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Abstract

Odontoblasts are post-mitotic cells responsible for maintenance of the dentin, and are there-
fore important for dental health. In some cases, irreversible pulpitis leads to necrosis and
consequently death of odontoblasts. Regenerative endodontics (RE) uses the concept of
tissue engineering to restore the root canals to a healthy state, allowing for continued devel-
opment of the root and surrounding tissue. Human dental pulp stem cells (hDPSCs) have
been successfully used in RE to restore odontoblast function. Surface microgeometry is one
of the most important factors involved in the induction of differentiation of hDPSCs into
odontoblast-like cells. Although different authors have demonstrated the importance of a
dentin-like surface with accessible dentin tubules to induce differentiation of hDPSCs, the
ultrastructural characteristics of the cells and the secreted extracellular matrix have not
been studied in depth. Here, we used an acellular dentin scaffold containing dentin tubules
in different spatial geometries, which regulated their accessibility to cells. hDPSCs were cul-
tured on the scaffolds for up to 6 weeks. Systematic characterization of differentiated cells
was performed using both optical (hematoxylin and eosin, Masson trichrome, and immuno-
histochemical determination of dentin sialoprotein [DSSP]) and transmission electron
microscopy. The results presented here indicated that cells grown on the dentin surface
containing accessible dentin tubules developed a characteristic odontoblastic phenotype,
with cellular processes similar to native odontoblasts. The cell organization and characteris-
tics of secreted extracellular matrix were also similar to those of native dentin tissue. Cells
grown on non-accessible dentin tubule surfaces secreted a more abundant and dense
extracellular matrix, and developed a different phenotype consisting of secretory flat cells
organized in layers. Cells grown far from the scaffold, i.e., directly on the culture well sur-
face, developed a secretory phenotype probably influenced by biochemical factors released
by the dentin scaffold or differentiated cells. The results presented here support the use of
hDPSCs to regenerate dentin and show the utility of scaffold microgeometry for determining
the differentiation and secretory phenotype of cultured cells.
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Introduction

The dental pulp is a specialized connective tissue containing the cells that synthesize dentin,
the odontoblasts, in addition to the typical elements of loose connective tissue. In vital teeth,
these cells continue depositing dentin matrix during the lifetime of the individual [1].

Inflammation of the dental pulp (pulpitis) may be caused by different pathologies, includ-
ing caries, periodontal disease, and trauma [2-3]. If the pathological stimulus is untreated, the
pulpitis can be irreversible, leading to pain, tissue necrosis, and abscess formation [4]. If the
antiinflammatory mechanisms of the pulp tissue fail, necrosis occurs and odontoblasts die [5].
In some cases, mesenchymal cells present in the pulp can differentiate into odontoblast-like
cells and secrete reparative dentin, which is quite different from reactionary dentin. It may
contain cellular inclusions, which resemble the osteocytes found in bone tissue. In addition, its
extracellular matrix contains some non-collagenous proteins, such as osteopontin, which are
more typical of bone than dentin [6].

Root canal therapy (RCT) is an alternative clinical approach to treat this pathology [7].
Conventional RCT involves extirpation of injured pulp, removal of cell debris from the root
using different compounds, including chlorhexidine gluconate, and filling the root canal with
a material, usually gutta-percha [8]. RCT is a valuable technique that can save teeth that would
otherwise be condemned to extraction due to different causes, but it is not without disadvan-
tages. Previous studies have demonstrated that the presence or absence of dental pulp is a key
factor affecting the prognosis of affected teeth. The hazard ratio for tooth loss increases by
7.4-fold for pulpless molars and by 1.8-fold for pulpless anterior teeth or premolars [9-11].
Moreover, endodontically treated teeth are susceptible to reinfection and fractures caused by
the loss of significant amounts of dentin, especially when clinicians are dealing with dental
trauma or an open apex tooth, as demonstrated in clinical trials [12-13].

These disadvantages have driven the development of novel alternative treatments centered
around regeneration of the dentin-pulp complex, known as regenerative endodontics (RE).
The RE concept was developed more than 50 years ago and was initially associated with revas-
cularization procedures. Nevertheless, the intense research activity in the field of pulp regener-
ation has enabled translation of new therapeutic methodologies to the clinic [14-15].

Different stem cells have been used for regeneration of the dentin-pulp complex, including
those derived from dental pulp tissue (human dental pulp stem cells, hDPSCs), exfoliated
deciduous teeth (stem cells from human exfoliated deciduous teeth, SHEDs), periodontal liga-
ment (periodontal ligament stem cells, PDLSCs), and stem cells from the apical papilla,
SCAPs) [16].

These are self-renewing mesenchymal stem cells (MSCs) some of them residing within the
perivascular niche of the dental pulp [17-19], and are thought to originate from the cranial
neural crest and express both MSC and neural stem cell markers [20]. Neural crest cells origi-
nate during the formation of neural tube, at the 3™ week of embryo development, then
undergo an epithelial to mesenchymal transition (EMT) and migrate to different body com-
partments generating the majority of craniofacial tissues [21-23]. hDPSCs can be obtained
easily from extracted third molars, and under specific conditions they can differentiate into a
variety of cell types different from odontoblasts, including neurons, osteoblasts, adipocytes,
chondrocytes or angiogenic linages among others [24-28]. Their high proliferation rate and
proven odontoblastic potential make hDPSCs suitable for use in RE [16, 22, 29-32]. Neverthe-
less, it should be noted that this odontoblastic potential is dependent on different factors,
including the scaffold microstructure and composition of the culture medium. With regard to
scaffold microstructure, some authors have reported that a highly porous structure induces
cell attachment, proliferation, and differentiation into odontoblast-like phenotypes, as
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Fig 1. Dentin acellular scaffold preparation. Extracted specimens were washed with chlorhexidine solution and periodontal bacterial biofilm and dental calculus were
removed. Cross-sectioning to the cementoenamel junction was performed and the apex was removed (panel A). Pulp tissue and predentin were completely removed
(panel B). Sections of teeth 1.5-mm thick were obtained and cut into two to three fragments (panel C). Three different surfaces were considered: surface A (SA: dentin
tubules perpendicular or oblique to the surface of the scaffold, i.e., accessible tubules), surface B (SB: dentin tubules parallel to the surface of the scaffold, i.e., non-
accessible tubules), and surface C (SC: cells grown far from the scaffold, i.e., cells grown on the culture plate surface). Human dental pulp stem cells (hDPSCs) were
cultured on the scaffolds for up to 6 weeks and processed for light microscopy. Samples were embedded in paraffin, cut into sections, and subjected to Masson’s
trichrome staining (panel D). Representative results of 15 different specimens are shown. Scale bar equals to 100 pm.

https://doi.org/10.1371/journal.pone.0215780.9001

reported previously using collagen sponges, poly-L-lactic acid, and chitosan, among other
materials [33-35]. The presence of a scaffold mimicking the geometry of the natural dentin
also determines the differentiation of hDPSCs; that is, hDPSCs in contact with acellular dentin
developed monopolar cytoplasmic processes within dentin tubules when they were accessible
to cells [36-37]. Although these authors described the differentiation of hDPSCs to odonto-
blast-like cells using optical microscopy methods, no fine ultrastructural studies have been per-
formed and further studies are needed to characterize the odontoblast-like cells differentiated
from hDPSCs.
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Fig 2. Cell culture kinetics on acellular dentin scaffolds. hDPSCs were cultured on the scaffolds for up to 6 weeks and processed for light microscopy. Confluence was
estimated by phase contrast microscopy. Representative images obtained at 1 week (panel A) and 6 weeks (panel B) are shown. Samples were embedded in paraffin, cut
into sections, and subjected to Masson’s trichrome staining. Representative images obtained at 2 weeks (panels C and D) and 6 weeks (panels E and F) of cells grown on
SA (panels C and E) and SB (panels D and F) are shown. All experiments were performed in six replicates using hDPSCs isolated from two different donors. Scale bar
equals to 20 pm.

https://doi.org/10.1371/journal.pone.0215780.g002

In this study, we used decellularized dentin-based scaffolds containing dentin tubules in
different spatial geometries regulating the accessibility to cells. hDPSCs have been cultured on
different surfaces of dentin scaffolds for up to 6 weeks. Systematic characterization of differen-
tiated cells was performed using both optical (hematoxylin and eosin and Masson trichrome
staining, and immunohistochemical determination of dentin sialoprotein [DSSP]) and trans-
mission electron microscopy (TEM). We found substantial differences in the ultrastructural
and secretory phenotypes of differentiated cells depending on the orientation of dentinal
tubules of dentin scaffolds, and subsequently in the accessibility of dentin tubules to cultured
cells. The results presented here support the use of hDPSCs to regenerate dentin and demon-
strate the effects of scaffold microgeometry in determining the differentiation and secretory
phenotype of hDPSCs.

Methods
Cell culture

hDPSCs were isolated as described previously [26]. All donors provided informed consent.
The study was conducted in accordance with the Declaration of Helsinki and applicable local
regulatory requirements and laws. All procedures were approved by the Ethics Committee of
the University of Valencia (Spain). The dental pulp of human third molars was gently removed
under aseptic conditions using cow horn forceps with a small excavator, and immersed in cul-
ture tubes filled with culture medium. The specimens were then divided into small pieces
using a bistoury blade, immersed in HBSS, and incubated for 2 hours at 37°C in an atmosphere
of 5% CO, and 95% air. The supernatant was removed, and 0.1% type I collagenase and

Fig 3. Extracellular matrix secreted by hDPSCs cultured on SA. hDPSCs were cultured on scaffolds for 6 weeks and processed for light microscopy. Samples were
embedded in paraffin, cut into sections, and subjected to Masson’s trichrome staining (panel A) or immunohistochemistry for dentin sialophosphoprotein (DSPP)
(panel B). The area between SA (center) and SB (left and right) is shown. Representative results of 12 separate experiments are shown. Scale bar equals to 100 um.

https://doi.org/10.1371/journal.pone.0215780.g003
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Fig 4. Cell morphology of hDPSCs cultured on SA. hDPSCs were cultured on scaffolds for 6 weeks and processed for
light microscopy. Samples were embedded in paraffin, cut into sections, and subjected to Masson’s trichrome (panel A),
hematoxylin and eosin staining (panel B), or immunohistochemistry for DSPP (panel C). Black arrows indicate cellular
processes inside dentin tubules. Representative results of 12 separate experiments are shown. Scale bar equals to 20 pm.

https://doi.org/10.1371/journal.pone.0215780.9004
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Fig 5. Ultrastructure of hDPSCs cultured on SA. hDPSCs were cultured on scaffolds for up to 6 weeks and processed for
transmission electron microscopy (TEM). dt, dentin tubule; id, intertubular dentin; pd, peritubular dentin; cp, cellular
process; a, actin filaments; g, glycogen; n, nucleus; sv, secretory vesicles. Representative results of 12 separate experiments are
shown in panel A and B. Scale bar equals to 5 um.

https://doi.org/10.1371/journal.pone.0215780.9005

dispase (Sigma-Aldrich, Madrid, Spain) was added for 15 minutes, followed by centrifugation
at 1,500 rpm for 10 minutes. The supernatant was removed, and the cells were plated in
25-cm” flasks in oMEM culture medium (Sigma-Aldrich) containing penicillin/streptomycin,
10% FCS (Sigma-Aldrich), amphotericin B, 2 mM L-glutamine, and 100 uM ascorbic acid
(Sigma-Aldrich). The medium was replaced every 3-4 days. Once the cells reached confluence,
flow cytometry was performed.

Flow cytometric characterization of hDPSCs

hDPSCs were characterized using a cytometer equipped with a 488-nm Argon laser and a
635-nm red diode laser, as described previously [38]. Experimental data were analyzed using
CellQuest software (Becton Dickinson, Madrid, Spain). To exclude debris, samples were gated
based on their light-scattering properties in the side- and forward-scattered light modes, and
10,000 events per sample within this gate (R1) were recorded using the medium setting for the
sample flow rate. The following markers were evaluated: CD29 (Alexa Fluor 488), CD31 (PE/
Cy7), CD44 (PE/Cy5), CD45 (Pacific Blue), CD105 (APC), and CD146 (PE). Almost 98% of
the cells analyzed were positive for CD29, CD44, CD105, and CD146 but negative for CD31
and CD45 (S1 Fig).

Scaffold preparation and study design

Dentin scaffolds were generated using extracted teeth. Non-endodontic teeth were used in this
study. All of the specimens used had an intact pulpal cavity, no caries, and showed good preser-
vation of the crown and apex. Six incisors, two premolars, and seven molars were used. All
donors provided informed consent. The study was conducted in accordance with the Declara-
tion of Helsinki and applicable local regulatory requirements and laws. All procedures were
approved by the Ethics Committee of the University of Valencia (Spain). Following extraction,
specimens were stored at 4°C in Dulbecco’s phosphate buffered saline (DPBS) supplemented
with a solution consisting of 10% antibiotics and fungizone. Teeth were then washed with chlor-
hexidine and an ultrasonication apparatus (Cavitron; Satelec, Cedex, France), and a 7/8 Gracey
curette was used to remove the periodontal ligament, dental calculus and bacterial biofilm.

Cross-sectioning to the cementoenamel junction was performed using a diamond disk to
separate the dental crown and root. The apex was then removed and a diamond bur was used
to obtain access to the pulp camber. Pulp tissue was removed using barbed broaches. To
completely remove the pulp tissue and predentin covering the pulp chamber, a process similar
to that used for root canal treatment was used. Briefly, endodontic filers of different diameters
were used to clean and expand the root canal. Then, 0.12% chlorhexidine solution was used to
clean the dentin surface.

A diamond disk was used to obtain 1.5-mm thick transversal sections of the roots of pro-
cessed teeth, which were cut into two to three fragments (Fig 1, panels A-C). Specimens were
washed for 1 hour at room temperature (RT) with chlorhexidine solution, and then washed
extensively five times with DPBS supplemented with antibiotics and an antifungal agent at 4°C
for up to 72 hours.

hDPSCs were cultured on scaffolds with different dentin tubule orientations according to
the surface type. 5.000 cells resuspended in 1.5 ml of culture medium were seeded and cultured
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Fig 6. Ultrastructure of hDPSCs cultured on SA. hDPSCs were cultured on scaffolds for up to 6 weeks and processed
for TEM. r, rough endoplasmic reticulum; a, actin filaments; g, glycogen; id, intertubular dentin; pd, peritubular
dentin; dt, dentin tubule; sv, secretory vesicles; cp, cellular process. Representative results of 12 separate experiments
are shown in panel A, B and C. Scale bar equals to 5 um.

https://doi.org/10.1371/journal.pone.0215780.9006

on the scaffolds for up to 6 weeks. Every 2 weeks, a group of samples were processed for optical
and electron microscopy. The morphology and secretory activity of cultured cells were com-
pared according to the orientation of the dentin tubules with regard to the surface of the scaf-
fold. Cells grown out of the scaffold were also examined. Three different experimental groups
were considered according to the scaffold surface, as shown in Fig 1C. Cells grown on surface
A (SA: dentin tubules perpendicular or oblique to the surface of the scaffold, i.e., accessible
tubules), cells grown on surface B (SB: dentin tubules parallel to the surface of the scaffold, i.e.,
non-accessible tubules), and cells grown on surface C (SC: cells grown far from the scaffold,
i.e., cells grown on the culture plate surface). A panoramic section representative of these sur-
faces with cultured cells is shown in Fig 1D. All experiments were performed using six repli-
cates with hDPSCs isolated from two different donors.

Light microscopy: Determination of dentin sialoprotein expression

Specimens were washed with DPBS and fixed in 4% buffered formaldehyde solution for 3
hours at 4°C. Decalcification of scaffolds was performed by incubation in a solution containing
90% Osteosoft (Merck KGaA, Darmstadt, Germany) and 10% of the above formaldehyde solu-
tion for up to 21 days. Samples were then embedded in paraffin, cut into sections, and sub-
jected to hematoxylin and eosin and Masson’s trichrome staining according to standard
protocols.

DSSP expression was evaluated by immunohistochemistry using a mouse anti-human anti-
body (LFMb-21, dilution 1:50; Santa Cruz Biotechnology, Santa Cruz, CA) according to the
manufacturer’s instructions. Sections were deparaffinized and rehydrated through a graded eth-
anol series, rinsed in distilled water, and treated with 0.3% H,O, and 10% normal horse serum
to block endogenous peroxidase and nonspecific binding, respectively. The Envision amplifica-
tion system (Envision System + labeled polymer-HRP anti-mouse; Dako, Carpinteria, CA,
USA) was used, followed by development with 3,3'-diaminobenzidine (Dako) as a chromogen
according to the manufacturer’s instructions, which yielded brown staining in immunoreactive
structures. Sections were finally counterstained with Mayer’s hematoxylin (Sigma-Aldrich).

Transmission electron microscopy

hDPSCs were cultured on dentin scaffolds, washed with DPBS, and fixed in 2.5% glutaralde-
hyde solution for 4 hours at 4°C. The samples were then decalcified in 4% EDTA for up to 21
days and washed with a solution containing 9% Millonig buffer, 9% calcium chloride, and 1%
glucose (Sigma-Aldrich). After fixation in 2% osmium tetroxide solution, the samples were
included in Epon 812 (TAAB Laboratories Equipment Ltd., Aldermaston, UK) and processed
for electron microscopy, as reported previously [39]. A JEM 1010 electron microscope (JEOL,
Tokyo, Japan) operated at 60 kV was used to obtain ultrastructural images.

Results
Optimization of the experimental model

After preparation according to method described, the scaffolds were placed in 24-well culture
plates and 2,500 hDPSCs/cm” was added in 1.5 ml of culture medium. This volume was
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Fig 7. Ultrastructure of hDPSCs cultured on SA. hDPSCs were cultured on scaffolds for 6 weeks and processed for
TEM. r, rough endoplasmic reticulum a, actin filaments; g, glycogen; id, intertubular dentin; pd, peritubular dentin; dt,
dentin tubule; sv, secretory vesicles; cp, cellular process; nem, neo-secreted extracellular matrix. Representative results
of 12 separate experiments are shown in panel A, B and C. Scale bar equals to 5 um.

https://doi.org/10.1371/journal.pone.0215780.9007

sufficient to completely cover the dentin scaffold. The cells were then cultured for up to 6
weeks. Confluence was estimated every 2 weeks by phase contrast microscopy. All of the sam-
ples reached confluence 6 weeks after seeding. Representative images are shown in Fig 2A (1
week) and 2B (6 weeks).

Cell morphology was then evaluated by light microscopy. Samples from week 1 could not
be examined by microscopy because of the poor cell adhesion to the surface of the dentin.
Two-week samples were processed and serial sections were obtained. Cells grown on the SA
became stellate and generated a reticular extracellular matrix (Fig 2C). Conversely, hDPSCs
grown on SB showed a flat morphology forming layers of cohesive cells (Fig 2D). Although the
new tissue formed on the surface of the scaffolds from week 2 to 6 increased in thickness, no
substantial changes in cell morphology were evident under optical microscopy (Fig 2E and
2F).

Based on the proliferation and light microscopy results, the 6-week experimental time point
was chosen for the rest of the experiments.

Cellular morphology and extracellular matrix characteristics of hDPSCs
grown on surface A

Next, the morphology of cells grown on the surfaces of dentin scaffolds containing accessible
(perpendicular or oblique) dentin tubules was evaluated. Stellate cells surrounded by a reticu-
lar extracellular matrix containing thin collagen fibers were found on these surfaces (Fig 3A);
this image shows the area between SA (center) and SB (left and right). It is important to high-
light the different compositions of the extracellular matrix secreted by cells. Immunohisto-
chemical analysis of dentin sialophosphoprotein (DSPP) revealed deposits of this protein in
both surfaces (Fig 3B). Nevertheless, the deposits found in the reticular matrix associated with
SA were smaller than those found on the SB surface.

With regard to cell morphology, odontoblast-like cells were found in contact with the SA
surface. These cells showed a flat morphology and grew perpendicular to the dentin scaffold
surface. Several cellular processes were observed inside dentin tubules (Fig 4A). Interestingly,
some of the cells generated more than one process, as shown in Fig 4B. These odontoblast-like
cells were positive for DSPP, which was detected in the cell processes occupying the dentin
tubules (Fig 4C).

TEM analysis confirmed and extended these findings. Odontoblast-like cells extending pro-
cesses inside the dentin tubules were found on the surface of the dentin scaffolds. Large
amounts of actin filaments were observed inside these neo-processes, which may have been
participating in anchorage of the cells to the dentin matrix (Fig 5). Differences in the composi-
tion of dentin were also observed. As shown in Fig 5, the intertubular dentin was more elec-
tron-dense and contained more collagen fibers than peritubular dentin, which was less dense
and contained smaller amounts of collagen fibers.

Cells grown on this surface showed a characteristic secretory phenotype, with a large and
irregular cytoplasm, non-condensed chromatin, large nucleus, evident nucleolus, spherical
and electron-dense secretory vesicles, and accumulation of glycogen (Fig 5B). Dense bundles
of actin filaments were observed in the areas of anchorage to the dentin surface, and at the
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Fig 8. Cell morphology of hDPSCs cultured on SA. hDPSCs were cultured on scaffolds for 6 weeks and processed for light
microscopy. Samples were embedded in paraffin, cut into sections, and subjected to hematoxylin and eosin staining (panel A) or
immunohistochemistry for DSPP (panel B). Black arrows indicate stellate cells negative for DSPP. Representative results of 12
separate experiments are shown. Scale bar equals to 20 um.

https://doi.org/10.1371/journal.pone.0215780.9008

sites of intercellular junctions (Fig 5B). A well-developed rough endoplasmic reticulum (RER)
was also characteristic of these cells (Fig 6A). Detailed analysis revealed that secretory vesicles
were present not only in the perinuclear cytoplasm, but also in the cell processes inside dentin
tubules, as shown in Fig 6B. In some preparations, active secretion of extracellular components
was also identified, as shown in Fig 6C. A more detailed analysis of the cellular processes inside
the dentin tubules revealed a conical shape with bundles of actin filaments and a well-devel-
oped cytoskeleton. These processes almost filled the dentin tubules (Fig 7A and 7B). This
developed cytoskeleton and the presence of secretory vesicles were also observed in analysis of
cross-sections of dentin tubules containing cell processes. In some tubules, different stages of
the secretory process of extracellular matrix generation on the dentin tubule wall were
observed (Fig 7C). Together with these odontoblast-like cells, stellate cells were found inside
the reticular matrix. These cells were negative for DSPP (Fig 8A and 8B).

Cellular morphology and extracellular matrix characteristics of hDPSCs
grown on surface B

The morphology of the hDPSCs grown on dentin scaffolds containing non-accessible (parallel)
dentin tubules was also examined. These flat cells arranged generating several highly cohesive
layers of cells and extracellular matrix. This dense extracellular matrix had a higher collagen
content than that observed on surfaces with dentin tubules accessible to cells (Fig 9A). Positive
staining for DSPP was also found both inside the cells and forming deposits in the extracellular
matrix (Fig 9B).

TEM analysis revealed abundant extracellular matrix deposits between flat mesenchymal-
like cells with an active secretory phenotype. They were characterized by a well-developed
secretory apparatus and loose chromatin nucleus. No apparent organization of collagen fibers
in the extracellular matrix was observed (Fig 10A). A well-developed RER and abundant secre-
tory vesicles were also found (Fig 10B), and abundant bundles of actin filaments were observed
in the areas of intercellular anchorage (Fig 10C).

Cellular morphology and extracellular matrix characteristics of hDPSCs
grown on surface C

Finally, our experimental model allowed us to study cells grown directly on the surface of the
cell culture plates. hDPSCs grown far from the dentin scaffolds were differentiated into secre-
tory cells, which showed an irregular phenotype and secreted an abundant matrix consisting
of dense connective tissue with thick bundles of collagen fibers. They formed thick, highly
cohesive cell layers. Acellular layers of connective tissue were present between them (Fig 11A).
Immunohistochemical analysis revealed abundant intracellular and extracellular deposits of
DSPP. The extracellular deposits were concentrated in the periphery of the extracellular matrix
(Fig 11B). Electron microscopy showed the development of a characteristic secretory pheno-
type. These cells secreted abundant extracellular matrix generating a non-organized tissue rich
in collagen fibers (Fig 11C).
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Fig 9. Cell morphology of hDPSCs cultured on SB. hDPSCs were cultured on scaffolds for 6 weeks and processed for light
microscopy. Samples were embedded in paraffin, cut into sections, and subjected to Masson’s trichrome staining (panel A) or
immunohistochemistry for DSPP (panel B). Representative results of 12 separate experiments are shown. Scale bar equals to

https://doi.org/10.1371/journal.pone.0215780.9009

Discussion

hDPSCs are cells present in the dental pulp and show odontoblastic differentiation potential
[40-41]. This property, together with their high proliferation rate and ease of isolation, make
hDPSCs appropriate for dentin regeneration procedures.

A number of different strategies are available to induce hDPSCs to differentiate into odon-
toblast-like cells, including the use of growth factors, co-culture with other cell types, and the
use of different scaffolds mimicking the dentin architecture [17, 34, 40-46]. The scaffold
microstructure is a key factor in inducing the differentiation of hDPSCs into odontoblast-like
cells. It is well known that scaffolds with a highly porous structure induce cell attachment, pro-
liferation, and differentiation into odontoblast-like cell phenotypes, as reported by different
groups using collagen sponges, poly-1-lactic acid, and chitosan scaffolds [33-35]. With regard
to microgeometry, it seems that the presence of structures similar to dentin tubules per se
induced the differentiation of hDPSCs in vitro. It has also been reported that hDPSCs grown
on acellular dentin scaffolds with accessible dentin tubules develop an odontoblast-like pheno-
type, as characterized by light microscopy (cellular processes inside dentin tubules), DSPP
expression, or alkaline phosphatase (ALP) activity [36]. However, there have been no ultra-
structural studies analyzing the phenotype and secretory properties of these cells, which was
the main objective of the present study. An in vitro odontoblast differentiation model on acel-
lular dentin scaffolds was developed to examine this issue in depth. Our model allowed us to
consider three different scenarios: non-accessible dentin tubules (SA), accessible dentin
tubules (SB), and cells grown out of the scaffolds (SC). We found that the same cells cultured
under the same conditions, and with the same culture medium, developed different morpholo-
gies and secreted a completely different extracellular matrix depending on the scaffold micro-
structure. hDPSCs grown on SA secreted a reticular extracellular matrix similar to that found
in normal dental pulp tissue. Two different morphologies were observed. The cells in contact
with dentin oriented perpendicular to the surface and developed cellular processes inside the
dentin tubules. Both the cytoplasm and processes of these cells were positive for DSPP. These
findings were consistent with data reported previously [36]. In contrast, the cells not in direct
contact with dentin surfaces became stellate and most were immunohistochemically negative
for DSPP. Ultrastructural analysis demonstrated a typical secretory phenotype with character-
istic RER and secretory vesicles not only in the cytoplasm, but also in the cellular processes, in
which it was possible to identify active secretion. Different dentin types were observed in the
scaffold, including intertubular dentin and neo-dentin in the tubular walls and dentin surface,
compatible with peritubular dentin. The cells studied were in intimate contact, showing the
typical palisade distribution with characteristic actin accumulation in relation to sites of cell
adhesion and reorganization of the cytoskeleton, as reported previously [36]. The cell pro-
cesses showed a well-developed cytoskeleton and secretory vesicles, and were similar to those
described in native dentin [39].

Cells grown on SB showed a completely different morphology. Layers of flat cells showing
strong attachment and a high degree of organization were found, with a dense extracellular
matrix rich in collagen between the cell layers. All of these cells were positive for DSPP, and
large deposits of this protein were found in the extracellular matrix. TEM analysis demon-
strated a characteristic secretory phenotype with well-developed RER and secretory vesicles.
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Fig 10. Ultrastructure of hDPSCs cultured on SB. hDPSCs were cultured on scaffolds for 6 weeks and processed for
TEM. r, rough endoplasmic reticulum; a, actin filaments; g, glycogen; sv, secretory vesicles; n, nuclei. Representative
results of 12 separate experiments are shown in panel A, B and C. Scale bar equals to 5 um.

https://doi.org/10.1371/journal.pone.0215780.9010
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Fig 11. Cellular morphology and extracellular matrix characteristics of hDPSCs grown on SC. hDPSCs were
cultured on the surface of the culture plate far from the dentin acellular scaffold for 6 weeks and processed for light
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microscopy and TEM. Samples were embedded in paraffin, cut into sections, and subjected to Masson’s trichrome
staining (panel A) or immunohistochemistry for DSPP (panel B). Samples were also analyzed by TEM (panel C).
Representative results of 12 separate experiments are shown. Scale bar equals to 20 um.

https://doi.org/10.1371/journal.pone.0215780.9011

These cells were physically connected, and characteristic intracellular actin deposits were
found in the areas of cell-cell junctions. It is important to highlight that a sharp transition
between the two phenotypes was observed, as seen on analysis of slices containing both
surfaces.

Finally, our experimental model allowed us to study the cells grown on SC. Interestingly,
these cells differentiated into secretory cells, and expression and localization of DSPP seemed
to indicate the beginning of neo-matrix mineralization. The differentiation was probably
induced by growth factors secreted from cells grown on the surface of the scaffold, or by
growth factors released into the culture medium from the predentin. However, further studies
are needed to identify which of these possible sources was responsible for induction of the
properties of these cells grown far from the dentin scaffolds.

In summary, the results presented here support the use of hDPSCs for RE and indicate the
importance of both scaffold microstructure and microgeometry in odontoblast differentiation.
These findings also demonstrate the development of a cell phenotype similar to native odonto-
blasts only on surfaces with accessible dentin tubules.

Supporting information

S1 Fig. Flow cytometric characterization of hDPSCs. Cells were isolated and cultured until
85-90% confluence. The cells were detached with Accutasse and analyzed using a cytometer
equipped with a 488-nm Argon laser and a 635-nm red diode laser. Samples were gated based
on their light-scattering properties in the side- and forward-scattered light modes, and 10,000
events per sample within this gate (R1) were recorded using the medium setting for the sample
flow rate. Two-parameter histograms were generated according to CD45 (Pacific Blue) signal
using the CellQuest software. n = 3 of each culture of hDPSCs were analyzed. Representative
histograms for CD29 (Alexa Fluor 488, panel A), CD44 (PE/Cy5, panel C), CD105 (APC,
panel E), CD146 (PE, panel G) and CD31 (PE/Cy?7, panel I) are represented. Negative control
of each of the antibodies used are also represented in panels B, D, F, H and J.

(BMP)

Acknowledgments

This work was supported by grants MAT2016-76039-C4-2-R (MST and CC) and PI16-01315
(MM) from the Ministry of Economy and Competitiveness of the Spanish Government and
the Instituto de Salud Carlos III. CIBER-BBN and CIBERER are funded by the VI National
R&D&I Plan 2008-2011, Iniciativa Ingenio 2010, Consolider Program, CIBER Actions and
the Instituto de Salud Carlos III, with assistance from the European Regional Development
Fund.

Author Contributions

Conceptualization: José Javier Martin-de-Llano, Carmen Carda.

Data curation: José Javier Martin-de-Llano, Santiago Peydrd, Carmen Carda.

Formal analysis: José Javier Martin-de-Llano, Manuel Mata, Amando Peydrd, Carmen Carda.

Funding acquisition: Carmen Carda.

PLOS ONE | https://doi.org/10.1371/journal.pone.0215780 May 9, 2019 19/22


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0215780.s001
https://doi.org/10.1371/journal.pone.0215780.g011
https://doi.org/10.1371/journal.pone.0215780

@ PLOS|ONE

Dentin scaffolds for tissue engineering

Investigation: José Javier Martin-de-Llano, Santiago Peydrd, Amando Peydro, Carmen Carda.

Methodology: José Javier Martin-de-Llano, Carmen Carda.

Project administration: Carmen Carda.

Supervision: José Javier Martin-de-Llano, Amando Peydrd, Carmen Carda.

Writing - original draft: Manuel Mata, Carmen Carda.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

Gomez de Ferraris Campos Mufioz Histologia, Embriologia e Ingenieria Tisular Bucodental. Médica
Panamericana ed. 2009. ISBN 10: 6077743011 / ISBN 13: 9786077743019.

Bakhtiar H, Mazidi S A, Mohammadi Asl S, Ellini MR, Moshiri A, Nekoofar MH, Dummer PMH. The role
of stem cell therapy in regeneration of dentin-pulp complex: a systematic review. Prog Biomater. 2018
Sep 28.

Nagaveni NB, Kumari KN, Poornima P, Reddy V. Management of an endo-perio lesion in an immature
tooth using autologous platelet-rich fibrin: a case report. J Indian Soc Pedod Prev Dent. 2015 Jan-Mar;
33(1):69-73. https://doi.org/10.4103/0970-4388.149013 PMID: 25572379

Farges JC, Alliot-Licht B, Renard E, Ducret M, Gaudin A, Smith AJ, Cooper PR. Dental pulp defence
and repair mechanisms in dental caries. Mediators Inflamm. 2015; 2015:230251. https://doi.org/10.
1155/2015/230251 PMID: 26538821

Cooper PR, Chicca IJ, Holder MJ, Milward MR. Inflammation and regeneration in the dentin-pulp com-
plex: net gain or net loss? J Endod. 2017 Sep; 43(9S):S87-S94. https://doi.org/10.1016/j.joen.2017.06.
011 PMID: 28844308

Arana-Chavez VE, Massa LF. Odontoblasts: the cells forming and maintaining dentine. Int J Biochem
Cell Biol. 2004 Aug; 36(8):1367-73. https://doi.org/10.1016/.biocel.2004.01.006 PMID: 15147714

Tziafas D, Alraeesi D, Al Hormoodi R, Ataya M, Fezai H, Aga N. Preparation prerequisites for effective
irrigation of apical root canal: a critical review. J Clin Exp Dent. 2017 Oct 1; 9(10):e1256—e1263. https://
doi.org/10.4317/jced.54117 PMID: 29167718

Gongalves LS, Rodrigues RC, Andrade Junior CV, Soares RG, Vettore MV. The effect of sodium hypo-
chlorite and chlorhexidine as irrigant solutions for root canal disinfection: a systematic review of clinical
trials. J Endod. 2016 Apr; 42(4):527-32. https://doi.org/10.1016/j.joen.2015.12.021 PMID: 26852149

Ng YL, Mann V, Gulabivala K. Tooth survival following non-surgical root canal treatment: a systematic
review of the literature. Int Endod J. 2010 Mar; 43(3):171-89. https://doi.org/10.1111/j.1365-2591.2009.
01671.x PMID: 20158529

Lee AH, Cheung GS, Wong MC. Long-term outcome of primary non-surgical root canal treatment. Clin
Oral Investig. 2012 Dec; 16(6):1607—17. hitps://doi.org/10.1007/s00784-011-0664-2 PMID: 22205268

Caplan DJ, Cai J, Yin G, White BA. Root canal filled versus non-root canal filled teeth: a retrospective
comparison of survival times. J Public Health Dent. 2005 Spring; 65(2):90-6. PMID: 15929546

He L, Kim SG, Gong Q, Zhong J, Wang S, Zhou X, Ye L, Ling J, Mao JJ. Regenerative endodontics for
adult patients. J Endod. 2017 Sep; 43(9S):S57-S64. https://doi.org/10.1016/j.joen.2017.06.012 PMID:
28844305

Retana-Lobo C. Dental pulp regeneration: insights from biological processes. Int J Dental Sci. 2018.
20-1: 10-16.

Ostby BN. The role of the blood clot in endodontic therapy. An experimental histologic study. Acta
Odontol Scand. 1961 Dec; 19:324-53. PMID: 14482575

Smith AJ, Cooper PR. Regenerative endodontics: burning questions. J Endod. 2017 Sep; 43(9S):S1—
S6. https://doi.org/10.1016/j.joen.2017.06.002 PMID: 28778510

Huang GT, Gronthos S, Shi S. Mesenchymal stem cells derived from dental tissues vs. those from
other sources: their biology and role in regenerative medicine. J Dent Res. 2009 Sep; 88(9):792-806.
https://doi.org/10.1177/0022034509340867 PMID: 19767575

Gronthos S, Mankani M, Brahim J, Robey PG, Shi S. Postnatal human dental pulp stem cells (DPSCs)
in vitro and in vivo. Proc Natl Acad Sci USA. 2000; 97(25):13625-30. https://doi.org/10.1073/pnas.
240309797 PMID: 11087820

PLOS ONE | https://doi.org/10.1371/journal.pone.0215780 May 9, 2019 20/22


https://doi.org/10.4103/0970-4388.149013
http://www.ncbi.nlm.nih.gov/pubmed/25572379
https://doi.org/10.1155/2015/230251
https://doi.org/10.1155/2015/230251
http://www.ncbi.nlm.nih.gov/pubmed/26538821
https://doi.org/10.1016/j.joen.2017.06.011
https://doi.org/10.1016/j.joen.2017.06.011
http://www.ncbi.nlm.nih.gov/pubmed/28844308
https://doi.org/10.1016/j.biocel.2004.01.006
http://www.ncbi.nlm.nih.gov/pubmed/15147714
https://doi.org/10.4317/jced.54117
https://doi.org/10.4317/jced.54117
http://www.ncbi.nlm.nih.gov/pubmed/29167718
https://doi.org/10.1016/j.joen.2015.12.021
http://www.ncbi.nlm.nih.gov/pubmed/26852149
https://doi.org/10.1111/j.1365-2591.2009.01671.x
https://doi.org/10.1111/j.1365-2591.2009.01671.x
http://www.ncbi.nlm.nih.gov/pubmed/20158529
https://doi.org/10.1007/s00784-011-0664-2
http://www.ncbi.nlm.nih.gov/pubmed/22205268
http://www.ncbi.nlm.nih.gov/pubmed/15929546
https://doi.org/10.1016/j.joen.2017.06.012
http://www.ncbi.nlm.nih.gov/pubmed/28844305
http://www.ncbi.nlm.nih.gov/pubmed/14482575
https://doi.org/10.1016/j.joen.2017.06.002
http://www.ncbi.nlm.nih.gov/pubmed/28778510
https://doi.org/10.1177/0022034509340867
http://www.ncbi.nlm.nih.gov/pubmed/19767575
https://doi.org/10.1073/pnas.240309797
https://doi.org/10.1073/pnas.240309797
http://www.ncbi.nlm.nih.gov/pubmed/11087820
https://doi.org/10.1371/journal.pone.0215780

@ PLOS|ONE

Dentin scaffolds for tissue engineering

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Gronthos S, Brahim J, Li W, Fisher LW, Cherman N, Boyde A, DenBesten P, Robey PG, Shi S. Stem
cell properties of human dental pulp stem cells. J Dent Res. 2002; 81(8):531-5. https://doi.org/10.1177/
154405910208100806 PMID: 12147742

Miura M, Gronthos S, Zhao M, Lu B, Fisher LW, Robey, PG, Shi S. SHED: stem cells from human exfoli-
ated deciduous teeth. Proc Natl Acad Sci USA. 2003; 100(10):5807—12. https://doi.org/10.1073/pnas.
0937635100 PMID: 12716973

Sakai K, Yamamoto A, Matsubara K, Nakamura S, Naruse M, Yamagata M, Sakamoto K, Tauchi R,
Wakao N, Imagama S, Hibi H, Kadomatsu K, Ishiguro N, Ueda M. Human dental pulp-derived stem
cells promote locomotor recovery after complete transection of the rat spinal cord by multiple neuro-
regenerative mechanisms. J Clin Invest. 2012; 122(1):80-90. https://doi.org/10.1172/JCI59251 PMID:
22133879

Shyamala K, Yanduri S, Girish HC, Murgod S. Neural crest: The fourth germ layer. J Oral Maxillofac
Pathol. 2015 May-Aug; 19(2):221-9. https://doi.org/10.4103/0973-029X.164536 PMID: 26604500

Pisciotta A, Bertoni L, Riccio M, Mapelli J, Bigiani A, La Noce M, Orciani M, de Pol A, Carnevale G. Use
of a 3D Floating Sphere Culture System to Maintain the Neural Crest-Related Properties of Human
Dental Pulp Stem Cells. Front Physiol. 2018 May 28; 9:547. https://doi.org/10.3389/fphys.2018.00547
PMID: 29892229

La Noce M, Mele L, Tirino V, Paino F, De Rosa A, Naddeo P, Papagerakis P, Papaccio G, Desiderio V.
Neural crest stem cell population in craniomaxillofacial development and tissue repair. Eur Cell Mater.
2014 Oct 28; 28:348-57. Review. PMID: 25350250

ChenK, Xiong H, Xu N, Shen'Y, Huang Y, Liu C. Chondrogenic potential of stem cells from human exfo-
liated deciduous teeth in vitro and in vivo. Acta Odontol Scand. 2014; 72(8):664—72. https://doi.org/10.
3109/00016357.2014.888756 PMID: 24580092

Dai J, Wang J, LuJ, Zou D, SunH, Dong Y, YuH, Zhang L, Yang T, Zhang X, Wang X, Shen G. The
effect of co-culturing costal chondrocytes and dental pulp stem cells combined with exogenous FGF9
protein on chondrogenesis and ossification in engineered cartilage. Biomaterials. 2012; 33(31):7699—
711. https://doi.org/10.1016/j.biomaterials.2012.07.020 PMID: 22841919

Mata M, Milian L, Oliver M, Zurriaga J, Sancho-Tello M, de Llano JJM, Carda C. In vivo articular carti-
lage regeneration using human dental pulp stem cells cultured in an alginate scaffold: a preliminary
study. Stem Cells Int. 2017; 2017:8309256. https://doi.org/10.1155/2017/8309256 PMID: 28951745

Spina A, Montella R, Liccardo D, De Rosa A, Laino L, Mitsiadis TA, La Noce M. NZ-GMP Approved
Serum Improve hDPSC Osteogenic Commitment and Increase Angiogenic Factor Expression. Front
Physiol. 2016 Aug 19; 7:354. https://doi.org/10.3389/fphys.2016.00354 PMID: 27594842

Paino F, La Noce M, Giuliani A, De Rosa A, Mazzoni S, Laino L, Amler E, Papaccio G, Desiderio V, Tir-
ino V. Human DPSCs fabricate vascularized woven bone tissue: a new tool in bone tissue engineering.
Clin Sci (Lond). 2017 Apr 25; 131(8):699-713 https://doi.org/10.1042/CS20170047 PMID: 28209631

Tsukamoto Y, Fukutani S, Shin-lke T, Kubota T, Sato S, Suzuki Y, Mori M. Mineralized nodule formation
by cultures of human dental pulp-derived fibroblasts. Arch Oral Biol. 1992 Dec; 37(12):1045-55. PMID:
1335227

About |, Bottero MJ, de Denato P, Camps J, Franquin JC, Mitsiadis TA. Human dentin production in
vitro. Exp Cell Res. 2000 Jul 10; 258(1):33—41 https://doi.org/10.1006/excr.2000.4909 PMID:
10912785

Couble ML, Farges JC, Bleicher F, Perrat-Mabillon B, Boudeulle M, Magloire H. Odontoblast differentia-
tion of human dental pulp cells in explant cultures. Calcif Tissue Int. 2000 Feb; 66(2):129-38. PMID:
10652961

Gronthos S, Zannettino AC, Hay SJ, Shi S, Graves SE, Kortesidis A, Simmons PJ. Molecular and cellu-
lar characterisation of highly purified stromal stem cells derived from human bone marrow. J Cell Sci.
2003 May 1; 116(Pt9):1827-35. PMID: 12665563

Ma PX. Biomimetic materials for tissue engineering. Adv Drug Deliv Rev. 2008 Jan 14; 60(2):184—98.
https://doi.org/10.1016/j.addr.2007.08.041 PMID: 18045729

Wang J, Ma H, Jin X, Hu J, Liu X, Ni L, Ma PX. The effect of scaffold architecture on odontogenic differ-
entiation of human dental pulp stem cells. Biomaterials. 2011 Nov; 32(31):7822-30. https://doi.org/10.
1016/j.biomaterials.2011.04.034 PMID: 21663962

Palma PJ, Ramos JC, Martins JB, Diogenes A, Figueiredo MH, Ferreira P, Viegas C, Santos JM. Histo-
logic evaluation of regenerative endodontic procedures with the use of chitosan scaffolds in immature
dog teeth with apical periodontitis. J Endod. 2017 Aug; 43(8):1279-87. https://doi.org/10.1016/}.joen.
2017.03.005 PMID: 28577961

Shao MY, Fu ZS, Cheng R, Yang H, Cheng L, Wang FM, Hu T. The presence of open dentinal tubules
affects the biological properties of dental pulp cells ex vivo. Mol Cells. 2011 Jan; 31(1):65-71. https:/
doi.org/10.1007/s10059-011-0010-1 PMID: 21120627

PLOS ONE | https://doi.org/10.1371/journal.pone.0215780 May 9, 2019 21/22


https://doi.org/10.1177/154405910208100806
https://doi.org/10.1177/154405910208100806
http://www.ncbi.nlm.nih.gov/pubmed/12147742
https://doi.org/10.1073/pnas.0937635100
https://doi.org/10.1073/pnas.0937635100
http://www.ncbi.nlm.nih.gov/pubmed/12716973
https://doi.org/10.1172/JCI59251
http://www.ncbi.nlm.nih.gov/pubmed/22133879
https://doi.org/10.4103/0973-029X.164536
http://www.ncbi.nlm.nih.gov/pubmed/26604500
https://doi.org/10.3389/fphys.2018.00547
http://www.ncbi.nlm.nih.gov/pubmed/29892229
http://www.ncbi.nlm.nih.gov/pubmed/25350250
https://doi.org/10.3109/00016357.2014.888756
https://doi.org/10.3109/00016357.2014.888756
http://www.ncbi.nlm.nih.gov/pubmed/24580092
https://doi.org/10.1016/j.biomaterials.2012.07.020
http://www.ncbi.nlm.nih.gov/pubmed/22841919
https://doi.org/10.1155/2017/8309256
http://www.ncbi.nlm.nih.gov/pubmed/28951745
https://doi.org/10.3389/fphys.2016.00354
http://www.ncbi.nlm.nih.gov/pubmed/27594842
https://doi.org/10.1042/CS20170047
http://www.ncbi.nlm.nih.gov/pubmed/28209631
http://www.ncbi.nlm.nih.gov/pubmed/1335227
https://doi.org/10.1006/excr.2000.4909
http://www.ncbi.nlm.nih.gov/pubmed/10912785
http://www.ncbi.nlm.nih.gov/pubmed/10652961
http://www.ncbi.nlm.nih.gov/pubmed/12665563
https://doi.org/10.1016/j.addr.2007.08.041
http://www.ncbi.nlm.nih.gov/pubmed/18045729
https://doi.org/10.1016/j.biomaterials.2011.04.034
https://doi.org/10.1016/j.biomaterials.2011.04.034
http://www.ncbi.nlm.nih.gov/pubmed/21663962
https://doi.org/10.1016/j.joen.2017.03.005
https://doi.org/10.1016/j.joen.2017.03.005
http://www.ncbi.nlm.nih.gov/pubmed/28577961
https://doi.org/10.1007/s10059-011-0010-1
https://doi.org/10.1007/s10059-011-0010-1
http://www.ncbi.nlm.nih.gov/pubmed/21120627
https://doi.org/10.1371/journal.pone.0215780

@ PLOS|ONE

Dentin scaffolds for tissue engineering

37.

38.

39.

40.

M,

42,

43.

44,

45.

46.

Vallés-Lluch A, Novella-Maestre E, Sancho-Tello M, Pradas MM, Ferrer GG, Batalla CC. Mimicking nat-
ural dentin using bioactive nanohybrid scaffolds for dentinal tissue engineering. Tissue Eng Part A.
2010 Sep; 16(9):2783-93. https://doi.org/10.1089/ten. TEA.2010.0090 PMID: 20388038

de Gann Macouillard-Poulletier, Belaud-Rotureau MA, Voisin P, Leducq N, Belloc F, Canioni P, Diolez
P. Flow cytometric analysis of mitochondrial activity in situ: application to acetylceramide-induced mito-
chondrial swelling and apoptosis. Cytometry. 1998; 33(3):333-9. PMID: 9822344

Carda C, Peydré A. Ultrastructural patterns of human dentinal tubules, odontoblasts processes and
nerve fibres. Tissue Cell. 2006 Apr; 38(2):141-50. https://doi.org/10.1016/j.tice.2006.01.002 PMID:
16546231

Kim NR, Lee DH, Chung PH, Yang HC. Distinct differentiation properties of human dental pulp cells on
collagen, gelatin, and chitosan scaffolds. Oral Surg Oral Med Oral Pathol Oral Radiol Endod. 2009 Nov;
108(5):€94—100 https://doi.org/10.1016/j.triple0.2009.07.031 PMID: 19836718

Zhang W, Walboomers XF, van Kuppevelt TH, Daamen WF, Bian Z, Jansen JA. The performance of
human dental pulp stem cells on different three-dimensional scaffold materials. Biomaterials. 2006 Nov;
27(33):5658-68. https://doi.org/10.1016/j.biomaterials.2006.07.013 PMID: 16916542

Laino G, Carinci F, Graziano A, d’Aquino R, Lanza V, De Rosa A, Gombos F, Caruso F, Guida L, Rullo
R, Menditti D, Papaccio G. In vitro bone production using stem cells derived from human dental pulp. J
Craniofac Surg. 2006 May; 17(3):511-5 PMID: 16770190

Waddington RJ, Youde SJ, Lee CP, Sloan AJ. Isolation of distinct progenitor stem cell populations from
dental pulp. Cells Tissues Organs. 2009; 189(1—4):268—74. https://doi.org/10.1159/000151447 PMID:
18701814

Karadz E, Dogan BN, Aksoy A, Gacar G, Akyiz S, Ayhan S, Geng ZS, Yirlker S, Duruksu G, Demircan
PC, Sariboyaci AE. Isolation and in vitro characterisation of dental pulp stem cells from natal teeth. His-
tochem Cell Biol. 2010 Jan; 133(1):95—112. https://doi.org/10.1007/s00418-009-0646-5 PMID:
19816704

Ferroni L, Gardin C, Sivolella S, Brunello G, Berengo M, Piattelli A, Bressan E, Zavan B. A hyaluronan-
based scaffold for the in vitro construction of dental pulp-like tissue. Int J Mol Sci. 2015 Mar 2; 16
(3):4666-81. https://doi.org/10.3390/ijms 16034666 PMID: 25739081

Ha Tran Le Bao, Vu Doan Nguyen, Quan To Minh, Kim Ngoc Phan, u Hung Hoang, Dao Bao Tram
Hoang, Vu Ngoc Mai Dang, Nguyen Thi Thu. Study on Culture of Human Dental Pulp Stem Cells to
Apply in Tissue Engineering. Journal of Biomimetics, Biomaterials and Tissue Engineering. 2011: 13—
20.

PLOS ONE | https://doi.org/10.1371/journal.pone.0215780 May 9, 2019 22/22


https://doi.org/10.1089/ten.TEA.2010.0090
http://www.ncbi.nlm.nih.gov/pubmed/20388038
http://www.ncbi.nlm.nih.gov/pubmed/9822344
https://doi.org/10.1016/j.tice.2006.01.002
http://www.ncbi.nlm.nih.gov/pubmed/16546231
https://doi.org/10.1016/j.tripleo.2009.07.031
http://www.ncbi.nlm.nih.gov/pubmed/19836718
https://doi.org/10.1016/j.biomaterials.2006.07.013
http://www.ncbi.nlm.nih.gov/pubmed/16916542
http://www.ncbi.nlm.nih.gov/pubmed/16770190
https://doi.org/10.1159/000151447
http://www.ncbi.nlm.nih.gov/pubmed/18701814
https://doi.org/10.1007/s00418-009-0646-5
http://www.ncbi.nlm.nih.gov/pubmed/19816704
https://doi.org/10.3390/ijms16034666
http://www.ncbi.nlm.nih.gov/pubmed/25739081
https://doi.org/10.1371/journal.pone.0215780

