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capping, this in comparison with the commercial reference material Biodentine (Septodont).
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Methods. For the ex-vivo tooth model, 9 freshly-extracted teeth from 3 different patients were
pulp-capped with the experimental biomaterial (n = 3), Biodentine (n = 3) or left uncapped
(control; n = 3). The teeth were kept in fresh culture medium for 4 weeks and, upon ﬁxation
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three-dimensional Micro-CT and histology were performed. For the in-vivo animal study,
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40 teeth from 3 minipigs were exposed and pulp capped with the experimental biomaterial
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containing phosphopullulan (n = 24) or Biodentine (n = 16) for 7 or 70 days. The inﬂammatory
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reaction and the tissue-regenerative potential was qualitatively and semi-quantitatively
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characterized using three-dimensional micro-CT and histology.
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Results. Ex vivo, the treatment with the experimental phosphopullulan-based calcium-
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silicate cement and Biodentine stimulated the formation of ﬁbrous tissue and mineralized
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foci. In vivo, early inﬂammatory reaction and regeneration of the pulp-tissue interface was
promoted by both bioceramic materials after 7 and 70 days, respectively.
Signiﬁcance. Our ﬁndings bring new insights into calcium-silicate-mediated dental pulp
repair and regeneration. The novel ready-to-use and self-adhering functionalized calciumsilicate cement revealed effective pulpal repair potential.
© 2020 The Academy of Dental Materials. Published by Elsevier Inc. All rights reserved.

1.

Introduction

Until recently, calcium hydroxide (CaOH) has been considered
the gold-standard material for pulp capping [1–3]. Although
the body of evidence is still not strong enough, many clinicians
and researchers have shifted to the more recently introduced
hydraulic calcium-silicate cements (hCSCs) [4,5]. Some of its
superior characteristics, as compared to CaOH, are lower
solubility and better sealing capacity together with a lower
cytotoxicity towards human dental pulp cells (hDPCs), making hCSC the best candidate to take over the gold-standard
label of CaOH for vital pulp therapy [5–8].
However, hCSCs fall short of the ideal characteristics a
pulp-capping material should possess [4,9]. In particular, their
difﬁcult handling properties and the reported lack of adhesion to hard dental tissues trigger university and industrial
researchers to further improve hCSC material technology
[10–13]. To overcome some of these drawbacks, Biodentine
(Septodont, Saint Maur des Fosses, France), a resin-free hCSC,
was introduced in 2008 [14]. Initial research showed that the
material is not cytotoxic against hDPCs and induces thick
osteodentin bridge formation in in-vivo studies [15–17]. Moreover, its shorter setting time and reduced risk on discoloration
make the product very popular among clinicians. However,
Biodentine (Septodont) remains relatively difﬁcult to handle,
it does not adhere well to hard dental tissues and its long-term
in-vivo efﬁcacy as pulp-capping treatment is not yet known.
To solve some of the issues of hCSCs, particularly the lack
of adhesion to hard dental tissues along with the difﬁcult handling properties, a phosphopullulan-functionalized hydraulic
calcium-silicate biomaterial (hCSC PPL) has been developed.
The main characteristic of this recently developed material
consists of the addition of phosphorylated pullulan to its composition (Fig. 1) [18,19]. Pullulan is a non-toxic, non-mutagenic,
non-carcinogenic biodegradable substance that has been used
in the food, pharmaceutical and medical industries for a long
time [20]. The synthesis of phosphopullulan is obtained by
phosphorylation of pullulan, obtaining a colorless, odorless,
edible and biodegradable powder [18,21]. By adding phosphorylated pullulan (PPL) to the calcium-silicate formulation,
improved adhesion to tooth tissue has been strived for, like
hCSC PPL was documented to adhere to bony tissues [22,23].
Moreover, the biomaterial is provided in a ready-to-use capsule system, which guarantees easier and faster handling.
Animal models are the ultimate test for testing pulpcapping agents, but the pulp-tissue reaction when exposed
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Fig. 1 – Molecular structure of phosphorylated pullulan
present in the composition of PPL hCSC.

to materials is not necessarily the same as that recorded
in humans [24]. In this way, an ex-vivo human tooth-culture
model was proposed [25,26], hereby also providing means to
reduce animal experimentation. The materials can be applied
as done clinically, while the pulp cells remain within their
natural environment and can function in almost similar physiological conditions as those in the human body. Nonetheless,
this model can also be criticized as it lacks the immune and
vascular systems of the patient. On the other hand, the exvivo human tooth-culture model can be seen as an improved
cell-culture model, where the original 3D scaffold is involved
and tooth pulps are capped following common clinical procedures. Even if the tooth model cannot fully replace animal
experimentation, which probably will remain to serve as ultimate test prior to in-vivo human use, it can, when validated,
serve as a screening tool to evaluate new pulp-capping formulations in a cheaper and faster manner with a reproducibility
that may be higher than that of animal models.
The principal aim of this ex-vivo human tooth-culture
model and in-vivo minipig animal study was to evaluate
the pulpal inﬂammatory reaction and reparative dentinformation capacity of the new injectable phosphopullulanfunctionalized biomaterial (GC, Tokyo, Japan) upon pulp
capping, this in comparison with the commercial reference material Biodentine (Septodont). The null-hypotheses
tested were (1) that the new phosphopullulan-based hCSC
(PPL hCSC) does not provoke any kind of tissue reaction after
4 wk pulp-capping in the ex-vivo human tooth-culture model,
and (2) that PPL hCSC does not induce pulpal inﬂammation or
reparative dentin formation in vivo in the minipig model at 7
and 70 days, respectively.
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2.

Materials and methods

2.1.

Ex-vivo human tooth-culture model

2.1.1.

Teeth sampling and culturing

The samples were gathered after approval by the Commission for Medical Ethics of KU Leuven (ﬁle number S54254)
and following informed consent from the donors. Fully
impacted human third molars with their roots only partially formed, were collected immediately after extraction
from three healthy young patients (15–17 years). A total of 9
teeth were used in this experiment. In the surgery room, the
teeth were placed immediately after extraction in 50 ml centrifuge tubes (VWR, Leuven, Belgium), containing Dulbecco’s
Modiﬁed Eagle Medium (DMEM; Gibco, Merelbeke, Belgium)
supplemented with 10% Fetal Bovine Serum (FBS; Gibco), 1%
penicillin-streptomycin (Gibco) and 1% amphotericin B (Gibco)
(tooth-culture medium). The samples were brought to the
cell-culture room within 4 h to proceed with the cell-culture
experiments. From each patient, one tooth was kept as negative control (n = 3; exposure without capping), while the other
teeth were capped with PPL hCSC (n = 3) or Biodentine (n =
3) and kept in tooth-culture medium for 4 wk, as described
below.
Once in the cell-culture room, all teeth were rinsed with
70% ethanol (Hydral 70, VWR) for 1 min, followed by rinsing
with sterile Phosphate Buffered Saline (PBS; Sigma Aldrich, St.
Louis, MO, USA) for 1 min, upon which they were then placed
in tooth-culture medium until further processed. The periodontal ligament was removed with a sterile #15 scalpel blade
(Swann Morton, Shefﬁeld, UK). After cleaning, the teeth were
handled with sterile gauzes (Yibon Medical, Kuurne, Belgium)
and soaked in tooth-culture medium to avoid desiccation.

2.1.2.

Ex-vivo human tooth-culture pulp-capping assay

Nine teeth from three different patients were gathered and
handled as described above. Once the teeth were cleaned, a
pulp-capping procedure was performed in sterile conditions
and with the aid of 2.8× magniﬁcation, similarly as done clinically. For the pulp-capping assay, we followed the protocol
described by Téclès et al. [25]. Brieﬂy, a class-I cavity (approx.
4 × 4 × 4 mm) was cut using a sterile bur (1.1 mm in diameter;
Endo Access Bur Size 1, A 0164 300 001 00, Dentsply Sirona, Ballaigues, Switzerland) at high speed under copious irrigation
with sterile saline (Fresenius Kabi, Bad Homburg, Germany).
The pulp was exposed with a round carbide bur (1.0 mm in
diameter; H1SE.205.010, Komet, Lemgo, Germany) at low speed
with abundant irrigation. Afterwards, the cavity was cleaned
with sterile saline and gently dried with sterile cotton pellets.
The teeth were divided into three groups depending
on the pulp-capping procedure carried out: (1) application
of the experimental phosphopullulan-functionalized hCSC
‘(PPL hCSC’; n = 3; GC), (2) application of the commercial hCSC
Biodentine (n = 3; Septodont), or (3) exposure without capping
as negative control (n = 3). The composition and application
mode of the two pulp-tissue engineering agents investigated
are detailed in Table 1.
PPL hCSC and Biodentine were applied in a 2−3 mm layer
following the manufacturers’ recommendations and gently

compacted with sterile cotton pellets. The cavity was restored
with glass-ionomer cement (Fuji II LC Capsules, GC). Next,
ﬂowable composite (G-aenial Flo, GC) was applied on the
occlusal surface, in which a sterilized stainless steel orthodontic wire (M form; ORMCO, Orange, CA, USA) was seated,
followed by 40-s light-curing of the ﬂowable composite using
a light-curing unit with a light output of 1200 mW/cm2
(Bluephase 20i, Ivoclar Vivadent, Schaan, Liechtenstein). The
teeth were immediately hanged using the wire in separate
wells of 24-well culture plates (Costar, Cambridge, MA, USA),
each containing 1.5 ml of tooth-culture medium to ensure generous exposure of the pulp tissue to the medium. The medium
was refreshed every day and after four weeks the wire was
removed and the teeth immediately placed in 4% PFA for two
weeks to properly ﬁx the tissue.

2.1.3.

Ex-vivo human tooth-culture model - histology

The chemically ﬁxed teeth were demineralized (4–6 weeks)
with 10% formic acid (Chem-Lab Analytical, Zedelgem,
Belgium) with the decalcifying solution refreshed every 3 days.
The decalciﬁcation endpoint was determined by dental radiography (MINRAY, Soredex, Tuusula, Finland) and visual/tactile
evaluation. After decalciﬁcation, the glass ionomer and composite restorations were manually removed, upon which the
teeth were subsequently immersed in water for 24 h and then
dehydrated in ascending concentrations of ethanol (70% for
12 h, 80%, 95% and 100% for 2 h each), followed by xylene
(VWR) clearance. The teeth were next immersed in liquid
parafﬁn (56 ◦ C melting point; Paraclean, Klinipath, Duiven,
The Netherlands) for 24 h prior to being embedded in parafﬁn blocks. Serial parafﬁn sections were cut with a thickness
of 5−7 m using a microtome (Microm HM 360 Microtome,
Hyland Scientiﬁc, Stanwood, WA, USA), this from the level
where the interaction of the pulp-capping agent and the pulp
tissue ﬁrst appeared until any interaction was no longer visible. Every six sequential sections, two sections were randomly
selected for staining. One section was stained with Gill’s III
hematoxylin (Leica Microsystems, Diegem, Belgium) and with
1% aqueous eosin solution (Leica Microsystems), while the
other section was stained with Gram-Twort staining to detect
the presence of bacteria. The stained sections were examined
using light microscopy (Axio Imager M2, Carl Zeiss Microscopy,
Jena, Germany). The formation/presence of a ﬁbrous band and
mineralized tissue around the exposed area was evaluated by
two independent researchers.

2.2.

Animal experimentation

2.2.1.

Minipigs

All experimental protocols complied with the ARRIVE guidelines and were approved by the Ethical Committee for
Animal Experimentation of KU Leuven under the ﬁle number P016/2015. The procedures were carried out in accordance
with the UK Animals (Scientiﬁc Procedures) Act 1986 and EU
Directive 2010/63/EU for animal experiments. Three female
Göttingen minipigs (Ellegaard, Dalmose, Denmark) at the age
of 33–35 months and with a weight of 44−60 kg and intact
permanent dentitions were group-housed on wood shavings
with ad libitum access to water; they were fed twice a day with
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Table 1 – List of hydraulic calcium-silicate cements (hCSCs) investigated and their application mode.
Product
(company)

Powder (wt%)

Liquid

Application mode

PPL hCSC
(GC, Tokyo, Japan)

Portland cement (60%)
Bismuth oxide (20%)
Calcium sulfate dehydrate
(5%)
PPL (5%)
Other (10%)
Tricalcium silicate (80%)
Calcium carbonate (15%)
Zirconium oxide (5%)

Distilled water

Shake the capsule by hand
and activate.
Mix for 10 s

Calcium chloride
Water soluble polymer

Add 5–6 drops of liquid
inside the capsule.
Mix for 30 s

Biodentine
(Septodont, Saint
Maur
des Fossés, France)
PPL = Phosphopullulan.

a minipig special diet (Welzijnskorrelminivarkens, AVEVE,
Wilsele, Belgium).

2.2.2.

Direct pulp capping

A pre-operative computed tomography (CT) scan (SOMATOM
Force, Siemens Healthcare, Erlangen, Germany) of the
mandible and maxilla of each minipig was taken in order to
conﬁrm that all teeth were in a healthy state and the roots
were fully developed. Direct pulp capping was carried out
at two times, resulting in a 7-day and 70-day post-operative
observation period, as recommended by the ISO 7045-2008
standard [27]. Twenty permanent teeth (5 incisors, 2 canines,
8 premolars and 5 molars) on the left side were capped in
the ﬁrst phase (70-day post-capping observation). Sixty-three
days later, 20 permanent teeth (7 incisors, 2 canines, 6 premolars and 5 molars) on the right side received a pulp-capping
treatment (7-day post-capping observation).
Animals were anesthetized with a combination of
xylazine (1 mg/kg; 2% Xyl-M, VMD, Arendonk, Belgium) and
zolazepam/tiletamine (2.5−3 mg/kg; Zoletil 100, Virbac, Fort
Worth, TX, USA). After endotracheal intubation, general anesthesia was maintained with isoﬂurane (1–1.5%); then, the
animals were ventilated with a tidal volume of 8−10 ml/kg
at a frequency of 10–12 times per min to preserve normocapnea. Prior to direct pulp capping, the teeth were ultrasonically
cleaned (MiniMaster Ultrasonic Scaler; Electro Medical Systems (EMS), Nyon, Switzerland), polished, and disinfected
with 10% povidone iodine (iso-Betadine Dermicum, Meda
Pharma, Belgium). Under local anesthesia using 2% lidocaine
(1 ml per tooth), class-V butt-joint cavities were prepared on
the buccal surface of incisors, canines and premolars, whereas
class-I cavities were cut on the occlusal surface of molars. The
cavities were prepared using a sterile round diamond bur (1.1
mm in diameter; Endo Access Bur size 1, Dentsply Sirona) at
ultra-high speed with copious sterile saline irrigation. Subsequently, the pulp tissue was mechanically exposed using a
sterile round carbide bur (1.0 mm in diameter; H1SE.205.010,
Komet) mounted on a dental hand-piece at high speed under
sterile saline (Fresenius Kabi) cooling. The cavities were rinsed
with sterile saline (Fresenius Kabi) and hemorrhage was controlled using sterile wet cotton pellets with light pressure,
upon which the cavities were dried with sterile dry cotton
pellets.

All teeth receiving pulp-capping treatment were randomly
divided into 2 groups. For PPL hCSC, 12 teeth consisting of 3
incisors, 1 canine, 5 premolars and 3 molars were selected.
For the commercial reference cement Biodentine (Septodont),
8 teeth (2 incisors, 1 canine, 3 premolars and 2 molars) were
chosen. The pulp-capping agents were applied with a thickness of approximately 2 mm. PPL hCSC was prepared by
activating the capsule followed by mixing for 10 s with a capsule mixer (RotoMix Capsule Mixer, 3 M Oral Care, Seefeld,
Germany). For Biodentine (Septodont), 5 drops of liquid were
added to the powder capsule, upon which the capsule was
immediately mixed for 30 s with the mixer (Rotomix, 3 M Oral
Care). Once the pulp-capping agents were placed following
the manufacturers’ recommendations and gently compacted
with sterile cotton pellets, a layer of resin-based glass-ionomer
cement (Fuji II LC Capsule, GC) was applied. The cavities were
ﬁnally restored with a universal adhesive (G-Premio Bond, GC)
and a light-curing composite (G-aenial Posterior, GC). During
restorative procedures, humidity was controlled with sterile
cotton rolls in combination with oral suction. Soft diet was
provided post-operatively and no anti-inﬂammatory medication appeared necessary for any of the three animals.
Sixty-three days after the ﬁrst phase, the same dental
procedures were performed in the teeth on the right side.
The animals were euthanized 7 days after the second phase
using an overdose of barbiturates (400 mg/ml; Euthasol, Le Vet,
Oudewater, The Netherlands). The mandible and maxilla were
simultaneously ﬁxed by immersion in 4% paraformaldehyde
solution (VWR) via a closed head-only perfusion system with
inﬂow through the carotid artery and outﬂow via the jugular vein [28]. The teeth were removed individually from the
jaw using an electric saw (HB 8894, HEBU Medical, Tuttlingen, Germany) under copious water irrigation and afterwards
immediately ﬁxed in 30 ml of 4% paraformaldehyde solution
(VWR) at 4 ◦ C for 2 weeks.

2.2.3.

Micro-computed tomography (CT)

All teeth were scanned by means of a CT scanner (Skyscan
1172, Bruker MicroCT, Kontich, Belgium) using the following
parameters: 100 kV/100 A X-ray source, 0.5 mm aluminum
ﬁlter, pixel size of 9.92 m, averaging frame of 7, rotation step
of 0.3◦ , random movement of 50 and 360◦ rotation around
the vertical axis. The raw data were reconstructed using
NRecon v.1.6.9.18 software (Bruker MicroCT), using the same
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parameters for smoothing, beam hardening and ring artifact
corrections.

2.2.4.3. Bacterial staining. Gram-Twort staining was per-

2.2.3.1. Continuity of mineralized tissue. For exposed pulps

2.3.

capped for 70 days, the presence of radiodensity change
in the pulp tissue was qualitatively documented using
the Dataviewer software v. 1.5.1.2 (Bruker MicroCT). The
radiopaque layer underneath the exposure site, if existed, was
further identiﬁed as mineralized tissue or not, this using the
corresponding histology of the teeth as a reference. The continuity of mineralized tissue was classiﬁed as ‘none’, ‘partial’
or ‘complete’, based on the extent of mineralized tissue compared to that of the exposure site.

2.2.3.2. Three-dimensional bridge segmentation and porosity
analysis. We used CTAn v.1.13 software (Bruker MicroCT) to
deﬁne different volumes of interest (VOIs) for each structural feature (dentin, dentin bridge and pulp tissue/pores)
by manual deﬁnition of the regions of interest (ROIs) using
the full-axial slices dataset. Dataviewer software and the corresponding histology were used as support references. An
automatic thresholding method (Otsu 2D) was applied for
segmenting dentin and the dentin bridge from the pulp tissue/pores. CTVox software (Bruker MicroCT) was used to
render the volume and to merge the different structural features on the 3D models.

2.2.4.

Animal experimentation - histology

After CT scanning, the chemically ﬁxed teeth were processed for parafﬁn-section histology and evaluated using
light microscopy (Axio Imager M2, Carl Zeiss Microscopy), as
described above for the ex-vivo human tooth-culture pulpcapping assay. The inﬂammatory response of the exposed
pulp as well as the nature of newly formed mineralized tissue
were evaluated based on the criteria detailed below.

2.2.4.1. Inﬂammatory response. The grade of inﬂammatory
response in the pulp tissue, being capped with each pulpcapping agent, was calculated according to the grading scale
of inﬂammatory changes described in the ISO 7045-2008 standard [27]:
GRADE 0: no inﬂammation;
GRADE 1: mild inﬂammation - scattered inﬂammatory cells
in the pulp tissue adjacent to the pulp exposure;
GRADE 2: moderate inﬂammation - inﬂammatory cells with
small focal groupings in the pulp tissue adjacent to the pulp
exposure;
GRADE 3: severe inﬂammation - extensive inﬂammatory
cell inﬁltration in the pulp tissue adjacent to the pulp exposure;
GRADE 4: abscess formation or extended inﬂammatory cell
inﬁltration not only limited to the pulp tissue adjacent to the
pulp exposure.

2.2.4.2. Nature

of
mineralized
tissue. The
formation/continuity of mineralized tissue was previously assessed
by CT. The nature of mineralized tissue was deﬁned as either
‘immature’, ‘maturing’ or ‘mature’ on basis of the presence of
reparative dentin with well-aligned dentin tubules as well as
a layer of well-arranged odontoblast-like cells.

formed for bacterial recognition.

Statistical analysis

For the presence of mineralized tissue in the ex-vivo human
tooth-culture model among the three different groups, the
non-parametric Kruskal–Wallis test was used (Bonferroni correction applied), this at a signiﬁcance level of p < 0.05. The
occurrence of inﬂammatory response as well as mineralized
tissue formation induced by the different pulp-capping agents
in vivo were evaluated by two independent observers. In case
of disagreement, re-evaluation was done and the more severe
evaluation was chosen. The data were statistically compared
using the Fisher’s Exact test or Chi-square test of independence, this at a signiﬁcance level of p < 0.05.

3.

Results

3.1.

Ex-vivo human tooth-culture model - histology

All teeth capped with both hCSCs revealed the presence of
mineral foci around the exposure area after 4 weeks (Table 2).
Representative histology micrographs of teeth capped by
PPL hCSC and Biodentine can be seen in Fig. 2a–d. Both materials stimulated the formation of mineral structures around
the exposure site, which would lead to the future formation
of a mineralized bridge covering/healing the exposed region.
At higher magniﬁcation, the area immediately adjacent to the
pulp exposure appeared rich in ﬁbrinous tissue and mineral
foci. When the teeth remained uncapped (control), no mineral
tissue formation, nor ﬁbrinous tissue reaction was observed
around the exposed area (Fig. 2e,f; Table 2).

3.2.

Minipig animal experimentation

3.2.1. Micro-computed tomography (CT)
3.2.1.1. Radiodensity change in exposed pulps. All teeth capped
by both hCSCs revealed a radiopaque zone around the exposure area after 7 and 70 days. Representative reconstructed
CT images of teeth capped by PPL hCSC and Biodentine can
be seen in Fig. 3
along with their corresponding histological micrographs.
Histology conﬁrmed that the radiopaque zone stained more
eosinophilically than the deeper pulp tissue (Fig. 3b,f). At
higher magniﬁcation, the area immediately adjacent to the
pulp exposure appeared richer in cells, collagen ﬁbrils and
capillaries (Fig. 3c,d).

3.2.1.2. Continuity of mineralized tissue. Using the histology as
reference, the radiopaque zone observed in the exposed pulps
capped for 70 days was characterized as mineralized tissue.
The continuity of mineralized tissue induced by the different
pulp-capping hCSCs is summarized in Table 3. For both hCSCs
investigated, the continuity of mineralized tissue was judged
as ‘complete’ for all capped teeth (100%), indicating that the
whole exposure site was completely sealed (Table 3).
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Table 2 – Mineral foci formation around the pulp-exposure area.
Pulp-capping agent

PPL hCSC
Biodentine
Control (exposure without capping agent)
∗

4 wk pulp capping in human tooth-culture model
Teeth total (n)

Mineral foci formed (tooth number)

3
3
3

3 (100%)
3 (100%)
0 (0%)*

Indicates statistically signiﬁcant difference (p < 0.05).

Fig. 2 – Pulp-tissue reaction of three representative teeth after 4 wk in the human tooth-culture model, with histological
micrographs of pulps that were capped by PPL hCSC (GC) in (a,b) and Biodentine (Septodont) in (c,d), or were kept without
capping material (control) in (e,f). (a) Overview micrograph showing remnants of PPL hCSC (GC) above the exposure site. An
amorphous, eosinophilic layer was detected underneath the capped area. Beneath this layer, many mineral foci were
observed in the pulp tissue adjacent to the exposure site. (b) Higher magniﬁcation of the rectangle in (a), identifying
accumulation of 20−50 m mineral foci within the pulp tissue next to the capped site (hand pointers). (c) Overview
micrograph revealing remnants of Biodentine (Septodont) above the pulp-exposure site. The exposed pulp tissue was well
structured with a 50−100 m band of ﬁbrinous hyalinized tissue delineating the whole exposure area. Beneath the
ﬁbrinous band, multiple mineral foci can be seen. (d) Higher magniﬁcation of the rectangle in (c), showing the presence of
many mineral foci surrounding the exposure area (hand pointers). (e) Overview micrograph of the pulp exposure that
remained uncapped (control). The pulp tissue remained well organized and exhibited common histological features. (f)
Higher magniﬁcation of the rectangle in (e) did not reveal any inﬂammatory reaction in the pulp tissue around the exposure
area. No mineral foci, nor ﬁbrinous tissue reaction was observed. (D: dentin; hCSC: hydraulic calcium-silicate cement; P:
pulp tissue).
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Fig. 3 – Reconstructed micro-CT (CT) images and corresponding histological micrographs of teeth capped for 7 days by
PPL hCSC (GC) in (a–d) and by Biodentine (Septodont) in (e–h) (minipig animal experimentation). (a) CT scan of the tooth
capped by PPL hCSC showing a radiodensity increase for the pulp tissue underneath the exposure (arrow). (b) Histological
micrograph of the same tooth as in (a), revealing that the pulp tissue underneath the exposure stained more intensely than
the deeper pulp tissue. (c) Higher magniﬁcation of the rectangle in (b), detailing the more intensely stained pulp tissue with
a denser network of collagen ﬁbers. (d) Higher magniﬁcation of the rectangle in (c), revealing a layer of amorphous ﬁbrinous
tissue in contact with the hCSC. Below, an area of loose, smooth connective tissue was observed (inﬂammation degree 1
was scored for this specimen). (e) CT scan of the tooth capped by Biodentine (Septodont), disclosing an obvious change in
radiodensity for the exposed pulp (arrows). (f) Histological micrograph of the same tooth, presenting a normal pulp
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Table 3 – The continuity of mineralized tissue in exposed pulps capped with the two hCSCs for 70 days.
Pulp-capping agent

PPL hCSC
Biodentine

Presence and type of mineralized tissue in %
None

Partial

Complete

0
0

0
0

100.0
100.0

No signiﬁcant difference was detected among the pulp-capping agents investigated (p > 0.05).

3.2.1.3. Three-dimensional bridge segmentation and porosity
analyses. For both hCSCs investigated, continuous bridge
structures were visualized by CT. Clear pores were detected
in the young bridges, however without direct contact between
hCSC and pulp; hence, no tunnel defects were found. One
representative specimen of each hCSC is documented in Fig. 4.

3.2.2. Histology
3.2.2.1. Inﬂammatory response. The inﬂammatory response
generated by both hCSCs is summarized in Table 4. Overall, there was no difference regarding inﬂammatory reaction
provoked by the two pulp-capping agents investigated. Histological micrographs of six representative teeth that were
capped by PPL hCSC and Biodentine (Septodont) for 7 days
(including a representative control tooth) are shown in Figs. 3,
Fig. 55 and Fig. 66 . Most specimens evaluated 7 days after
pulp capping were rated with inﬂammatory grades 1 or 2.
Scattered inﬂammatory cells or inﬂammatory cells with small
focal grouping were detected in the area next to the exposure
site. The pulp tissue immediately adjacent to the exposure
appeared richer in cells and collagen ﬁbrils. Moreover, in some
cases, the presence of prominent capillaries could be observed
in the matrix, this for both hCSCs investigated. These results
conﬁrmed the ﬁndings obtained with the ex-vivo human toothculture model.

3.2.2.2. Nature of the mineralized tissue. The nature of the
mineralized tissue formed is detailed in Table 5. For all
the specimens capped with PPL-hCSC (GC) or Biodentine
(Septodont) for 7 days, no clear mineralized tissue was formed,
while after 70 days, the formation of a thick mineralized bridge
was observed in all specimens. Histological micrographs of
two representative specimens capped with PPL hCSC (GC) and
Biodentine (Septodont) are shown in Fig. 7. In both specimens,
a thick (200−500 m) osteodentin bridge was formed. The area
of the mineralized bridge next to the hCSC is composed of a
disorganized pattern of mineralization without or only with
scarce and irregular tubules. On the other hand, the part of the
bridge facing the pulpal tissue is composed of a better organized tissue, in which dentin tubules can clearly be detected. A
layer of odontoblast-like cells aligning below the mineralized
structure was observed.

3.2.2.3. Bacterial staining. No bacterial contamination was
detected at the cavity ﬂoor wall or within the pulp tissue of
any of the specimens studied.

4.

Discussion

Overall,
this
study
proved
that
the
injectable
biomaterial
stimulated
phosphopullulan-functionalized
the formation of ﬁbrinous tissue and mineral foci when
PPL hCSC made contact with exposed pulp tissue. Therefore,
the ﬁrst null-hypothesis that the new phosphopullulan-based
hCSC (PPL hCSC) does not provoke any kind of tissue reaction
after 4 wk pulp-capping in the ex-vivo human tooth-culture
model was rejected. Moreover, PPL hCSC stimulates pulpal
inﬂammation and reparative dentin formation at a similar
extent as the commercial hCSC Biodentine (Septodont) in
a minipig animal model after 7 and 70 days. Therefore, the
second null-hypothesis that that PPL hCSC does not induce
pulpal inﬂammation or reparative dentin formation in vivo
in the minipig model at 7 and 70 days, respectively was also
rejected.
Well-controlled randomized clinical trials provide hard
evidence of clinical effectiveness. However, before any pulpcapping agent can reach the stage of clinical testing in
humans, it is desirable that it successfully passes in-vitro and
in-vivo animal studies to demonstrate its safety of use. In a previous in-vitro study, we showed that PPL hCSC is not cytotoxic
against hDPCs and also stimulates migration, proliferation
and odontogenic differentiation of hDPCs [15]. In a next phase,
using an ex-vivo human tooth-culture model, we could conﬁrm that PPL hCSC provoked a positive reaction in human
dental pulps. Fully aware of the ethical concerns related to
animal studies, the minipig study was conducted upon successfully passing the previous cell-culture experiments, while
evaluating the response of a living pulp to a new pulp-capping
agent is still believed mandatory prior to initiating a clinical
trial in humans. A Göttingen mini-pig model was selected for
many reasons. Compared with small animal models, such as
rodents, large animal models are superior in many aspects to
study diseases and pre-clinical therapies [29]. Regarding other
large animal models, like baboons or dogs, minipigs have been

histology. A thin bundle of eosinophilic, hyalinized tissue can be seen in the contact area between the pulp-capping
material and pulp tissue. (g) Close-up view of the white rectangle in (f), depicting the area close to the pulp capping
(approximately 500 m from the exposure site) with the presence of some dilated blood vessels and eosinophilic granules
(pointers). (h) Higher magniﬁcation of the white square in (g), showing dilated blood vessels and round eosinophilic
granules that seem to be associated with eosinophilic granulocites (pointers). Beneath this area, a less eosinophilic zone of
smooth connective tissue is depicted (inﬂammation degree 2 was scored for this specimen). (D: dentin; hCSC: hydraulic
calciumsilicate cement; P: pulp tissue).
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Fig. 4 – Three-dimensional CT reconstruction of two teeth capped for 70 days by PPL hCSC (GC) in (a–c) and by Biodentine
(Septodont) in (d–f) (minipig animal experimentation). The 3D reconstructions revealed thick osteodentin bridges completely
covering the pulp-exposure areas. Inside the bridge, clear pores were detected, however without direct contact between
hCSC and pulp (tunnel defects). The white horizontal lines in (b) and (e) indicate the position depicted by the axial plane.

Table 4 – The occurrence rate of inﬂammatory response in exposed pulps capped with the two hCSCs for 7 days and the
corresponding inﬂammatory grade.
Pulp-capping agent

PPL hCSC
Biodentine

Inﬂammatory grade (n)
Grade 0

Grade 1

Grade 2

Grade 3

Grade 4

0
1

5
5

6
2

1
0

0
0

No signiﬁcant difference was detected in the occurrence of inﬂammation among the pulp-capping agents investigated (p > 0.05).

documented to possess dental and pulpal tissue anatomies
and physiologies that are very similar to those of humans
[29]. Moreover, having 44 permanent teeth, the minipig model
allows comparing different materials at the same time using
a split-mouth design in a limited number of animals.

The use of the human tooth-culture model for the study
of the early stages of pulp-tissue reaction after pulp capping
was already used in the past [25,26,30]. However, the number
of publications using this model is scarce and they originate
from the same research group. In recent previous research
we validated the human tooth-culture model by investigating
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Fig. 5 – Inﬂammatory reaction of two teeth capped for 7 days by PPL hCSC (GC) in (a–c) and by Biodentine (Septodont) in (d–f)
(minipig animal experimentation). (a) Overview micrograph of the PPL hCSC-capped tooth, revealing that the coronal pulp
was exposed, while the underlying pulp tissue remained well organized. An eosinophilic debris layer was observed
underneath the exposure site. Beneath this amorphous tissue bundle, an intense eosinophilic layer of stromal cells was
disclosed. (b) Higher magniﬁcation of the rectangle in (a), showing accumulation of cells within the pulp tissue near to the
exposed area. Deeper in the pulp, the pulp tissue was free of inﬂammatory cells and exhibited a normal histological
appearance. (c) Higher magniﬁcation of the rectangle in (b), disclosing prominent vascular vessels (hand pointer). (d)
Overview micrograph of the Biodentine-capped tooth, revealing remnants of the hCSC pulp-capping agent above the
exposure site. The exposed pulp tissue was well structured; the gaps/holes within the pulp in the root canals should be
regarded as tissue-processing artefacts. (e) Higher magniﬁcation of the rectangle in (d), revealing the presence of many
mineral foci surrounding the exposure area. (f) Higher magniﬁcation of the rectangle in (e), detailing the mineral foci (hand
pointer). In a deeper area away from the exposure site, pulp tissue with a normal histological appearance was observed (D:
dentin; hCSC: hydraulic calcium-silicate cement; P: pulp tissue).
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Fig. 6 – Inﬂammatory reaction of a tooth capped for 7 days using PPL-hCSC (GC) in (a–b) and a representative control tooth
extracted at the end of the 70-day experimentation time (c–e) (minipig animal study). (a) Overview of the tooth capped with
PPL hCSC, showing exposure of the pulp chamber with intact remaining pulp tissue adjacent to it. An intense eosinophilic
staining is shown next to the exposed area. (b) Zoom-in view of the black circle in (a). Higher magniﬁcation of the area next
to the exposure site (300−500 m) revealing dilated vascular vessels. This, together with the presence of groups of
eosinophilic granules [pointers in (b), which may be compatible with eosinophilic granulocytes] indicate a moderate
inﬂammatory reaction (ISO inﬂammatory grade 2 was given to this sample). The area located a bit further from the
exposure site shows the presence of some dilated blood vessels within a normal pulp-tissue architecture. (c) Representative
micrograph of a control tooth (no exposure and no capping). (d) Higher magniﬁcation of the upper black rectangle in (c),
showing a classical image of healthy pulp tissue composed of loose connective tissue. No eosinophilic granules or any
other inﬂammatory cells can be seen. A palisade of odontoblasts lining the dentin on both sides of the pulp tissue is
depicted. (e) Higher magniﬁcation of the lower black rectangle in (c) showing the presence of some dilated vessels. The
presence of scattered dilated vessels does not necessarily indicate unhealthy pulp tissue but is rather a common ﬁnding.
Notice the absence of eosinophilic granules or any other organelles compatible with inﬂammatory cells extravasated next
to the blood vessels.
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Fig. 7 – Reparative dentin formation of two teeth capped for 70 days by PPL hCSC (GC) in (a–c) and by Biodentine (Septodont)
in (d–e) (minipig animal experimentation). (a) Overview micrograph of the PPL hCSC-capped tooth, showing hCSC remnants
above the exposure site. The pulp exposure was completely sealed by a layer of mineralized tissue with a thickness of
approximately 250−750 m. A disorganized pattern of mineralization was observed in the upper part of the bridge (near to
the hCSC). (b) Higher magniﬁcation of the white rectangle in (a), disclosing a well-organized pattern of a maturing dentin
bridge (*) beneath the irregular mineral layer. (c) Higher magniﬁcation of the white circle in (a), revealing a well-organized
pulpal tissue with a palisade of odontoblast-like cells surrounding the bridge (pointer). (d) Overview micrograph of a
Biodentine-capped tooth, indicating that the pulp exposure was completely sealed by a layer of mineralized tissue with a
thickness of approximately 200−400 m. A ﬁrst layer of ﬁbrinous, compacted, necrotic tissue was seen in the upper part of
the bridge in contact with the hCSC. (e) Higher magniﬁcation of the white rectangle in (d), disclosing a thick disorganized
mineralized bridge beneath the necrotic layer. Underneath, a bridge structure containing dentin tubules was revealed (*). (D:
dentin; hCSC: hydraulic calcium-silicate cement; P: pulp tissue; RD: reparative dentin).
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Table 5 – The nature of the mineralized tissue formed in exposed pulps capped by the two hCSCs for 70 days.
Pulp-capping agent

PPL hCSC
Biodentine

Osteodentin bridge maturation after 70 days (n)
Immature

Maturing

Mature

0
0

9 (75%)
6 (75%)

3 (25%)
2 (25%)

No signiﬁcant difference was detected among the pulp-capping agents investigated (p > 0.05).

the growth efﬁciency, expression of mesenchymal stem cell
markers and differentiation ability of hDPCs [31]. Even though
in vivo animal experimentation provides harder evidence as
compared with the ex-vivo human tooth-culture model, this
study conﬁrmed that the use of this ex-vivo model can be
a valuable screening tool to investigate the early episodes
after pulp exposure and capping before animal testing is
conducted.
After any kind of pulpal trauma, inﬂammation is a natural
consequence as a defense mechanism. Inﬂammation has a
controverted effect on pulp regeneration and repair [32–34].
While some authors in the past argued that inﬂammation
had solely a negative effect due to the risk on pulp necrosis, more recently other authors argued that inﬂammation
has a positive and necessary role in tissue repair [35]. This
positive effect is thought to be promoted by the role of different growth factors (among others, TGF-␤1) and cytokines [35].
Therefore, any kind of material meant to be directly exposed to
pulp tissue should be able to maintain the inﬂammatory reaction to the minimum, not passing beyond the stage that will
lead to pulp necrosis. Calcium-silicate cements have already
demonstrated to stimulate the release of growth factors and
cytokines when in contact with hDPCs [36–38]. In our study,
11 out of 12 teeth (91.6%) exposed to PPL hCSC showed mild to
moderate inﬂammation. This is comparable to the 7 out of 8
teeth (87.5%) that were exposed to Biodentine (Septodont) and
also revealed mild to moderate inﬂammation. In this sense,
our results conﬁrm that the phosphopullulan-functionalized
biomaterial is a safe option for pulp-tissue engineering procedures.
In the long term, the formation of a homogenous, thick
and continuous mineralized bridge seems to be a necessity for
a successful pulp-capping treatment [39]. Previous research
has shown that the main reasons for failure after pulp capping with CaOH are the presence of tunnel defects in the
bridge formed and also the dissolution of CaOH over time [39].
Our results showed that PPL-hCSC seems promising in terms
of reparative dentin formation after a period of 10 weeks. A
complete bridge was observed in 100% of the PPL hCSC- and
Biodentine-capped teeth, with 100% of the specimens showing
maturing or even mature bridges. Reparative dentin formed
was in most cases thick, continuous and homogeneous, similar to those formed after capping with Biodentine (Septodont)
and this after a relatively short period of time. However, the
results of this in-vivo animal study should be taken with care
due to the fact that all the capping procedures were performed
in healthy caries-free teeth of healthy animals. It has already
been shown in literature that the characteristics of the reparative bridge formed after pulp-capping procedures in healthy
teeth in animals are not exactly the same as those occurring
in human teeth affected by deep caries [24].

In our study, two bioceramic materials have been tested ex
vivo and in vivo for pulp-tissue regeneration and repair. The
experimental injectable phosphopullulan-functionalized biomaterial has previously shown high calcium release and the
establishment of a high pH in the tissues, on which the material is applied [22,]. After pulp injury, dental pulp stem cells
have been demonstrated to play a key role in the regeneration
and repair of the defect [40,41]. In this sense, calcium (Ca) and
silicon (Si) release have widely been shown to be a key factor in
order to stimulate migration, proliferation and differentiation
of human stem cells [42,43]. Moreover, Ca and Si have also
been shown to play an important role in osteoblast proliferation and collagen production [44]. Therefore, it seems that
the stimulation of a bacteria-free environment together with
a high calcium and silicon release may be potential explanations for the formation of mineral foci in the ex-vivo study as
well as the pulp regeneration and repair in the in-vivo animal
study.

5.

Conclusion

Many different animal models have been recommended for
pulp-capping studies. However, minipigs seem to be an excellent option due to their genetic and anatomic similarities with
humans.
A phosphopullulan-functionalized biomaterial, delivered
in a handy capsule system, appeared promising for pulptissue engineering and potentially also for other root
repair-related applications. The ex-vivo part of this study
showed similar favorable pulp-tissue reactions with both
biomaterials. Moreover, the in-vivo study did not reveal
differences in pulpal inﬂammation and reparative dentin
formation induced by the two hCSCs investigated. Finally,
well-controlled randomized clinical trials remain to be performed before any material can be recommended for routine
use in patients.
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