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Chitosan-collagen biomembrane
embedded with calcium-aluminate
enhances dentinogenic potential of
pulp cells

Abstract: The development of biomaterials capable of driving
dental pulp stem cell differentiation into odontoblast-like cells
able to secrete reparative dentin is the goal of current conservative
dentistry. In the present investigation, a biomembrane (BM) composed
of a chitosan/collagen matrix embedded with calcium-aluminate
microparticles was tested. The BM was produced by mixing collagen gel
witha chitosan solution (2:1), and then adding bioactive calcium-aluminate
cement as the mineral phase. An inert material (polystyrene) was used
as the negative control. Human dental pulp cells were seeded onto the
surface of certain materials, and the cytocompatibility was evaluated
by cell proliferation and cell morphology, assessed after 1, 7, 14 and
28 days in culture. The odontoblastic differentiation was evaluated by
measuring alkaline phosphatase (ALP) activity, total protein production,
gene expression of DMP-1/DSPP and mineralized nodule deposition.
The pulp cells were able to attach onto the BM surface and spread,
displaying a faster proliferative rate at initial periods than that of the
control cells. The BM also acted on the cells to induce more intense ALP
activity, protein production at 14 days, and higher gene expression of
DSPP and DMP-1 at 28 days, leading to the deposition of about five times
more mineralized matrix than the cells in the control group. Therefore,
the experimental biomembrane induced the differentiation of pulp
cells into odontoblast-like cells featuring a highly secretory phenotype.
This innovative bioactive material can drive other protocols for dental
pulp exposure treatment by inducing the regeneration of dentin tissue
mediated by resident cells.

Keywords: Dental Pulp; Biocompatible Materials; Tissue Engineering;
Stem Cells; Dentin.

Introduction

The regeneration of dentin by the induction of odontoblastic
differentiation from dental pulp stem cells (DPSCs) and the up-regulation
of tertiary dentin deposition is the purpose of direct pulp-capping (DPC)
therapy.! The materials clinically available for such purposes are based
on calcium hydroxide (CH) and mineral trioxide aggregate (MTA). Both
materials share the same pathway for dentin bridge deposition, by releasing
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high quantities of calcium ions (Ca**), thus creating
an alkaline environment (pH 9.0-12.0)."* However,
this high pH causes a superficial burn on pulp tissue,
leading to an area of coagulation necrosis associated
with subjacent inflammation, tissue disorganization,
and hemorrhage on surrounding pulp tissue.*** Only
after this inflammation is resolved, one to two weeks
thereafter, can migration of DPSCs to the necrotic area,
followed by cytodifferentiation into odontoblast-like
cells, be observed. Dentin-like tissue with some tubular
structure is observed after 4 weeks.'?4® Therefore,
this therapy cannot be considered biocompatible with
the pulp tissue, since it causes the death of numerous
cells, including stem cells, which are essential for
the regenerative potential of pulp tissue.® Although
some authors claim that Ca** ions released from these
materials play a major role in the regenerative events
that occur after direct pulp-capping,’ this effect has
been mainly attributed to the inherent regenerative
potential of pulp tissue.®”

Biomembranes for guided tissue regeneration have
emerged as an interesting alternative for directing
the regeneration of mineralized tissues, such as
bone and dentin, by inducing the following events:
(1) migration and adhesion of target cells to the surface
of the membrane; (2) differentiation/maturation
into secretive cells; and (3) induction of new tissue
deposition.®? Calcium-rich chitosan/collagen composite
has been extensively studied regarding its tissue
engineering applications, since this material provides
a substrate similar to the bone/dentin extracellular
matrix, promoting cell adhesion and proliferation,
and supporting mesenchymal stem cell function, thus
increasing osteogenic/odontogenic differentiation
and mineralized matrix deposition capabilities of
precursor bone.*!121314 Recently, researchers have
found calcium-aluminate to be a promising mineral
phase for both dentin and bone regeneration, since
several levels of Ca** release and neutral pH may be
achieved, depending on the production route, which
has a direct effect on cell differentiation.'>'6171819
Therefore, human dental pulp cells were used in
the present investigation to assess the dentinogenic
potential of a novel biomembrane composed of
chitosan and collagen containing calcium-aluminate
as a mineral phase.
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Methodology

Biomembrane production: A solution of chitosan
(75-85% deacetylated, animal origin; Sigma-Aldrich,
St. Louis, USA) in acetic acid 2% w/v (Sigma-Aldrich)
was obtained and mixed with a collagen gel
suspension from bovine tendon, in a 1:2 ratio.
Then, the calcium-aluminate phase was added,
composed of 65% CaO.AlLO,, 25% CaO.2Al,0; and
10% 12Ca0.7AlL,0;. The mixture was poured onto
a polytetrafluoroethylene surface and dried in a
desiccator under vacuum. The material was then
compacted and dried uniformly, yielding a flat
biomembrane. The superficial morphology, as well
as the presence of calcium-aluminate, was detected
by scanning electron microscopy (SEM; 10.0 kV)
and by energy-dispersive x-ray spectroscopy (EDS;
25 kV; take-off angle 3.7) (JEOL-JMS-6610V Scanning
Microscope, Tokyo, Japan). The sizes of the mineral
particles were measured with Image] software
(National Institutes of Health, Bethesda, USA). Prior
to in vitro testing, the BM was sterilized by gamma
radiation (CBE, Cotia, Brazil) with the irradiation
dose fixed at 20 kilogray.

Cell culture: A primary culture of human dental
pulp cells (HDPCs) was obtained by enzymatic
digestion of the pulp tissue from third molars,
as previously described.” The teeth were obtained
from volunteers who signed informed consent
documents (Proc. no. 30939314.5.0000.5416; Research
Ethics Committee, Araraquara School of Dentistry,
Brazil). The cells were cultured in DMEM (Dulbecco’s
Modified Eagle’s Medium; Sigma-Aldrich) containing
10% Fetal Bovine Serum (FBS; GIBCO, Grand Island,
USA), 100 IU/mL and 100 pg/mL of penicillin and
streptomycin, respectively, and 2 mmol/L of glutamine
(GIBCO). The biomembrane was adapted to a metallic
device between two silicon rings, to keep it in position
and distant from the bottom of the culture plate.
A 3 x 10* quantity of cells were seeded onto the
biomembrane (BM). After 24 h, the culture medium
was replaced by osteogenic medium (complete
DMEM + 10% FBS + 10 nmol/L p-glycerophosphate
+ 50 pg/mL sodium ascorbate; Sigma), and the cells
were cultivated for up to 28 days (the medium was
changed every 48 h). Cells seeded on an inert surface
(polystyrene) were used as a control (NC group).



Cell viability/proliferation and morphology:
Cell viability was assessed by the Alamar Blue
assay after 1, 7, 14, and 28 days in culture. The cells
were incubated with DMEM plus Alamar Blue
dye (10:1) at each time point (n = 6), for 4 h at 37°C,
and the fluorescence intensity was monitored at
530 nm excitation and 590 nm emission (Synergy
H1, BioTek, Winooski, USA). The cell viability was
calculated considering the NC group as 100% of cell
viability. The increase/decrease in the cell viability
percentage was used for indirect determination of
cell proliferation throughout the periods of analysis.
The cell morphology was observed by SEM (n = 2),
at the same time points, as previously described.!

Alkaline phosphatase (ALP) activity/total protein
(TP) production: Analysis of ALP activity and Total
Protein (TP) (n = 6) were performed on cells in culture,
at the 14-day time point, by a colorimetric end-point
assay (Labtest Diagnostico S.A., Lagoa Santa, Brazil),
with a thymolphthalein monophosphate substrate,
and Read and North protocol, as described in detail
by Soares et al.*® The ALP activity was normalized
by the TP value (mg/mL), and the percentages of
both parameters were calculated, considering the
NC group as 100% of cell activity.

Gene expression of odontoblastic markers: The
gene expression was assessed by real-time polymerase
chain reaction (PCR) after 28 days of cell culture
(n=4). Total RNA was extracted with an RNAqueous®,
Micro Kit (Ambion, Austin, USA), and 1 pg was then
reverse-transcribed into single-stranded cDNA with
a High Capacity cDNA Reverse Transcription Kit
(Applied Biosystems, Foster City, USA), in accordance
with the manufacturer’s protocols. Tagman assays
(Invitrogen, Grand Island, USA) were used for
relative quantification of mRNA levels, as follows:
DMP-1, Hs01009391_g1; DSPP, Hs00171962_m1; and
B-actin, 4333762T. The CT values for each sample
were normalized by the control (NC group).

Mineralized matrix deposition: After 28 days in
culture, the cell/material constructs (n = 6) were fixed
with cold 70% ethanol and stained with alizarin red
dye (40 mM, pH 4.2; Sigma-Aldrich).>* A BM control
group with no cells (n = 6) was used to normalize
the values obtained from the BM group (with cells),
since the material itself contains calcium. The
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materials were subjected to five 10-minute washes
in deionized water under shaking for the removal
of excess stain. Then, the materials were incubated
with 10% cetylpyridinium chloride (Sigma-Aldrich)
under shaking for 30 min, and the absorbance of
the resulting solution was measured at 570 nm
(Synergy H1). Average absorbance of the NC group
was considered as 100% of alizarin red staining.

Statistical analysis: The experiments were
performed twice to ensure reproducibility. The
data were analyzed for cell viability, by two-way
ANOVA, complemented by Tukey’s test. The data for
ALP activity, TP production, gene expression, and the
alizarin red assay were subjected to Student’s t-test
for observation of significant differences between
the study groups. A value of p < 0.05 was considered
statistically significant.

Results

Biomembrane production: A 0.5-mm-thick
membrane interlaced with mineral components was
obtained (Figure 1A). In the SEM analysis, the mineral
particles were observed on the material surface and
sub-surface (Figure 1B). The EDS analysis of superficial
mineral structures demonstrated the presence of
Ca (calcium), Al (aluminum), and O (oxygen), the
main components of the calcium-aluminate phase
(Figure 1C). This mineral phase was organized
into microparticle agglomerates, with single
microparticles measuring from 0.48 to 1.47 um
(average =095 pm * 0.30) and agglomerates measuring
from 2.53 t0 9.71 um (average =4.98 pm = 2.42). In the
sub-superficial EDS analysis, the main components
detected were C (carbon), Ca, Al, and O, which are
present in the chitosan-collagen organic matrix, and
in calcium-aluminate (Figure 1D). In both analyses,
the authors detected the presence of Na (sodium)
and P (phosphorus), components of the washing
solutions used in BM production.

Cell viability/morphology: When each material
was evaluated at the established time points,
a significant increase in cell viability percentage was
observed; this indirectly demonstrated significant
cell proliferation through time in both materials
(Figure 2). A significantly higher cell viability value
was observed for the BM group at the 7-day period,
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Figure 1. Biomembrane (BM) characterization. (A) Digital photograph of the BM. A flat membrane covered by mineralized
components was obtained. (B) SEM 3,000x. The membrane was covered by mineralized microparticles (= 0.95 um + 0.30)
organized into agglomerates (= 4.98 um + 2.42) randomly distributed onto its surface (¥) and sub-surface (). (C) EDS analysis of
superficial microparticles. Al, Ca, and O were the main components of the superficial (+) area. (D) EDS analysis of sub-superficial
microparticles. C, Al, Ca, and O were the main components of the sub-superficial (*) area. Net Inte.: net intensity.

as compared with the NC group. No significant
difference between the groups was observed for
the other time points. The SEM images showed cells
covering the surface of both materials. A mineral-like
structure was observed on the surface of the BM
group cells at the 28-day period (Figure 3).
Odontoblastic marker expression: Considering the
control group as 100% of ALP activity/ TP production,
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the cells in the BM group showed a significant increase
in both parameters in relation to those in the control
group, namely about 26.4% for ALP activity and
57.2% for TP production. These data are displayed in
Figures 4A and 4B. The cells of both groups presented
DMP-1 and DSPP expression, which characterized their
differentiation into odontoblast-like cells. However,
significantly higher DMP-1 and DSPP mRNA were
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Figure 2. Cell proliferation and cell morphology. Percentage
of cell viability for NC and BM groups at all the time points.
o Indicates a significant difference for the NC group among
the time points (two-way ANOVA; Tukey's test; p < 0.05).
e Indicates a significant difference for the BM group among
the time points (two-way ANOVA; Tukey's test; p < 0.05).
* Indicates a significant difference between the NC and BM
groups at each time point (Student’s t-test; p < 0.05).

observed for the BM group, compared with the NC
group (Figures 4C and 4D). The mineralized matrix
deposition was also significantly higher for the BM
group in comparison with the control group (Figure 4E).

Discussion

The ideal dental material for use as direct
pulp-capping therapy should be able to reproduce
tooth developmental stages, ultimately with dentin
deposition.'®?> During this process, cells from
the central areas of the dental papillae migrate to
the basement membrane and undergo terminal
differentiation into odontoblasts, followed by the
deposition of a collagen-rich matrix, giving rise
to pre-dentin.”»® The following steps include the
expression of non-collagenous proteins and growth
factors at the mineralization front, among other
components, culminating in dentin mineralization.”
This process is constantly activated in dental pulp
tissue, since odontoblasts are incapable of undergoing
mitosis. When these cells are lost, a new generation
of odontoblast-like cells capable of secreting a dentin
matrix differentiates from progenitor cells within the
pulp.”?#2 However, the materials currently used for
direct pulp-capping are known to cause a pulp scar
tissue, leading to the death of several progenitor cells in
Hohl's layer, and triggering an inflammatory reaction

in the surrounding tissue.?*** This aggression may
be enough to cause impaired regenerative potential
and loss of pulp vitality, depending on the previous
condition of the pulp tissue.”* Moreover, the loss
of progenitor cells during this process has an aging
effect that may reduce the regenerative capability of
the pulp to withstand future challenges.® Therefore,
the development of biomaterials that facilitate pulp
regeneration of the remaining vital pulp tissues
is desired to promote dental pulp self-repair, and
regenerate dentin on exposed pulp.?*

Ideally, the material for dentin regeneration should
mimic the natural environment.?” The pre-dentin
extracellular matrix is composed of 90% collagen, with
the other 10% representing non-collagenous proteins,
enzymes, and growth factors. The glycosaminoglycans
(GACs) and proteoglycans are the second major
component of the pre-dentin matrix.”>***! Chitosan is
anatural biopolymer composed of chitin, a long-chain
polysaccharide of N-acetylglucosamine, displaying a
structure very similar to that of GAGs.” The addition of
collagen to the chitosan matrix allows for a composition
more similar to that of the pre-dentin extracellular
matrix, and provides the Arg-Gly-Asp (RGD) sequence
required to promote cell migration and adhesion,®
mimicking the natural basement membrane.? In the
present study, a chitosan-collagen calcium-aluminate
biomembrane was developed to simulate dentin
composition. Calcium-aluminate in contact with a
wet environment leads to the formation of the AH3
(ALO,.3H,0) and C3AHS6 (3Ca0.AlL,0,.6H,0) phases,
associated with the release of low amounts of Ca*,
which maintains pH levels similar to those of human
body tissues,” and leads to the formation of a carbonated
apatite phase.* The biocompatibility of this material,
reported previously,'®!® seems to be related to the
slightly alkaline pH level (about 8.0) achieved after
its application to the connective tissues."”"

According to the results, the pulp cells seeded onto
the BM presented faster proliferative capability at the
initial periods, in comparison with those of the NC
group. This rapid cell proliferation may be attributed
to the BM composition, since it has been found that
calcium-aluminate® and chitosan® increase the
proliferation of cultured cells. Additionally, the
RGD sequences in the collagen fibrils may have
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Figure 3. Representative images of SEM analysis for the groups at 1 and 28 days, respectively (SEM 1,000x). *Indicates the material
surface. U Indicates the presence of a mineral-like structure covering the cells.

played a role to promote faster DPSC proliferation.
Galler et al.*® demonstrated that the addition of
RGD sequences in hydrogels significantly increased
DPSC proliferation. According to these authors,
cell adhesion to tissue-engineered biomaterials is a
prerequisite for cell proliferation. At later periods,
such as 14 and 28 days, no significant difference was
observed for cell proliferation between the BM and
NC groups. This result may be a consequence of
the inverse relationship between proliferation and
differentiation. When cells are more proliferative, their
differentiation declines, and vice versa.” At 14 days,
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the cells in the BM group showed significantly higher
ALP activity and TP production, compared with those
in the control group. These expressions indicate that
cells in the BM group were undergoing odontoblastic
differentiation, since ALP is involved in the initial
phase of dentin matrix biomineralization, and
promotes dephosphorylation of extracellular matrix
proteins, providing inorganic phosphate. Therefore,
this protein is considered an initial marker for
odontoblastic differentiation.?? The greater TP content
demonstrates a more intense protein expression on
BM-seeded cells, and a direct relationship with cell
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Figure 4. Percentages of ALP activity (A) and TP production (B) at 14 days, and of mRNA gene expression of DMP-1 (C) and DSPP
(D) at 28 days, and Alizarin Red Assay (E) for NC and BM groups. *Indicates statistically significant difference between the groups

(Student’s t-test; p < 0.05).

differentiation.?** The odontoblastic differentiation
was confirmed at the 28-day period, in which the cells
in the BM group exhibited higher DSPP and DMP-1
gene expression, in comparison with those in the
control group. These genes were chosen as markers for

the odontogenic phenotype because they are the major
dentinal non-collagenous proteins and play a crucial
role during dentin mineralization, through their high
calcium-ion-binding capacity.* In the current study, the
high expression of these odontogenesis-related genes
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by the pulp cells offered strong evidence that they
differentiate into odontoblast-like cells. Furthermore,
calcium content measurement showed that the BM
acted on the cells to induce intense mineralized matrix
deposition, which was about five times higher than
that of the control group.

The effect of a chitosan-based biomembrane as a
pulp-capping material was recently tested by Lietal”’
in dog teeth. These authors observed the presence of
thin irregular reparative dentin formation along the
pulpdentin border without the presence of dentinal
tubules after 60 days, similar to that observed when
CH was used. When the chitosan membrane was
covered with transforming growth factor beta 1
(TGF-P1), the dentin bridge deposition was 3 - 6 times
thicker. Therefore, the authors observed that the
chitosan membrane itself has low bioactive potential
on pulp tissue; however, the addition of growth
factors increased dentin deposition. Similarly, when
chitosan/collagen scaffolds were enriched with bone
morphogenetic protein 7 (BMP-7), the pulp stem cells
presented higher amounts of calcium deposition,
ALP activity, and gene expression levels of DSPP and
DMP-1, compared with control materials.® The addition
of a mineral phase to chitosan/collagen scaffolds
seems to have an effect similar to that of growth
factors.” The results of in vitro and in vivo studies have
shown that chitosan/collagen scaffolds containing
a Ca-based mineral phase were able to promote
greater osteoblast phenotype induction and bone
reconstruction."">33" The inclusion of a mineral phase
provides an environment with a chemical composition
similar to that of the inorganic components of bone,
increasing the osteoblastic phenotype. In addition,
these composites feature enhanced mechanical
properties by matrix reinforcement.”” It was previously
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