ◦C; then, the solution was renewed every
3 days with fresh solution to maintain constant enzyme activity. At present time points, the
specimens were removed from the solution, washed twice with sterile DI water, blotted
dry with low-lint wipes, and weighed again (Wt). The degradation (in %) of each hydrogel
group was calculated using the following equation:

Degradation = (Wt/W0) × 100 (2)

4.5.2. Cell Viability

To determine whether modifying the GelMA hydrogel with antibiotic-laden fiber
particles would result in cell toxicity, hydrogel specimens (6 mm in diameter × 2-mm thick)
were prepared for an in vitro assay following the International Standards Organization
guidelines (ISO, 10993-5). Initially, the specimens (n = 5/group) were UV-treated for
30 min on each side to disinfect them. Then, they were individually placed in sterile
scintillation glass vials (VWR International, LLC, Radnor, PA, USA) that contained 5 mL of
alpha-modified Eagle’s Medium (α-MEM; Gibco Invitrogen Corporation, Grand Island,
NY, USA) supplemented with 10% fetal bovine serum (FBS; Gibco), L-glutamine (Sigma),
1% penicillin-streptomycin (Gibco), and 1 U/mL of collagenase type I (Roche Holding AG).
Next, they were incubated at 37 ◦C for up to 21 days, with 500 μL aliquots collected at
different time points (after 1, 3, 7, 14, and 21 days of storage) to investigate the potential
cytotoxic effects of leachable hydrogels’ byproducts (e.g., antibiotics) over time. Equal
amounts of storage medium were added back to each vial to maintain a constant extraction
volume. Finally, prior to cell exposure, the collected aliquots were filtered through a 0.22 μm
membrane (MilliporeSigma, Burlington, MA, USA).

Stem cells derived from human exfoliated deciduous teeth (SHEDs; Lonza, Walk-
ersville, MD, USA) were cultured in an incubator at 37 ◦C with 5% CO2 in α-MEM supple-
mented with 10% FBS, 1% L-glutamine, and 1% penicillin–streptomycin. Cells at passages
4 to 7 were utilized. SHEDs were seeded at a density of 2.5 × 103 cells/well and were
allowed to adhere in the wells of 96-well plates (Corning Incorporated, Corning, NY, USA).
After 24 h, the media were subsequently replaced by collected extracts (100 μL) taken from
GelMA-based hydrogels. For 24 h, the aliquots were kept in contact with the cells. An
amount of 30 μL of CellTiter 96 AQueous One Solution Reagent (Promega Corporation,
Madison, WI, USA) was then added to the test wells and allowed to react at 37 ◦C in
a humidified 5% CO2 atmosphere. The incorporated dye was measured by reading the
absorbance at 490 nm (SpectraMax iD3; Molecular Devices LLC, San Jose, CA, USA) and
comparing it with a blank column. SHEDs cultured in complete α-MEM were used as the
positive control. Absorbance values were converted to percentages and compared with the
test groups’ values.

4.5.3. Antimicrobial Efficacy

The antimicrobial efficacy of the antibiotic-laden fiber-modified hydrogels was verified
against endodontic pathogens (agar diffusion) and biofilm inhibition using an infected
dentin A. naeslundii biofilm model evaluated both quantitatively (CFU/mL) and qualita-
tively via confocal laser scanning microscopy (CLSM) and SEM. For the agar diffusion
assay, the hydrogels were tested against Actinomyces naeslundii (A. naeslundii, ATCC 12104),
Fusobacterium nucleatum (F. nucleatum, ATCC 25586), and Enterococcus faecalis (E. faecalis,
ATCC 19433) bacteria. Cylindrical-shaped (6 mm diameter × 2 mm thick) specimens were
prepared (n = 3/group) and disinfected by UV-irradiation (30 min/side). A. naeslundii and
F. nucleatum were anaerobically cultured for 24 h in 5 mL of brain and heart infusion (BHI)
broth. E. faecalis was aerobically cultured in 5 mL of BHI broth for 24 h. Each bacterial
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suspension was spectrophotometrically (405 nm) adjusted to obtain 3 × 108 CFU/mL. An
amount of 100 μL of each broth was swabbed onto BHI agar plates to form a bacterial lawn.
To evaluate the antimicrobial properties over time, GelMA-based hydrogel specimens of the
same dimensions were prepared (n = 3/group); the specimens were individually incubated
in glass vials with 5 mL of sterile PBS for 3 weeks at 37 ◦C. At predetermined time intervals
(1, 3, 7, and 14 days), 500 μL aliquots were drawn and replaced with equivalent amounts of
fresh DPBS. The retrieved aliquots were stored at −20 ◦C until further use. The agar plate
was divided into zones: 10 μL of 2% chlorhexidine digluconate (CHX; positive control),
10 μL of DI water (negative control), and 20 μL of GelMA-based aliquots. After incubating
for 48 h (F. nucleatum and A. naeslundii), diameters (in mm) of the clear zones of growth
inhibition were measured.

For the anti-biofilm assay, the experiment was conducted only after approval by the
local Institutional Review Board (IRB protocol no. 1407656657; University of Michigan).
Fifty-four recently extracted, single-rooted human teeth were cleaned and stored in 0.1%
thymol until use. The teeth were cut to obtain dentin slices (2 mm thick) so that the crown
portion was sectioned 2 mm above the cementum–enamel junction and was cut along the
buccolingual plane. The specimens were then wet-finished with SiC papers (600–1200 grit)
to obtain both standardized and smooth surfaces, followed by immersion in 2.5% NaOCl
and 17% ethylenediaminetetraacetic acid (EDTA) solutions for 5 and 3 min, respectively, un-
der the ultrasonic bath (L&R 2014 Ultrasonic Cleaning System, L&R Ultrasonics, Kearny, NJ,
USA). Then, the specimens were rinsed in sterile saline solution for 10 min and autoclaved
at 121 ◦C for 20 min.

A. naeslundii (ATCC 12104) was cultivated in an anaerobic chamber for 48 h. The bacte-
rial suspension was adjusted for approximately 7.5 × 107 colony-forming units per milliliter
in BHI broth. The sterile dentin slices were placed into 24-well plates that contained 1.8 mL
of BHI broth and 0.2 mL of the inoculum and were incubated in an anaerobic chamber for
7 days to allow for the formation of biofilm. The broth was renewed every 2 days. Infected
dentin slices (n = 6/group) were randomly divided into six groups: GelMA, CLIN, MET,
and CLIN+MET hydrogels, as well as Ca(OH)2 paste (positive control) and an untreated
7-day-old biofilm (negative control). After 7 days, non-adherent bacteria were removed
by gently rinsing the samples in PBS. Next, 50 μL of each material was placed above the
biofilm formed and crosslinked for 15 s with the LED. The samples were then incubated for
3 days in the anaerobic chamber and divided for colony forming units (CFU/mL; n = 4),
scanning electron microscopy (SEM; n = 2), and confocal laser scanning microscopy (CLSM;
n = 3) analyses.

For CFU/mL, the incubated samples were cautiously removed from the wells and
placed in Eppendorf tubes containing 1 mL of saline solution. The tubes were sonicated
at 30 W for 30 s to detach the biofilms formed on the dentin slices. After that, 100 μL
aliquots were collected and subjected to serial dilution, which was carried out in BHI blood
agar plates. The plates were then incubated at 37 ◦C for 24 h in an anaerobic chamber,
with the CFU/mL being counted. To prepare them for SEM evaluation, the samples
were gently washed in PBS and fixed overnight in 2.5% glutaraldehyde. Next, they were
dehydrated in increased concentrations of alcohol/water solutions, treated with increased
concentrations of HMDS solutions, and sputter-coated with Au-Pd prior to imaging. For
CLSM evaluation, after each treatment was applied, the samples were gently washed with
DI water and stained using the fluorescent LIVE/DEAD BacLight Bacterial Viability Kit L-
7012 (Molecular Probes, Inc., Eugene, OR, USA). Three areas of each sample were analyzed
utilizing 3D reconstruction. They were selected randomly, always starting from the root
canal space to the cementum side. A 40× lens (Leica SP2 CL5Mt; Leica Microsystems
GmbH, Wetzlar, HE, Germany) was used. The sequence of segments through tissue depth
(Z-stacks) was collected using optimal step-size settings (0.35 μm), with the images being
composed of 512 × 512 pixels. The excitation-emission maxima for the dyes, respectively,
were approximately 480/500 nm for SYTO 9 and 490/635 nm for PI. The images were
reconstructed using ImageJ and the percentages of live/dead bacteria were compared
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with the positive [Ca(OH)2] and negative (no treatment) controls to establish statistical
significance among the groups.

4.6. Statistical Analysis

The obtained data were statistically analyzed (SigmaPlot version 12; Systat Software,
Inc., Chicago, IL, USA) using analysis of variance and Tukey’s test for multiple comparisons
at the α = 5% level of significance.

5. Conclusions

In this work, we successfully designed a photo-curable injectable hydrogel loaded with
antibiotic-laden fibrous microparticles, which demonstrated effective antimicrobial activity
and non-cytotoxic behavior. Moreover, based on the collected data, the proposed hydrogel
holds clinical promise for bacterial infection ablation before regenerative endodontics
procedures. Further pre-clinical animal studies (e.g., periapical disease model in rodents)
are paramount to investigating the antimicrobial efficacy of this new injectable system.
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Abstract: This study aims to investigate the impact of kappa-carrageenan on dental pulp stem cells
(DPSCs) behavior in terms of biocompatibility and odontogenic differentiation potential when it
is utilized as a component for the production of 3D sponge-like scaffolds. For this purpose, we
prepared three types of scaffolds by freeze-drying (i) kappa-carrageenan/chitosan/gelatin enriched
with KCl (KCG-KCl) as a physical crosslinker for the sulfate groups of kappa-carrageenan, (ii) kappa-
carrageenan/chitosan/gelatin (KCG) and (iii) chitosan/gelatin (CG) scaffolds as a control. The
mechanical analysis illustrated a significantly higher elastic modulus of the cell-laden scaffolds
compared to the cell-free ones after 14 and 28 days with values ranging from 25 to 40 kPa, showing
an increase of 27–36%, with the KCG-KCl scaffolds indicating the highest and CG the lowest values.
Cell viability data showed a significant increase from days 3 to 7 and up to day 14 for all scaffold
compositions. Significantly increasing alkaline phosphatase (ALP) activity has been observed over
time in all three scaffold compositions, while the KCG-KCl scaffolds indicated significantly higher
calcium production after 21 and 28 days compared to the CG control. The gene expression analysis of
the odontogenic markers DSPP, ALP and RunX2 revealed a two-fold higher upregulation of DSPP in
KCG-KCl scaffolds at day 14 compared to the other two compositions. A significant increase of the
RunX2 expression between days 7 and 14 was observed for all scaffolds, with a significantly higher
increase of at least twelve-fold for the kappa-carrageenan containing scaffolds, which exhibited
an earlier ALP gene expression compared to the CG. Our results demonstrate that the integration
of kappa-carrageenan in scaffolds significantly enhanced the odontogenic potential of DPSCs and
supports dentin-pulp regeneration.

Keywords: biocompatibility; dental pulp stem cells; dental tissue engineering; odontogenic
differentiation; scaffolds; tissue regeneration

1. Introduction

Progress in dental tissue engineering and regenerative dentistry has been tremendous
over the past decades, with recent milestones on translational research having led to the
development of innovative concepts in tissue engineering of hard and soft dental tissues,
among which is the dentin-pulp complex [1]. Since the discovery of dental pulp stem
cells (DPSCs), many biomaterials and signaling molecules have been investigated for their
odontogenic response [2]. For example, in cases of direct and indirect pulp capping, various
biocompatible platforms containing calcium and silicate-based materials have been utilized,
aiming to reconstitute the exposed area and induce the odontogenic differentiation of the
cells and the formation of a biomimetic mineralized barrier (tertiary dentinogenesis) [3].

Adult stem cells are considered to be a versatile model system and can be isolated
from multiple organs of the human body. Their main advantage is their inert trait of
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self-renewal and their capability towards various differentiation lineages in the presence
of appropriate stimulants [4,5]. DPSCs are a particular category of ectoderm-derived
mesenchymal stem cells originating from migrating neural crest cells [6,7]. They reside
in the pulp of permanent teeth and their main role is the production of odontoblasts and
dentin. Moreover, the accessibility and the relatively easy process of isolation compared
to other stem cell types, as well as their excellent behavior under in vitro conditions,
make them a very promising cell type for experimentation in the regenerative medicine
area [2,4,8]. For these reasons, DPSCs have been used in dental tissue engineering to
evaluate their potential for dental reconstruction [9,10].

Scaffold-based therapies have been employed promisingly to achieve suitable matrices
able to accommodate the regeneration of adjacent tissues [11]. Chitosan, a natural biopoly-
mer that can be extracted from chitin, the main ingredient of the exoskeleton of different
arthropod species such as shrimps, is one of the most commonly utilized biomaterials in
tissue engineering [12]. Chitosan possesses alternating glucosamine and N-glucosamine
groups to which it owes its excellent biocompatibility and antibacterial properties [12,13].
Based on its abundance and easy processability, chitosan has found applicability in various
research fields, from the food industry [14] to the construction of tissue engineering scaf-
folds [15]. Additionally, it has been used as a promising scaffold for dentin and pulp tissue
engineering [16]. One of the hurdles be overcome in the case of any potential regenerative
medicine device is its ability to avoid an excessive inflammatory response, which can in
turn lead to the rejection of the inserted transplant [17]. Gelatin is a natural biomaterial
derived from hydrolyzed collagen comprising an alternating sequence of the arginine,
glycine and aspartate (RGD) tripeptide motif, which promotes cell adhesion and a very
low exhibition of immune responses [18]. Since gelatin is quite inexpensive while retaining
most of the biological attributes of collagen, it is frequently employed in tissue engineer-
ing either in its native [19] or methacrylated form [20]. Due to their great biochemical
response, chitosan and gelatin have been combined and studied, especially in the field of
bone and dental tissue engineering [21–23]. For example, Georgopoulou et al. [15] reported
on the preparation of chitosan/gelatin scaffolds, which were chemically crosslinked with
a low concentration of either glutaraldehyde or genipin solution, to showcase the bone
differentiation capacity of pre-osteoblasts and bone marrow derived mesenchymal stem
cells (MSCs) in vitro and in vivo. Scaffolds depicted an excellent biocompatibility and
upregulation of the examined osteogenic markers RUNX2, ALP and OSC up to day 14,
while their insertion into a mouse femur illustrated the establishment of a well-spread
extracellular matrix without adverse reactions. Capitalizing on the antibacterial properties
of chitosan, Pereda et al. [24] reported on chitosan/gelatin edible films for long term food
item preservation. Their results showed great antimicrobial activity, while the membranes
were impenetrable to water, a crucial parameter for microbial growth inhibition.

Carrageenans are a family of various polysaccharides deriving from red seaweeds.
Among them, kappa and iota-carrageenan have attracted great attention due to their gelling,
thickening, stability and non-toxicity properties in food and commodity industries, but
also as ingredients for regenerative medicine constructs due to their ability to promote
cell growth, proliferation and differentiation [25–27]. The biological properties of kappa-
carrageenan stem from its three hydroxyl groups per disaccharide repeating unit, which
makes it highly hydrophilic, and its one negatively charged sulfate group, which enables
chemical reactions [28]. Apart from the biocompatibility, tissue engineered constructs
should possess sufficient mechanical stiffness similar to the tissue type targeted to regen-
erate to be successful [29]. In the presence of cations, especially monovalent ones such as
potassium, kappa-carrageenan formation turns from a coil shape to a helicoidal structure,
leading to increased gelling strength [30,31] and making it a prime candidate for tissue
engineering applications [32].

Chitosan/gelatin scaffolds of various compositions have been previously examined
for their odontogenic capacity, with promising in vitro and in vivo results [20,21]. In a
previous study, we showed that the integration of kappa-carrageenan in chitosan/gelatin
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scaffolds positively influenced the mechanical properties and the osteogenic potential
of pre-osteoblasts within the scaffolds [33]. In the context of dental applications, kappa-
carrageenan has been described as a potent anti-human papillomavirus agent in cells and
tissues of the oral cavity and as a hemostatic sponge when combined with gelatin, without
any cytotoxicity in L929 fibroblasts [34,35]. However, there are no reports in the literature on
tissue engineered carrageenan-based scaffolds for odontogenic differentiation. Therefore,
in this study we aim to evaluate the impact of kappa-carrageenan in chitosan/gelatin scaf-
folds as a biomimetic microenvironment for dentin-pulp regeneration. In the present study,
kappa-carrageenan/chitosan/gelatin (KCG) and kappa-carrageenan/chitosan/gelatin en-
riched with KCl (KCG-KCl) scaffolds have been produced, and the biological responses of
DPSCs seeded onto them, including viability, proliferation, morphology and differentiation
capacity towards the formation of mature odontoblasts, have been examined. Moreover,
the mechanical strength of cell-loaded scaffolds was compared to that of cell-free scaffolds
to deduce if the viscoelastic nature of DPSCs contributes to the reinforcement of the total
robustness of the constructs, as an essential biomechanical attribute that controls cellular
responses. To investigate the odontogenic capacity of the scaffolds, alkaline phosphatase
(ALP) activity and calcium secretion were determined, and the gene expression levels
of dental-related markers were evaluated by means of quantitative polymerase chain
reaction (qPCR).

2. Results

2.1. Immunophenotypic Characterization of DPSC Cultures

The analysis of flow cytometry results revealed the high expression of MSC markers
of the cell population, as illustrated in Figure 1. Specifically, CD90 was present at 98%
and CD73 at 96% of the total cells compared to the control, and CD146 and STRO-1 at 73
and 18%, respectively. The endothelial cell marker CD105 was observed at 91%, while
the hematopoietic markers CD34 and CD45 had minor expression (<10%). All expressed
surface markers indicated a highly enriched DPSCs population.

Figure 1. Representative histograms of immunophenotypic characterization by flow cytometry
results on DPSCs surface markers: mesenchymal (CD90, CD73, CD146, STRO1), endothelial (CD105)
and hematopoietic (CD34, CD45). The red area illustrates the expression of the control (unstained
cells), and the blue area the marker of interest. The arithmetical values are the mean expression ± SD
(n = 3).

2.2. DPSCs Contribution to the Mechanical Integrity of the Scaffolds

The Young’s modulus was measured at a strain of 5–20% and velocity of 1 mm/s
(Figure 2) to monitor if the presence of cells affected the mechanical strength of the scaffolds.
The measurements were performed under wet conditions, and the wet cell-free scaffolds
were compared to the wet DPSCs laden scaffolds after 14 and 28 days in culture. Prior to
the measurements, the excess of culture medium was removed from the scaffolds. Among
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the cell-free scaffolds, the KCG-KCl ones demonstrated the highest value, close to 28 kPa,
while the KCG and control CG retained comparable values, approximately at 23 kPa. After
14 days in culture, all scaffolds showed a slight increase in the Young’s modulus, with the
KCG-KCl indicating the highest value of 32 kPa, followed by the KCG at 25 kPa and the
CG at 24 kPa. At day 28, all scaffold types exhibited the highest Young’s modulus values,
with the KCG-KCl at 39 kPa and the other two at 30 kPa, demonstrating a 36% and 33%
increase between day 0 and day 28, respectively. These findings strongly support the idea
that the infiltration and proliferation of the cells inside the scaffolds led to mechanically
enhanced constructs.

Figure 2. (A) Evaluation of the Young’s modulus at 5–20% strain and 1 mm/s velocity for the three
scaffold compositions. (B) Relative expression of Young’s modulus increase of cell-loaded scaffolds
between days 0 and 14 (red bars) and between days 0 and 28 (green bars) compared to cell-free
scaffolds. Each bar represents the mean ± SD of n = 6 (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001
compared to cell-free scaffolds (no cells)).

2.3. SEM Analysis of DPSCs Morphology and Adhesion

Scanning electron microscopy enables the illustration of the morphology of the scaf-
folds, the cell adhesion on their surface and the cell infiltration into the pores of the scaffolds.
Figure 3 depicts representative SEM images of the three types of scaffolds, KCG-KCl, KCG
and CG, either cell-free or loaded with DPSCs after 2 and 10 days of culture. Cell-free
images are displayed in Figure 3 (upper panel) and exhibit the initially empty pores of the
scaffolds that had been completely filled with cells by day 10. At day 2, adhered DPSCs
could be detected within the pores, and the cell nuclei of healthy cells are also visible
(white arrows point to the them). The morphology of attached cells on the scaffolds did not
show any differences among the various compositions. At day 10, the pores of all three
scaffold compositions were filled with elongated dense intercellular formations of DPSCs,
signifying tissue growth.

2.4. DPSCs’ Growth and Proliferation within the Various Scaffold Types

All scaffold types demonstrated great biocompatible character, but no significant
differences in their cytocompatibility levels could be detected (Figure 4). In detail, at
day 3, all samples depicted similar absorbance values and, by day 7, almost a two-fold
increase was evident for every composition compared to the previous time point, with the
KCG-KCl one exceeding the rest by a small margin. At day 14, the same motif of growth
was observed, with an almost three-fold increase in cell number compared to day 7 and
with the KCG-KCl retaining a slightly higher value than the KCG and the CG control.
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Figure 3. Representative SEM images from cell-free (upper panel) and cell-laden scaffolds after 2 days
(middle panel) and 10 days (lower panel) in culture. KCG-KCl scaffolds (left column), KCG scaffolds
(middle column) and CG control scaffolds (right column) are visualized. White arrows in the middle
panel point to adhered cells and their nuclei on day 2, while in the lower panel the arrows point to
dense elongated multicellular formations on day 10. Magnifications are 500× and scale bars represent
50 μm.

Figure 4. Cell viability assessment by CLSM live/dead fluorescent staining at 72 h and by the
metabolic PrestoBlueTM cell viability assay of DPSCs seeded on KCG-KCl, KCG and CG scaffolds at
days 3, 7 and 14. (A) Representative CLSM (live and dead cells) images. (B) Mean percentage (%) of
live to the total number of cells. Error bars indicate the standard deviation (n = 3). No statistically
significant differences were observed among the groups. (C) CLSM image of the autofluorescent CG
scaffold and the fluorescent cells, illustrating the homogenous distribution of the cells on the scaffold.
Scale bars indicate 100 μm. (D) Cell viability assessment of DPSCs in the presence of the three scaffold
types on days 3, 7 and 14. Each bar represents the mean ± SD of triplicates of two independent
experiments (* p < 0.05, compared to the CG control scaffold at the corresponding time point).
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CLSM imaging confirmed that cells attached firmly and were evenly distributed on
the scaffolds 72 h after seeding. Presentative CLSM photos of each scaffold composition
are shown in Figure 4A. The green-appearing viable cells (as indicated by the enzymatic
digestion of the fluorescent dye calcein AM) were predominant. The presence of red-
appearing dead cells (stained by the ethidium bromide homodimer III) was limited in all
groups. The percentage of live cells to the total cell number (live and dead) of each group is
depicted in Figure 4B. Games Howell’s post hoc test revealed no statistically significant
differences among the tested groups (p > 0.05). DPSCs attached firmly in the CG scaffolds,
as shown in Figure 3F.

2.5. Odontogenic Differentiation of DPSCs in the Presence of the Scaffolds
2.5.1. Determination of the ALP Activity of DPSCs

Since alkaline phosphatase activity is considered an early marker of odontogenesis,
day 3, day 7 and day 14 were selected as the time points for its investigation (Figure 5A). At
day 3, only a mild expression of the enzyme’s activity was evident, with all scaffold types
having identical values. Between day 3 and day 7, a steep increase was observable for all
compositions of approximately quadruple magnitude, with the KCG-KCl and CG scaffolds
exhibiting slightly higher values than the KCG ones. Finally, at day 14, all scaffolds showed
a two-fold increase, with no profound variations between them.

Figure 5. (A) Normalized alkaline phosphatase activity of DPSCs in the presence of the three scaffold
types on days 3, 7 and 14. Each bar represents the mean ± SD of triplicates of two independent
experiments (* p < 0.05 compared to the CG control scaffold at each time point). (B) Calcium
concentration measured in the collected supernatants on days 14, 21 and 28 in culture from the
three scaffold compositions. Each bar represents the mean ± SD of triplicates of two independent
experiments (* p < 0.05, ** p < 0.01 compared to the CG control scaffold at each time point).

2.5.2. Evaluation of the Secreted Calcium in Supernatants

The concentration of secreted calcium secreted by the DPSCs was quantified on days
14, 21 and 28 (Figure 5B). All samples showed not only similar values with regard to calcium
concentration, but also an identical trend in the way it increased. Specifically, at day 14,
the KCG-KCl scaffolds slightly surpassed the other two compositions, with the same motif
being repeated for the other two time points as well. KCG and CG samples retained similar
values throughout the 28 days period, at all different time points. The increase of calcium
concentration was linear between the subsequent time points, with an almost 50% increase
between the previous and the next time point.

2.5.3. Real-Time PCR Odontogenic Markers

The gene expression of odontogenic markers was upregulated at different levels in
all three tested scaffolds, as assessed by real-time PCR at 3, 7 and 14 days. The KCG-KCl
scaffold showed the highest odontogenic effect on DPSCs. Gene expressions normalized to
the two HKGs (SDHA and B2M) are displayed as fold change and illustrated in Figure 6.
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More specifically, the expression of DSPP, which is a late marker of odontogenic differen-
tiation, was not expressed until day 14 in any of three examined DPSC-seeded scaffolds.
CG and KCG compositions revealed an approximately two-fold upregulation, compared
to baseline control, while a statistically higher (five-fold) value was identified at day 14 of
treatment inside the KCG-KCl scaffolds (p < 0.001). Similarly, the expression of the RunX2
gene was upregulated only at day 14, for all groups, with an approximately three-fold
increase, while the ALP marker expression levels of KCG-KCl and KCG scaffolds depicted
a seven-fold and eight-fold increase at day 7, respectively, followed by a decline at day 14.
Conversely, CG scaffolds showed a continuous upregulation profile, up to day 14, which
peaked at a seven-fold increase at the last time point.

Figure 6. Odontogenic differentiation of DPSCs after 3, 7 and 14 days in contact with the tested
scaffolds. The mRNA expressions of RunX2, ALP and DSPP are expressed as fold change compared
to the two housekeeping genes (B2M and SDHA). DPSCs that were scaffold-free acted as the baseline.
Asterisks indicate the statistically significant differences compared to the negative control (* p ≤ 0.05,
** p ≤ 0.01, *** p ≤ 0.001) (n = 3).

3. Discussion

Oral-cavity-related diseases belong to the most prevalent categories of health prob-
lems, encompassing a wide range of pathophysiologies from the more typical tooth and
periodontal damage to life threatening cancers [34]. DPSCs are stem cells that can be
isolated from the dental pulp of permanent teeth and are capable of being guided towards
different lineage pathways, making them an ideal cell line to work with for the investigation
of regenerative model systems [4]. One of their most popular applications is related to their
directed differentiation towards odontoblast-like cells to enable the recuperation of dental
tissue [23]. Research in tissue regeneration strives to propel current medicinal standards
further. To this end, researchers have investigated the development of novel treatment
methods that can accommodate the restoration of tissue defects caused by exogenous
trauma or health issues resulting from genetic abnormalities [35]. Dentin and pulp tissue
engineering would significantly benefit dental clinical practice, and therefore recent studies
have focused on the discovery of new bioactive materials to facilitate this purpose. Indirect
and direct pulp capping materials have been utilized throughout the years to accommodate
induced odontogenesis at the site of pulp exposure or proximity [2].

Biomaterials have been developed over the last decades as a source for the construction
of cell friendly platforms that interact with the human body and enable gradual regen-
eration in a desired, controllable way. They can be broadly classified into two categories
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based on their origin and the method of their production, natural and synthetic, and have
been used in various combinations to create tissue engineering scaffolds that enhance the
growth of specific tissue types. Natural biomaterials are similar to structural biomolecules
that compose native tissue, and thus their biological effect is usually more potent than that
of the synthetic ones [36]. However, one of the main downsides of natural biopolymers
is their low mechanical strength, making it pivotal to either crosslink or mix them with
other, firmer compounds. Chitosan and gelatin have been extensively studied in tissue
engineering applications, due to their superb biological response towards different cell
lines [15,23]. Chitosan scaffolds, in combination with various bioactive substances, have
been investigated for their dentin and pulp tissues regeneration ability with advantageous
results [11]. Kappa-carrageenan, a natural biocompatible polysaccharide, possesses a neg-
atively charged sulfate group which provides the capability to form firm gels at room
temperature in the presence of a cation such as sodium or potassium [30]. Moreover,
the spare sulfate groups that do not interact with these cations are free to form ionic
binding with other positively charged groups. This property can be exploited when kappa-
carrageenan and chitosan are combined to form polyelectrolyte complexes that stem from
the ionic interactions occurring between the positively charged amino groups of chitosan
and the negatively charged sulfate groups of kappa-carrageenan, leading to an amplifi-
cation of the scaffolds’ mechanical strength [37]. In this study, we fabricated two types
of kappa-carrageenan-containing scaffolds with and without the addition of potassium
chloride based on their capacity to promote the osteogenic responses of pre-osteoblastic
cells [33]. We attempted to illustrate their contribution to induce the odontogenic differenti-
ation of DPSCs towards odontoblast-like cells. Chitosan/gelatin scaffolds served as the
control group.

Under wet conditions, all three types of scaffolds behaved as sponge-like materials,
able to absorb large quantities of water, with Young’s modulus values ranging between
22.5 and 28.5 kPa. The KCG-KCl indicated the highest and the KCG and CG had almost
identical values, underlying the impact of potassium chloride in the overall mechanical
robustness of the scaffolds. Such structures of spongy nature have been proven to allow and
promote bone differentiation [38]. Although the produced scaffolds provided an excellent
biocompatible 3D environment for in vitro biological evaluation, their elastic modulus
values were mechanically inferior compared to the native dental pulp tissue [39], which may
limit their use as substitutes. Regarding degradable materials, when cells are seeded onto
scaffolds, two antagonistic procedures constantly take place: the degradation of the scaffold,
and the de novo synthesis of the extracellular matrix by the cells. The degradation rate of the
three scaffolds compositions, as well as the role of kappa-carrageenan and the crosslinker
KCl in reducing the degradation rate of the chitosan/gelatin scaffolds, has been thoroughly
investigated and reported on previously [33]. Different research groups have shed light on
the viscoelastic attributes of various cell lines, which derive from the intricate complexes
that their different structural biomolecules formulate [40,41]. To evaluate whether the cells
contribute to the stiffness of the fabricated scaffolds, measurements of the Young’s modulus
were conducted after 14 and 28 days of cell culture. Between days 0 and 14, a slight increase
of approximately 12% was observed for the two kappa-carrageenan containing scaffolds,
with the KCG-KCl exceeding KCG and the CG scaffolds showing a 4% increase. However,
at day 28, a significant rise to 39 kPa was detected for the KCG-KCl, followed by the KCG
and CG scaffolds at 30 kPa. All scaffolds showed increased elastic modulus values by a
range of 27–36% compared to cell-free scaffolds. These significant differences reinforced
our initial hypothesis: that the presence of DPSCs have a positive effect on the elastic
modulus of the cell laden scaffolds. These results are in alignment with other research
works reporting that cells can show elastic modulus values of several kPa [42,43].

All scaffolds showed excellent biocompatibility, with the living cell numbers gradually
climbing towards higher values over time. The differences in the absorbance values
were almost negligible, with the KCG-KCl scaffolds surpassing the other types at all time
points. Scaffold porosity is a crucial parameter for a tissue engineering construct, as it can
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directly affect cell migration and infiltration after the saturation of the surface [44]. In a
previous study, we showed that these scaffold types displayed a porosity of at least 80% [33].
This architecture allowed for a deep infiltration of the pores by the DPSCs after surface
saturation, resulting in a cell number increase up to day 14 [45]. SEM images at day 2
illustrated that the cells had adhered to the material surface, and by day 10 dense elongated
intercellular formations covering the pores of the scaffolds were visible. These findings
indicated tissue growth formation, and they were confirmed by the live/dead staining
results, revealing excellent biocompatibility. The living cells were distributed within the
scaffolds, as illustrated by the CLSM images. These findings are in accordance with reports
from the literature on chitosan scaffolds evaluated in direct contact with DPSCs [22,46].

Alkaline phosphatase activity is a crucial marker of odontogenesis since the enzyme
is able to cleave phosphate groups from different molecules and make them available for
the later stage of mineralization. As such, the enzyme activity is expected to have high
expression during the early odontogenesis phase, and to decline afterwards [47]. All three
scaffold types showed almost a two-fold increase of the ALP activity between days 3 and 7,
with the same motif being evident for the period between days 7 and 14. The CG control
had the highest values at all time points; however, this was not significant compared
to the other two compositions. Calcium secretion is representative of the final stage of
odontogenesis and is essential for the formation of hydroxyapatite, the main inorganic
component of dental tissue. It is considered a middle-to-late marker of odontogenesis [48];
thus, it was monitored at days 14, 21 and 28. At day 14, all scaffolds depicted similar
calcium secretion levels. Between days 14 and 21, a rise in calcium production was detected
for all scaffold compositions, and similarly up to day 28. The KCG-KCl scaffolds indicated
significantly increased calcium production on days 21 and 28 compared to the CG control.
The results from both odontogenesis assays coincided with the findings from our previous
work, investigating the pre-osteoblasts maturation, as well as with other studies focusing
on the differentiation capability of kappa-carrageenan-containing scaffolds [33,47,49].

The odontogenic effect of all three scaffold compositions was investigated by means
of qPCR (Figure 6). The KCG-KCl scaffolds showed the optimal odontogenesis induc-
tion effect, as indicated by the DSPP expression. DSPP belongs to the family of Small
Integrin-Binding Ligand N-linked Glycoproteins (SIBLINGs), and is an odontogenic spe-
cific marker [50]. This protein participates in the mineralization of the dentin matrix and
has been found to be involved in bone mineralization as well, but on a lesser scale [51]. In
our study, DSPP expression was upregulated at day 14 in all three scaffold groups, with
only the KCG-KCl scaffolds displaying a statistically significant increase. Even though
RunX2 and ALP are not specific markers for odontogenic differentiation, their effect on the
mineralization of the dentin matrix is essential [52]. RunX2 expression increased at day 14
in all three investigated scaffolds, while the expression of ALP was statistically higher than
the baseline at all timepoints. Interestingly, the ALP expression was more upregulated at
days 3 and 7 in the kappa-carrageenan-containing scaffolds, compared to the CG control,
with a decline on day 14, while the CG scaffolds retained their highest values at this time
point, implying that the odontogenic process started earlier in the carrageenan containing
scaffolds. It has been shown that when dexamethasone, a general induction factor, was
applied on DPSCs, the expression of RunX2 was not upregulated [53], while in this study
all tested scaffold compositions caused increased RunX2 expression. The upregulation
of the expression of the transcription factor RunX2 is essential for the odontogenic differ-
entiation of DPSCs to odontoblast-like cells [54]. It has also been shown that bioactive
pulp-capping materials that are commonly used in dental clinical praxis, such as silicate
cements and mineral trioxide aggregate (MTA), do not affect the ALP gene expression,
while CG, KCG and KCG-KCl significantly upregulated this gene [55]. In previous works of
our group revolving around the odontogenic potential of chitosan/gelatin-based scaffolds,
we have shown the upregulation of these markers in a similar 3D environment [23,56]. The
abovementioned findings strongly indicate the odontogenic stimuli of the CG, KCG and
KCG-KCl scaffolds as early as day 3. The sponge-like architecture of the produced scaffolds
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favors the physical absorption of high amounts of water, thus rendering them excellent
candidates for enhanced functional platforms for the absorption and subsequent release of
drugs, growth factors and various biomolecules, as well as bioactive inorganic compounds
that are dissolvable in biological environments.

4. Materials and Methods

4.1. Materials

Chitosan (low molecular weight), gelatin from bovine skin, kappa-carrageenan, potas-
sium chloride, magnesium chloride, glutaraldehyde, Triton X-100, p-nitro-phenyl-phosphate
(pNPP), L-ascorbic acid 2-phosphate, β-glycerophosphate and dexamethasone were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). The PrestoBlueTM reagent for cell viabil-
ity and proliferation was purchased from Invitrogen Life Technologies (Carlsbad, CA, USA).
Trypsin/EDTA (0.25%), phosphate-buffered saline (PBS), amphotericin-B (fungizone), L-
glutamine and penicillin/streptomycin (P/S) were all purchased from Gibco ThermoFisher
Scientific (Waltham, MA, USA). Minimum essential Eagle’s medium (alpha-MEM) and fetal
bovine serum (FBS) were purchased from PAN-Biotech (Aidenbach, Germany). O-cresol
phthalein complexone reagent kit (CPC) was purchased from Biolabo (Les Hautes Rives
Maizy, France). Bradford reagent was purchased from AppliChem GmbH (Darmstadt,
Germany). Collagenase I was purchased from Abiel Biotech (Palermo, Italy), and dispase
II from Roche (Basel, Switzerland). The viability assay kit for live/dead staining (calcein
AM and EthD-III) was purchased from Biotium (Fremont, CA, USA), the NucleoSpin RNA
isolation kit from Macherey-Nagel (Duren, Germany), the cDNA Synthesis kit PrimeScript
first-strand from Takara (Shiga, Japan), and the SYBR PCR Master Mix from Applied
Biosystems (Foster City, CA, USA). The fluorochrome-conjugated antibodies for cell surface
marker characterization were purchased from BioLegend (Fell, Germany).

4.2. Scaffolds Preparation

Three types of scaffolds were produced following a protocol based on our previous
work [33]: (i) kappa-carrageenan/chitosan/gelatin (KCG), (ii) kappa-carrageenan/chitosan/
gelatin enriched with potassium chloride (KCG-KCl) and (iii) chitosan/gelatin (CG) acting
as a control. For the fabrication of the scaffolds, an established protocol was followed based
on our previous work [33]. Briefly, for the KCG scaffolds a 2.5% w/v chitosan in 1% v/v
acetic acid solution was allowed to mix at 50 ◦C for 1 h, while another 5% w/v gelatin
solution was prepared in deionized water for 20 min at 50 ◦C. The two solutions were mixed
in a volume ratio of 2:1 chitosan/gelatin, and afterwards the final solution was mixed with
a 1% w/v kappa-carrageenan water solution. The KCG-KCl mixtures were prepared in
exactly the same way, but with the addition of 0.25 M KCl. Subsequently, the resulting
solutions were left under mild stirring for 4 h at 60 ◦C to homogenize completely. From
each of them, 10 mL were transferred into a 15 mL tube and, after the addition of 50 μL of
0.25% v/v glutaraldehyde, 800 μL of the blend was cast onto the wells of a 24 well-plate and
freeze-dried for 24 h to create porous 3D scaffolds. Prior to cell seeding, the scaffolds were
UV treated at 262 nm to disinfect them for 30 min. Table 1 presents the scaffold designation
and their chemical composition, while Scheme 1 summarizes the production process.

Table 1. Acronyms of the various scaffold compositions.

Type Scaffold Acronym Composition

(i) KCG-KCl 1% w/v kappa-carrageenan, 1.67% w/v chitosan, 1.67% w/v
gelatin, 0.25 M KCl

(ii) KCG 1% w/v kappa-carrageenan, 1.67% w/v chitosan, 1.67% w/v
gelatin

(iii) CG 1.67% w/v chitosan, 1.67% w/v gelatin
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Scheme 1. Graphical representation of the scaffold production. The numbers 1–5 in the scheme show
the sequential addition of each compound (1 of gelatin, 2 of kappa carrageenan, 3 of chitosan, 4 of
KCl and 5 of glutaraldehyde).

4.3. Establishment and Culture of DPSCs

The protocol of this study received approval from the Institutional Ethics Board Com-
mittee (number 46/20-3-2019). Three patients donated their healthy third molars, which
were extracted for orthodontic/preventive reasons. Dental pulp stem cell pulled cultures
were established using the enzymatic dissociation method, as described previously [57].
Briefly, immediately after tooth extraction teeth were cleaned from soft remnant tissues and
disinfected with iodine. The pulp chamber was exposed after a cut was performed through
the cemento-enamel junction of each tooth using a high-speed handpiece instrument. The
pulp tissue was transported in serum-free cell culture medium to sterile conditions. The
pulp was then mechanically minced and enzymatically dissociated for 45 min at 37 ◦C in a
buffer solution of 3 mg/mL collagenase I and 4 mg/mL dispase II.

DPSCs were cultured in complete culture medium (CCM), consisting of a minimum
essential medium supplemented with 15% fetal bovine serum (FBS), 0.1 mM L-ascorbic
acid and a triple antibiotic solution of 100 U/mL penicillin, 0.1 mg/mL streptomycin and
0.25 μg/mL amphotericin B. Cells’ incubation conditions were 37 ◦C, 5% CO2 and 100%
relative humidity (RH) (Heal Force, Shanghai, China) until 70–80% confluency was reached.
Cell detachment was performed by 0.25% Trypsin/1 mM EDTA, and passages of 2–6 were
used for all experiments. For the differentiation experiments, the medium was enriched
with 50 μg/mL l-ascorbic acid, 10 mM β-glycerophosphate and 10 nM dexamethasone.

4.4. Immunophenotypic Characterization of DPSCs

DPSCs were characterized for specific surface markers by flow cytometry. Cells
were suspended, washed with flow cytometry staining buffer (FCSB) containing 1%
BSA and 0.1% NaN3 in PBS, and stained for the relevant markers. The mesenchymal
(STRO1, CD146, CD90, CD73), endothelial (CD105), embryonic (SSEA4) and hematopoietic
(CD34, CD45) surface markers on single-cell suspensions were labelled with the follow-
ing fluorochrome-conjugated antibodies: CD90-FITC, CD34-APC, CD45-PE, SSEA4-FITC,
STRO1-APC, CD146-PE, CD105-APC and CD73-PE. Data were acquired from 50.000 events
per sample using a Guava EasyCyte 8HT Benchtop flow cytometer (Merck Millipore,

177



Int. J. Mol. Sci. 2023, 24, 6465

Darmstadt, Germany) and analyzed with the Summit 5.1 software (Summit Software
Technologies, Fort Wayne, IN, USA) (n = 3).

4.5. Cell Viability Assessment

4.5.1. Cell Viability Assessment with the PrestoBlueTM Metabolic Assay

A 10 μL cell suspension containing 8 × 104 cells was seeded onto each scaffold and
400 μL of fresh medium was added to a final volume of 400 μL for each well of a 24 well-
plate. The cell viability of the scaffolds was investigated by employing PrestoBlueTM assay,
whose base ingredient is resazurin, a reductive agent that changes color from blue to purple
according to cell metabolism levels. Briefly, based on an established protocol [33], at three
different time points, days 3, 7 and 14, the old medium for each scaffold was replaced with
a mixture of 40 μL of PrestoBlueTM and 360 μL of fresh medium and the 24 well-plate was
incubated for 1 h at 37 ◦C. Subsequently, 100 μL of this mixture was transferred to a 96 well-
plate and were photometrically measured with a spectrophotometer at 570 and 600 nm
(Synergy HTX Multi-Mode Micro-plate Reader, BioTek, Bad Friedrichshall, Germany). All
samples were analyzed in triplicates of two independent experiments (n = 6).

4.5.2. Cell Viability Assessment by Live/Dead Staining

Scaffolds containing 24-well plates were seeded with 105 cells/well in 1 mL CCM/well.
The cell-seeded scaffolds were cultured further for 3 days, and then cell viability was as-
sessed by live/dead double-staining using 2 mM calcein AM ((λex/λem(max): 494/517 nm)/
4 mM ethidium homodimer III ((λex/λem(max): 532/625 nm) for up to 45 min. Calcein AM
was cleaved by esterases of live cells to produce the green fluorescent dye calcein, while
EthD-III stained the nucleus of dead cells with bright red fluorescence. The seeded HTFD
scaffolds were observed by confocal laser scanning microscopy (CLSM) (Leica Microsys-
tems, Wetzlar, Germany). Approximately 35 steps of 10 μm-step size z-stacked images
were generated. Two images were taken per scaffold. Cells seeded on a glass surface acted
as a negative control. The numbers of live and dead cells were measured with the ImageJ
software (version 1.8.0, NIH, Bethesda, MD, USA). The % percentage of live cells to the total
number of cells was calculated (n = 3 per condition). When the gains of the infra-red laser
were increased, the structure of the scaffold was observed and cell morphology, attachment
and distribution were observed.

4.6. Mechanical Properties of the DPSCs Seeded Scaffolds

The various scaffold compositions were examined mechanically by determining the
differences of the Young’s modulus values between cell seeded and cell-free scaffolds. The
elastic modulus value of the cells can play an important role to the reinforcement of the
mechanical integrity of the final construct, and thus it is an important parameter to take
into account [58]. Compression testing was conducted by means of a compression and
tensile strength test unit (UniVert, CellScale, Waterloo, ON, Canada) with a maximum cell
load of 50 N. The measurements were conducted under wet conditions (n = 6). The control
cell-free scaffolds were compared to DSPCs laden scaffolds after 14 and 28 days of culture.
The Young’s modulus was calculated at a strain of 5–20% and velocity of 1 mm/s using the
following formula:

Young modulus :
F × L

A × Δl
where F is the perpendicular force applied to the surface of the scaffolds, A is the surface,
Δl is the height strain of the scaffolds after the force application and L is the initial height.

4.7. Scanning Electron Microscopy (SEM)

The morphology of both the cell-free and cell laden scaffolds was investigated by
means of scanning electron microscopy (JEOL JSM-6390 LV) at days 2 and 10. The cell-laden
scaffolds were rinsed twice with PBS and fixed using a PFA 4% solution. The scaffolds
were then dehydrated by employing increasing ethanol concentrations, from 30 to 100%
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pure ethanol. For the cell-free scaffolds, the same procedure was followed but without
fixation. At the last stage, the scaffolds were dried in a critical point drier (Baltec CPD 030),
sputter-coated with an 80 nm thick layer of gold (Baltec SCD 050) and observed under a
scanning electron microscope at an accelerating voltage of 20 kV (JEOL JSM-6390 LV).

4.8. Odontogenic Differentiation
4.8.1. Alkaline Phosphatase Activity

The ALP activity is indicative of the early stages of odontogenesis. For these ex-
periments, 1 × 105 DPSCs were seeded onto the different scaffold compositions and the
enzyme activity was evaluated at days 3, 7 and 14. The scaffolds were rinsed with PBS
multiple times, and then incubated in a solution comprising 0.1% Triton X-100 and 50 mM
Tris-HCl, at pH 10.5, so that cell lysis can take place. After three freezing/thawing cycles
between room temperature and −20 ◦C, a 100 μL suspension from each well was mixed
with 100 μL of a 2 mg/mL p-nitro-phenyl-phosphate (pNPP) solution diluted in a buffer
containing 50 mM Tris-HCl and 2 mM MgCl2. The resulting mixtures were allowed to
incubate at 37 ◦C, and then 100 μL from each well was transferred to a 96-well plate and
photometrically measured at 405 nm in a spectrophotometer (Synergy HTX Multi-Mode
Micro-plate Reader, BioTek, Bad Friedrichshall, Germany) [59]. The enzymatic activity
was calculated using the equation [units = nmol p-nitrophenol/min] and normalized to
total cellular protein in lysates determined using the Bradford protein concentration assay
(AppliChem GmbH, Darmstadt, Germany). All samples were analyzed in triplicates of
two independent experiments (n = 6).

4.8.2. Calcium Secretion Levels Determination

The production of calcium is connected with the formation of hydroxyapatite, one
of the basic and most crucial components of bone and dental tissue. The O-cresol ph-
thalein complexone (CPC) method was used to determine the calcium concentration in
the supernatants that were collected every three days of cell culture, up to day 28. Briefly,
10 μL of culture medium from each sample was mixed with 100 μL of calcium buffer and
100 μL of calcium dye, as previously described [33], and transferred to a 96-well plate for
photometrical measurement at 550 nm in a spectrophotometer (Synergy HTX Multi-Mode
Micro-plate Reader, BioTek, Bad Friedrichshall, Germany) [60]. All samples were analyzed
in triplicates of two independent experiments (n = 6).

4.8.3. Gene Expression of DPSCs

Scaffolds were placed in 24-well plates and were seeded with 6 × 105 cells/well, in
1 mL CCM/well for 24 h. The effect of odontogenic differentiation was evaluated at 3,
7 and 14 days by quantitative real-time polymerase chain reaction (qPCR), as described
previously [23]. A group consisting of cells alone, without the presence of scaffolds, acted as
a negative control (baseline expression group). Cells were lysed and the RNA was isolated
using the NucleoSpin RNA isolation kit. The cDNA was then synthesized using the Prime-
Script first-strand cDNA Synthesis Kit. Finally, qPCR was performed in a thermal cycler
(Step One Plus, Applied Biosystems, Waltham, MA, USA) using the SYBR PCR Master Mix.
Two incubation steps at 50 ◦C for 2 min and at 95 ◦C for 2 min were followed by 40 cycles of
PCR, comprising denaturation for 15 s at 95 ◦C and annealing/extension for 1 min at 60 ◦C.
The relevant primers (Table 1) were designed with the Primer-Blast software (NCBI, NIH,
Bethesda, MD, USA). Dehydrogenase complex, subunit A, flavoprotein (SDHA) and beta-
2-microglobulin (B2M) were used as house-keeping genes (HKGs). The genes of interest
(GOI) were the following: dentin sialophosphoprotein (DSPP), alkaline phosphatase (ALP)
and the transcription factor Runt-Related Transcription Factor-2 (RUNX2) (Table 2). The re-
sults were adjusted by amplification efficiency with the LinRegPCR software (Amsterdam,
The Netherlands) and normalized to the HKGs. The quality of amplification and specificity
were checked by the amplification plot and the standard melting curves. The expression of
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GOI was normalized to the HKGs, displayed as a fold expression and statistically analyzed
(n = 3).

Table 2. Primers design and amplicon size for the genes of interest and housekeeping genes used in
the qPCR analysis.

Gene
Symbol

Forward (5′–3′) Reverse (5′–3′) Amplicon Size
(bp)

DSPP GCTGGCCTGGATAATTCCGA CTCCTGGCCCTTGCTGTTAT 135

ALP CCGTGGCAACTCTATCTTTGG CAGGCCCATTGCCATACAG 89

RUNX2 CCACCGAGACCAACAGAGTCTCACTGTGCTGAAGAGGCTG 118

B2M TGTCTTTCAGCAAGGACTGGTACATGTCTCGATCCCACTTAAC 138

SDHA GCATGCCAGGGAAGACTACA GCCAACGTCCACATAGGACA 127

4.9. Statistical Analysis

Statistical analysis for the assessment of cell viability, ALP activity and calcium pro-
duction was performed using the one-way ANOVA Dunnett’s multi-comparison test in
GraphPad Prism version 8 software (GraphPad Software, San Diego, CA, USA), comparing
each kappa-carrageenan-containing scaffold with the CG control at each experimental time
point. A p-value < 0.05 was considered significant. The results of live/dead staining were
analyzed with two-way ANOVA followed by Tukey’s post hoc test. PCR results for the rel-
evant gene expression were analyzed by Welch’s ANOVA (Kolmogorov–Smirnov p > 0.05),
followed by Games Howell’s post hoc test. Data were expressed as means ± standard
deviation (SD).

5. Conclusions

This study investigated the role of kappa-carrageenan in odontogenesis promoting
when incorporated in a chitosan/gelatin biomimetic matrix, which is widely regarded
as one of the most favorable scaffolds for mineralized tissue engineering. Both kappa-
carrageenan containing scaffolds exhibited great biocompatible and odontogenic differenti-
ation capabilities. Real-time PCR analysis revealed an earlier expression of the ALP marker
for the two scaffolds, compared to the control, while KCG-KCl samples had the highest
upregulation of the odontogenesis specific DSPP marker at day 14. Moreover, all scaffold
compositions showed an increase in Young’s modulus values with progressing culture time,
validating our initial hypothesis of the cell contribution to the reinforcement of the scaffolds’
total mechanical robustness. These results underline that kappa-carrageenan scaffolds
offer an excellent 3D environment for DPSCs, with a remarkable potential for dentin-pulp
reconstitution. However, more specific biological markers could be evaluated in the future
to gain a better insight into the regeneration capacity of the complex dentin-pulp tissue
using kappa-carrageenan scaffolds. In addition, the use of carrageenans as dental pulp
implants is still weighed down by their relatively low mechanical strength, giving room for
further future experimentation.
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