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Objective. Regenerating a functional dental pulp in the pulpectomized root canal has been

recently proposed as a novel therapeutic strategy in dentistry. To reach this goal, designing

an  appropriate scaffold able to prevent the growth of residual endodontic bacteria, while

supporting dental pulp tissue neoformation, is needed. Our aim was to create an innovative

cellularized fibrin hydrogel supplemented with chitosan to confer this hydrogel antibacterial

property.

Methods. Several fibrin–chitosan formulations were first screened by rheological analyses,

and the most appropriate for clinical use was then studied in terms of microstructure (by

scanning electron microscopy), antimicrobial effect (analysis of Enterococcus fæcalis growth),

dental pulp-mesenchymal stem/stromal cell (DP-MSC) viability and spreading after 7 days of

culture (LiveDead
®

test), DP-MSC ultrastructure and extracellular matrix deposition (trans-

mission electron microscopy), and DP-MSC proliferation and collagen production (RT-qPCR

and  immunohistochemistry).
ntibacterial effect

ental pulp mesenchymal

Results. A formulation associating 10 mg/mL fibrinogen and 0.5% (w/w), 40% degree of

acetylation, medium molar mass chitosan was found to be relevant in order to forming

rogel at cytocompatible pH (# 7.2). Comparative analysis of fibrin-alone
tem/stromal cells a  fibrin–chitosan hyd
ell viability

roliferation

ollagen synthesis

and fibrin–chitosan hydrogels revealed a potent antibacterial effect of the chitosan in the

fibrin network, and similar DP-MSC viability, fibroblast-like morphology, proliferation rate

and  type I/III collagen production capacity.
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Significance. These results indicate that incorporating chitosan within a fibrin hydrogel would

be  beneficial to promote human DP tissue neoformation thanks to chitosan antibacterial

effect and the absence of significant detrimental effect of chitosan on dental pulp cell

morphology, viability, proliferation and collagenous matrix production.

©  2019 The Academy of Dental Materials. Published by Elsevier Inc. All rights reserved.
1.  Introduction

Previous studies have shown that the survival rate is lower
for endodontically-treated teeth compared to their living
counterparts. This has been attributed to the absence of
the dental pulp (DP) immune defence, sensory system, and
repair/regenerative capacity which makes the tooth more  sus-
ceptible to re-infection and/or fracture [1,2]. In this context,
therapeutic strategies aiming at regenerating a functional DP
in the devitalized endodontic space recently received great
attention [3–7]. Among the various approaches tested, the cell-
based regenerative one has given promising results [8]. This
approach relies on the injection, into the endodontic space, of
a cellular product made of stem/precursor cells embedded in
a tridimensional scaffold, functionalized or not with bioactive
molecules. Important clinical and biological requirements for
a cellularized scaffold to be used in DP regeneration include
easy handling allowing for a rapid implantation into the
endodontic space by the dental practitioner (within minutes),
low viscosity for a good injectability into such a small-
sized space, antibacterial properties to prevent the growth
of residual endodontic bacteria, physiological degradation by
host and/or encapsulated cells, and rapid replacement with
an extracellular matrix (ECM) characteristic of the DP tis-
sue. Numerous kinds of scaffolds have been tested including
natural and synthetic polymers/co-polymers, hydroxyap-
atite/tricalcium phosphate powders, self-assembling peptide
systems, and platelet-rich plasma [9–14]. So far, none of these
scaffolds was found to possess the structural and functional
properties of an ideal biomaterial for DP regeneration, and
designing innovative formulations is clearly required [7,10,15].

Fibrin is a natural, insoluble protein which is produced
following fibrinogen polymerization under thrombin control
during blood clot formation. It forms a fibrous network impor-
tant for hemostasis and subsequent wound healing [16]. Used
as a scaffold, fibrin was recently found to be highly suitable
for DP regeneration since it clearly supports pulp-like tissue
formation [17]. Its advantages include excellent cytocompat-
ibility and physiological degradation kinetics, non-toxicity
of degradation products, and replacement with cell-derived
ECM within a few days [18]. Mechanical properties of fibrin
scaffolds can be easily fine-tuned by controlling fibrinogen
concentration and ionic strength, in order to obtain (i) vis-
coelastic properties similar to that of connective tissue ECM,
(ii) fast diffusion of nutrients and metabolites, and (iii) homo-
geneous cell encapsulation [18]. However, the absence of
antibacterial activity of fibrin or of its by-products during the

degradation process [19] may constitute an important limi-
tation, because microorganisms remaining in the endodontic
space and dentin tubules may hinder the DP regeneration
process [20–22]. This limitation could be overcome by incor-
porating antibacterial agents to the fibrin scaffold. Among
these, chitosan has received considerable attention for over
30 years [23,24]. Chitosan is a natural polysaccharide biopoly-
mer  obtained by N-deacetylation of chitin, a major structural
component of the exoskeleton of arthropods and insects, the
endoskeleton of cephalopods, and fungal cell walls [25]. It
is known to possess antimicrobial activity against a variety
of gram-negative and gram-positive bacteria, including Ente-
rococcus fæcalis,  a pathogen frequently found in persistent
root canal infections [25–28]. Mechanisms responsible for this
activity are not fully understood but may include: the inter-
ference of the positively charged chitosan molecules with the
negatively charged residues on the bacterial surface, the inter-
action of diffused hydrolysis products with microbial DNA
(which leads to the inhibition of the mRNA  and protein syn-
thesis), the chelation of nutrients and essential metals, and
the formation of a polymer membrane on the cell surface
which prevents nutrients or oxygen from entering the cell [29].
Chitosan could thus be a good candidate as an antibacterial
agent, provided that it keeps its antimicrobial properties upon
incorporation into the fibrin scaffold.

The aim of this study was to design an injectable hydrogel-
type scaffold associating fibrin and chitosan in a formulation
which preserves chitosan antibacterial properties, while not
affecting dental pulp-mesenchymal stem/stromal cell (DP-
MSC) viability, spreading and proliferation, and DP-like ECM
deposition within the hydrogel.

2.  Materials  and  methods

2.1.  Reagents

Human fibrinogen (ref. F3879) and thrombin (ref. T6884) were
purchased from Sigma-Aldrich (Saint-Louis, USA), and highly
deacetylated shrimp shell chitosan (batch type 243) from Mah-
tani Chitosan

®
(Gujarat, India). The chemically defined cell

culture medium SPE-IV/EBM
®

and human placental collagens
I and III were obtained from ABCellBio (Paris, France), the anti-
MKI67 rabbit recombinant monoclonal antibody (clone SP6,
ref. M3062) from Eurobio (Courtabœuf, France), the anti-type I
collagen rabbit polyclonal antibody (ref. 20111[380k]) and the
anti-type III collagen mouse monoclonal antibody (clone 8D1-
8C7, ref. 60315[316f]) from Novotec (Bron, France).

2.2.  Preparation  and  characterization  of  the  chitosan

solution,  fibrin  hydrogels  and  fibrin–chitosan  hydrogels

The commercial chitosan was dissolved and filtered succes-
sively through 3, 0.8 and 0.45 �m Millipore

®
membranes to

https://doi.org/10.1016/j.dental.2019.01.018
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btain a high-purity material [30] which was characterized
y 1H nuclear magnetic resonance (NMR) spectroscopy and
ize exclusion chromatography coupled online with a differ-
ntial refractometer (Wyatt Optilab T-rEx) and a multi angle
aser light scattering detector (Wyatt HELEOS) [31]. Results
ndicated that this chitosan had an initial degree of acety-
ation (DA) of 1.5 ± 0.2% and a weight-average molar mass
Mw)  of 160 ± 10 kg/mol with a dispersity index Ð of 1.9 ± 0.2
Ð = Mw/Mn). This polymer was then N-reacetylated to reach

 DA of 40% using acetic anhydride as a reactive, as previously
escribed [32]. Briefly, chitosan was dissolved at a concentra-
ion of 0.5% (w/v) in a water/1,2-propanediol mixture (1/1 [v/v]).
cetic anhydride was then diluted in 1,2-propanediol and

his resulting acetylating reactive was added dropwise to the
hitosan solution. The amount of acetic anhydride added cor-
esponded to the stoichiometric amount necessary to achieve
he required degree of acetylation. The medium was let to
tand for 3 h. The N-reacetylated chitosan was then isolated
y precipitation with aqueous ammonia, thoroughly washed
ith deionized water until neutral pH, and freeze-dried.

For the fibrin–chitosan hydrogel preparation, a 1% [w/w]
A40% chitosan solution was prepared by dissolving overnight

he lyophilized polymer powder in a deionized aqueous solu-
ion of acetic acid. The quantity of acid added corresponded
o the amount necessary to reach the protonation of the free
mine site of D-glucosamine residues in the aqueous acidic
olution. The pH of the chitosan solution was then increased
o a cytocompatible level (7.1–7.2) by adding sodium hydrox-
de while avoiding chitosan precipitation. The final chitosan
olution was sterilized by autoclaving at 121 ◦C for 20 min. The
iscosity of 0.2–1% chitosan solutions was then assessed in a
tatic mode with an AR2000 rheometer (TA instruments, New
astle, DE, USA), by using a coaxial cylinder-cylinder geome-

ry (Couette geometry) with a temperature fixed at 298 K and a
hear rate varying between 10−3 s−1 and 50 s−1. The viscosity
alue �0 was determined from the Newtonian plateau at low
hear rates.

Several fibrin–chitosan formulations were then prepared by
ixing solutions of 80 mg/mL  fibrinogen, 3 M sodium chloride,

.4 M calcium chloride, 1% chitosan, and 4 U/mL thrombin,
n appropriate proportions to obtain fibrin and chitosan final
oncentrations of 10 mg/mL  and 0.1–0.5%, respectively, into
he hydrogel. The viscoelastic behavior of these formulations
as investigated in a dynamic mode by using a 25 mm par-

llel plate geometry. The linear domain was determined by
 strain sweep test at an angular frequency of 10 rad/s. The
train amplitude was then fixed at 1 %. Measurements of stor-
ge and loss moduli were then performed over time to evaluate
he crossing point between these two moduli, indicative of the
el point.

For fibrin-alone and fibrin–chitosan hydrogel character-
zation with scanning electron microscopy, samples were
repared by mixing solutions of 80 mg/mL  fibrinogen, 3 M
odium chloride, 0.4 M calcium chloride, phosphate-buffered
aline (PBS; for fibrin-alone hydrogels) or 1% chitosan (for
brin–chitosan hydrogels), and finally 4 U/mL thrombin, in

ppropriate proportions to obtain fibrin and chitosan final
oncentrations of 10 mg/mL  and 0.5%, respectively, into the
ydrogel. 35 �L of the mix  were then injected into small
ylindrical-conical plastic molds (7 mm long and 1–1.5 mm
( 2 0 1 9 ) 523–533 525

wide). After gelation, molds containing hydrogels were placed
in 24-well dishes and covered with the SPE-IV/EBM

®
medium

used for experiments with DP-MSC-populated hydrogels.
Hydrogels were maintained in this medium for 7 days, and
then fixed in 2% glutaraldehyde in 0.1 M sodium cacody-
late buffer at room temperature (RT) for 4 h. After washing,
samples were post-fixed in 1% osmium tetroxide for 1 h,
dehydrated by critical point drying (CPD300; Leica, Solms,
Germany), mounted on aluminum stubs, sputter-coated with
a layer of copper using a MED020 sputter coater (Oerlikon Balz-
ers, Kapfenberg, Austria), and observed under a Quanta 250
scanning electron microscope (FEI, Eindhoven, Netherlands)
at 15 kV.

2.3.  Determination  of  the  antibacterial  effect  of
chitosan

Enterococcus fæcalis (ATCC 29212) was cultured in Brain Heart
Infusion broth (BHI, BioMérieux, Marcy-L’Etoile, France) at
37 ◦C overnight. The bacterial suspension was then diluted in
BHI to obtain concentrations of approximately 2 × 103 Colony-
Forming Units (CFU)/mL. The final bacterial solution was
plated on agar plates after each experiment to ensure that the
right bacterial concentration had been used. Fibrin-alone and
fibrin–chitosan hydrogels were prepared as described above
and cast in a 96-well plate (70 �L per well). After gelation,
150 �L of the bacterial suspension was added to the hydrogel-
containing wells, as well as to empty wells for controls, and the
plate was incubated at 37 ◦C for 6 h. Bacterial suspensions were
then harvested, diluted and plated on Trypticase Soy Agar
(TSA; Biomérieux) with a EasySpiral automated plater (Inter-
science, Saint-Nom-la-Bretèche, France). CFUs were counted
with a Scan 1200 automated plate reader (Interscience) after
plate incubation at 37 ◦C for 18 h.

2.4.  Dental  Pulp-Mesenchymal  Stem/stromal  Cell
(DP-MSC)  isolation  and  expansion

Isolation and expansion of DP-MSCs were performed as
described by Ducret et al. [33]. Healthy impacted human third
molars were collected from donors aged 13-17 years with
informed consent of the patients and their parents, in accor-
dance with the World Medical Association’s Declaration of
Helsinki and the French Public Health Code (Article R1211-
49), and following a protocol approved by the French Ministry
of Higher Education and Research (CODECOH: DC-2014-2325).
Dental pulps from teeth between Nolla developmental stages
5 (crown almost completed) and 7 (one third root completed)
were gently extirpated from pulp cavities and cut into frag-
ments of about 0.5–2 mm3. Pulp fragments were seeded as
explants on dishes pre-coated with a mixture of human pla-
cental collagens I and III at a final concentration of 0.5 �g/cm2

and cultured in SPE-IV/EBM
®

medium. DP-MSCs outgrowing
from the explants were passaged 4 times before being encap-
sulated into the hydrogels. Our flow cytometry experiments
revealed that the whole amplified cell population was posi-

tive to the MSC  markers CD10, CD13, CD29, CD44, CD49a, CD73,
CD90, CD105, CD166 and HLA-ABC. A significant percentage of
these cells also expressed the mesenchymal stem cell antigen
MSCA-1 (about 50% of the cells), the marker of perivascular

https://doi.org/10.1016/j.dental.2019.01.018
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MSCs CD146 (15%), and the marker of neural and muscular
MSCs CD56 (80%) [33–35].

2.5.  Preparation  of  cellularized  hydrogels

Fibrin-alone and fibrin–chitosan cellularized hydrogels were
prepared by mixing DP-MSCs suspended in SPE-IV/EBM

®

medium with 80 mg/mL  fibrinogen, 3 M sodium chloride, 0.4 M
calcium chloride, PBS (for fibrin-alone hydrogels) or 1% chi-
tosan (for fibrin–chitosan hydrogels) solutions and 4 U/mL
thrombin, to get final concentrations of 10 mg/mL  fibrin, 0.5%
chitosan and 5000 cells/�L into the hydrogels. Cell-containing
formulations were immediately injected into the same plastic
molds as above. Upon gelation, molds were placed in 24-well
dishes and hydrogels were cultured in SPE-IV/EBM

®
medium

for 7 days.

2.6.  Viability  and  morphological  and  ultrastructural
characterization  of  DP-MSCs  within  hydrogels

DP-MSC viability and morphological aspect were analyzed in
fibrin-alone and fibrin–chitosan hydrogels, either immediately
upon gelation or after 7 days of culture, with the Live/Dead

®

kit (Sigma-Aldrich) according to the manufacturer’s instruc-
tions. For each condition (fibrin-alone and fibrin–chitosan),
three cellularized hydrogels were performed with DP-MSCs
cultured from 3 different third molars, each tooth originat-
ing from one different patient. Cellularized hydrogels were
gently extruded from the molds, rinsed twice with PBS, and
incubated in a PBS solution containing 0.2 �M calcein-AM and
0.2 �M PI at 37 ◦C for 15 min. Hydrogels were then observed
under a Nikon Eclipse TE300 fluorescence microscope, their
most central region was photographed, and the percentage
of living (green) cells was determined in a 200 square pixels’
surface with the Image  J software.

Cell ultrastructure and pericellular environment were ana-
lyzed with transmission electron microscopy. Fibrin-alone
and fibrin–chitosan hydrogels cellularized with DP-MSCs were
fixed after 7 days of culture in 2% glutaraldehyde diluted in
0.1 M sodium cacodylate buffer at RT for 4 h. After washing,
samples were post-fixed in 1% osmium tetroxide for 1 h, dehy-
drated in a graded series of ethanol and embedded in Epon
resin. After polymerization, ultrathin sections were cut with a
diamond knife, picked up with copper grids (300-mesh), and
post-stained with uranyl acetate and lead citrate on a Leica
Ultrostainer. After air drying, grids were observed under a
Philips CM 120 transmission electron microscope at an accel-
eration voltage of 80 kV.

2.7.  Cell  proliferation  and  collagenous  matrix
production  analysis  with  reverse  transcription
quantitative  real-time  polymerase  chain  reaction  and
immunohistochemistry

Expression of the genes coding for MKI67, the proliferation-
related Ki-67 antigen, and for the alpha 1 chains of collagens

type I and type III, two major structural components of the
dental pulp ECM [36], was analyzed with reverse transcription
quantitative real-time polymerase chain reaction (RT-qPCR)
in DP-MSCs cultured in fibrin-alone or fibrin–chitosan hydro-
5 ( 2 0 1 9 ) 523–533

gels for 2, 4 or 7 days in SPE-IV/EBM
®

medium. Total RNA
extraction was performed with the GenElute Single Cell
RNA Purification kit (Sigma-Aldrich). Quality control of the
extracted RNA was performed with 1 �l samples by mea-
suring UV absorbance (Thermo Scientific Nanodrop 2000,
USA). The quantity of the extracted RNA was determined
from the absorbance at 260 nm using a spectrophotome-
ter (Nanodrop 2000). RNA purity was determined from the
ratio of absorbance (A@260/A@280 nm and A@260/A@230 nm
>1.8 and <2.2). Equal amounts of total RNA (100 ng) were
reverse-transcribed into single-stranded complementary DNA
(cDNA) using the Prime Script RT reagent kit (Takara, Ozyme,
Montigny-le-Bretonneux, France), in a T100 thermal cycler
(Bio-Rad, Hercules, CA, USA). Reverse transcription (RT) was
performed using thermo-cycling conditions according to man-
ufacturer’s instructions: 37 ◦C for 15 min, 85 ◦C for 10 s, and
4 ◦C until further use or freezing. Quantitative real-time PCR
(qPCR) amplifications were performed in a Rotor-Gene Q
PCR cycler (Qiagen, Courtabœuf, France), in a 20 �L reaction
mix  containing 10 �L Fast Start Universal SYBR green mas-
ter (Roche, Mannheim, Germany), 4 �L RT template diluted
1:3 in sterile water, 300 nmol/L of each primer, and 4 �L
sterile water. Thermal cycling conditions consisted of an ini-
tial denaturation step at 95◦ C for 10 min  and then 40–50
cycles of 95 ◦C for 10 s, and a final annealing/extension step
at 60 ◦C for 20 s. The ribosomal protein L13a housekeeping
gene (RPL13A) was used for sample normalization. Primers
for MKI67 and COL3A1 genes were designed using the Primer-
Blast software (http://www.ncbi.nlm.nih.gov/BLAST). Primers
for COL1A1 and RPL13A were taken from publications [37,38].
Gene-specific primer sequences are listed in Table 1. All runs
were performed in duplicate. The comparative threshold cycle
method (��Ct) was employed for the relative quantifica-
tion of gene expression. The expression level of each target
cDNA marker was normalized to the RPL13A cDNA. Data were
expressed as mRNA  expression levels given by the 2−(��Ct)

method [39].
Detection of the proteins MKI67 and collagens type I and

type III was performed in hydrogels cultured for 7 days
by immunohistochemistry. Hydrogels were gently removed
from the molds, fixed in acidified formal alcohol (AFA;
Microm Microtech, Brignais, France) at RT for 24 h, dehydrated
in ethanol, acetone and xylene and classically embedded
in paraffin. Five-micrometer serial sections were then cut,
deparaffinized and rehydrated. For MKI67 immunodetection,
antigen retrieval was carried out by microwaving sections
(230 watts) in pH 6, 10 mM citrate buffer for 20 min. For
collagen type I and collagen type III antigen retrieval, sec-
tions were incubated in 0.5% hyaluronidase diluted in PBS
at RT for 1 h. After rinsing, sections were incubated with the
anti-MKI67 rabbit recombinant monoclonal antibody (dilution
1/200 in PBS-3% bovine serum albumin [BSA]), the anti-type
I collagen rabbit polyclonal antibody (1/2000) or the anti-
type III collagen mouse monoclonal antibody (1/2000) at 4 ◦C
overnight. After rinsing in PBS, endogenous peroxidase activ-
ity was blocked by incubation in 0.5% hydrogen peroxide at

RT for 20 min. Antibody detection was then performed by
incubating sections with horseradish peroxidase-conjugated
secondary antibodies diluted in PBS-3% BSA (anti-rabbit Dako

https://doi.org/10.1016/j.dental.2019.01.018
http://www.ncbi.nlm.nih.gov/BLAST
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Table 1 – Gene-specific primer sequences used for RT-qPCR analysis.

Gene Primer Sequence Amplicon size Accession number

MKI67
Forward 5′-CGTCCCAGTGGAAGAGTTGT-3′

70 bp NM  002417
Reverse 5′-CGACCCCGCTCCTTTTGATA-3′

COL1A1
Forward 5′-CAGCCGCTTCACCTACAGC-3′

83 bp NM  000088.3
Reverse 5′-TTTTGTATTCAATCACTGTCTTGCC-3′

COL3A1
Forward 5′-TCAAGGCTGAAGGAAATAGCAA-3′

70 bp NM  000090.3′ C-3′

TC-3
GG-3

E
s
i
t
s
F
w
o
a
w
a
c

2

D
D
n
f
v

F
7
v
p
n

Reverse 5 -TCCCCAGTGTGTTTCGTG

RPL13A
Forward 5′-AAAAAGCGGATGGTGGT
Reverse 5′-CTTCCGGTAGTGGATCTT

nVision+ System- HRP, ref. K4002, or anti-mouse Dako EnVi-
ion+ System- HRP, ref. K4000) at RT for 45 min. After rinsing
n PBS, the staining was revealed by incubating sections in
he peroxidase substrate 3,3′-diaminobenzidine (DAB Sub-
trate Chromogen System, ref. K3468; Dako-Agilent, Les Ulis,
rance) for 40–60 s. Sections were then slightly counterstained
ith Mayer’s hematoxylin, mounted in aqueous medium and
bserved with a Leica DM2000 light microscope equipped with

 DFC 450 camera. Images were acquired with the LASv4 soft-
are. Staining controls were performed by replacing primary

ntibodies either with PBS −3% BSA or with rabbit or mouse
ontrol IgGs. All these controls were negative (not shown).

.8.  Statistical  analysis

ata are presented as the mean values ± standard deviation.

ifferences were analyzed using the Mann–Whitney U-test for
onparametric analysis. The number of independent samples

rom different donors (n) is indicated in figure captions. A P
alue <0.05 was considered to be significant.

ig. 1 – Characterization of the chitosan solution and of fibrin–ch
.2, 0.2–1% chitosan solutions. Values are the mean ± standard d
iscoelastic moduli in a fibrinogen–chitosan formulation contain
oint for 0.1–0.5% chitosan concentrations in the fibrin–chitosan

 = 7.
′
168 bp NM 012423.3′

3.  Results

3.1.  Preparation  and  characterization  of  the  chitosan
solution,  fibrin  hydrogels  and  fibrin–chitosan  hydrogels

We  first determined the concentrations of the chitosan solu-
tion that preserve a low viscosity of the final fibrin–chitosan
formulation. This concentration was determined by measur-
ing the viscosity of pH 7.2, 0.2–1% chitosan solutions. Our
results showed that a chitosan concentration below 0.6%
showed a relatively low viscosity (Fig. 1A). From this value,
the viscosity strongly increased. We then performed rheolog-
ical measurements to determine whether the gelation time
of fibrin–chitosan formulations with 0.1–0.5% chitosan con-
centrations was clinically acceptable. We  found that, before
fibrinogen polymerization, the viscoelastic moduli G′(t) and

G′′(t) remained low and relatively stable, and then both mod-
uli increased and G′(t) became significantly higher than G′′(t) at
longer times (Fig. 1B). The crossing point of the two curves pro-

itosan hydrogels. (A) Determination of the viscosity of pH
eviation, n = 3. (B) An example of evolution of G′(t) and G′′(t)
ing 0.5% [w/w] chitosan. (C) Time necessary to reach the gel

 formulation. Values are the mean ± standard deviation,

https://doi.org/10.1016/j.dental.2019.01.018
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Fig. 2 – Characterization of fibrin-alone and fibrin–chitosan hydrogels. (A) Photograph showing an example of hydrogel
(opaque white) cast in a cylindrical-conical transparent plastic mold (white arrow) and covered with SPE-IV/EBM

®
medium.

(B) Scanning electron microscopy showing the continuous fibrin network in a fibrin-alone hydrogel. (C) Rounded aggregates
of chitosan trapped between and around the fibrin fibrils in the fibrin–chitosan hydrogel. (D) High magnification of a

chitosan aggregate.

vides an indication of the gelation time, in relation with the
increasing number of physical junctions responsible for the
formation of the fibrin gel network [40,41]. It was estimated
here between 5 and 9 min, depending on the final concentra-
tion of chitosan entrapped into the fibrin network (Fig. 1C).
Since all these times remained relevant to a clinical applica-
tion, we decided to use for the remainder of the study the
higher tested concentration of chitosan (0.5%) in the final for-
mulation, in order to clearly exhibit the impact of the presence
of chitosan in the final hydrogel.

Characterization of fibrin-alone hydrogels (Fig. 2A) with
scanning electron microscopy after 7 days in SPE-IV/EBM

®

medium revealed a continuous network of fibrin fibrils
(Fig. 2B). Chitosan addition resulted in the formation of
rounded aggregates of chitosan entrapped in the fibrin net-
work which was not altered (Fig. 2C and 2D).

3.2.  Determination  of  the  antibacterial  effect  of
chitosan  incorporated  into  the  fibrin  hydrogel

Bacterial growth was classically determined by counting CFUs
after automated plating on agar plates (Fig. 3A and B). In the
absence of hydrogel (control condition), E. fæcalis mean final
concentration was found to be 4.60 × 107 CFU/mL after 6 h
of incubation. When bacteria were grown with fibrin-alone
hydrogels, the final bacterial concentration was 9.57 × 107

CFU/mL (p = 0.0642 versus control). When bacteria were grown
with fibrin–chitosan hydrogels, their final concentration was
significantly reduced (3.74 × 106 CFU/mL) when compared to
control or fibrin-alone conditions (p < 0.0001).

3.3.  Morphology,  viability  and  proliferation  of
DP-MSCs  cultured  within  hydrogels

Encapsulated DP-MSCs were analyzed within either type of
hydrogels, immediately after gelation or after 7 days of cul-
ture. At Day 0, living (green) DP-MSCs displayed a rounded

morphology in fibrin–chitosan hydrogels (Fig. 4A), whereas,
at Day 7, living cells were mostly elongated and fibroblast-
like (Fig. 4B). Results were similar in fibrin-alone hydrogels
(data not shown). The percentage of viable DP-MSCs (relative
to the total number of DP-MSCs) was similar in fibrin-alone
and fibrin–chitosan hydrogels, both at the beginning (Day 0)
and at the end (Day 7) of culture (Fig. 4C). Cell proliferation
was assessed by the expression of the nuclear marker MKI67
both at gene and protein level with RT-qPCR and immunohis-
tochemistry, respectively. Compared to fibrin-alone hydrogels,
MKI67 gene expression was lower in fibrin–chitosan hydro-
gels after 2 days of culture but similar after 4 and 7 days of
culture (Fig. 4D). The mean level of expression increased sig-
nificantly between Day 2 and Day 4 of culture in fibrin–chitosan
hydrogels. Proliferating cells were visualized after 7 days of
culture by immunostaining of MKI67 with a specific antibody.
Only rare DP-MSCs were labelled in both fibrin-alone and
fibrin–chitosan hydrogels (Fig. 4E and F).

3.4.  Ultrastructural  characterization  of  DP-MSCs
within  hydrogels

The capacity of viable DP-MSCs to produce ECM compo-
nents in fibrin-alone (Fig. 5 A–D) and fibrin–chitosan hydrogels
(Fig. 5E–H) after 7 days of culture was then studied by transmis-
sion electron microscopy. The fibrin network was constituted
by fibrils of different sizes (Fig. 5A). Chitosan formed rounded
aggregates within the fibrin network (Fig. 5E). Special atten-
tion was paid to the cell cytoplasm in order to detect protein
synthesis activity and to the close pericellular environment to
determine whether cells were able to secrete collagenous com-
ponents. Results indicated that DP-MSCs possessed, in both
types of hydrogels, an abundant rough endoplasmic reticu-
lum (Fig. 5B, C, F and G). Collagen fibers, recognizable by their
characteristic 67 nm periodic cross-striation, were observed in
the pericellular environment (Fig. 5D and H).

3.5.  Collagenous  matrix  production  by  DP-MSCs
within  hydrogels

Since collagens type I and type III are major structural compo-

nents of the dental pulp ECM, we studied their expression by
DP-MSCs in fibrin-alone and fibrin–chitosan hydrogels at both
gene and protein level. Expression of genes coding for colla-
gen type I and collagen type III alpha 1 chains (COL1A1 and

https://doi.org/10.1016/j.dental.2019.01.018


d e n t a l m a t e r i a l s 3 5 ( 2 0 1 9 ) 523–533 529

Fig. 3 – Determination of the antibacterial effect of chitosan. The effect of chitosan was determined by comparing the
growth of E. fæcalis bacteria in contact with fibrin-alone and fibrin–chitosan hydrogels. (A) Representative photographs of E.
fæcalis CFUs incubated at 37 ◦C for 18 h on agar plates. The left picture shows CFUs obtained after the growth of bacteria in
the absence of hydrogel (control). (B) Bacterial concentrations determined by CFU counting. Values are the mean ± standard
deviation, n = 3. *p < 0.0001.

Fig. 4 – Morphology, viability and proliferation of DP-MSCs cultured within hydrogels. Representative picture of DP-MSCs in
a fibrin–chitosan hydrogel stained with the LiveDead kit

®
2 h upon gelation (A; Day 0) and after 7 days of culture (B; Day 7).

Dead cells were identified by the red nuclear staining resulting from the nuclear accumulation of propidium iodide. Viable
cells were  identified by the green cytoplasmic staining resulting from the cytoplasmic accumulation of calcein. (C)
Percentage of viable DP-MSCs (relative to the total number of DP-MSCs). Values are the mean ± standard deviation, n = 3.
n.s.: not significant. (D) Expression of the proliferation marker gene MKI67 in fibrin-alone and fibrin–chitosan hydrogels
after 2, 4 and 7 days of culture. Values are the mean ± standard deviation, n = 4. *p < 0.05. (E and F) Proliferating cells
visualized after 7 days of culture by MKI67 immunostaining. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 5 – Ultrastructural characterization of viable DP-MSCs and their pericellular environment within fibrin-alone and
fibrin–chitosan hydrogels at Day 7. (A) Fibrin fibrils. (B) Fibroblast-like DP-MSC with an elongated cellular process (arrow). N:
nucleus. (C) DP-MSC cytoplasm showing a well-developed rough endoplasmic reticulum (RER). (D) Collagen fibers (arrows) in
the pericellular environment. (E) Rounded chitosan aggregates (dark grey; two are indicated by black arrows) within the
fibrin network. (F) Fibroblast-like DP-MSC with a well-developed rough endoplasmic reticulum. (G) Close contact between a

s) in
DP-MSC and a chitosan aggregate. (H) Collagen fibers (arrow

COL3A1) was analyzed with RT-qPCR after 2, 4 and 7 days of
culture, and collagen type I and type III proteins were detected
with immunohistochemistry after 7 days of culture. We found
that COL1A1 gene expression was significantly higher at Day 2
in fibrin-alone hydrogels compared to fibrin–chitosan hydro-
gels, but was similar at Day 4 and Day 7 (Fig. 6A). Collagen
type I was immunolocalized close to DP-MSCs in both types of
hydrogels (Fig. 6B and C). COL3A1 gene expression was simi-
lar between both types of hydrogel at these same three time
points (Fig. 6D). Collagen type III was also immunolocalized
close to DP-MSCs after 7 days of culture (Fig. 6E and F).

4.  Discussion

We  report in this study the design and characterization of an
innovative cellularized chitosan-supplemented fibrin hydro-
gel in a formulation which preserves chitosan antibacterial
properties while promoting the formation of a DP-like con-
nective tissue.
We  first performed several tests to develop a chitosan solu-
tion of cytocompatible pH and sufficiently fluid to preserve
the injectability of the final fibrin–chitosan formulation. Since
the viscosity of a chitosan solution increases with polymer
 the pericellular environment.

molar mass (Mw), we selected shrimp shell chitosan with a
Mw < 250 kg/mol. To get a pH of the solution close to neu-
trality to avoid detrimental effects on cell viability, we  were
compelled to increase the pH of the solution after the acidic
dissolution of chitosan in deionized water. We tested several
batches of chitosans with 20%, 33% and 40% DA  and we found
that only the solution of chitosan with a 40%DA could be
brought to pH neutrality without forming precipitates. This DA
was accordingly selected for the rest of the study the results
of which are reported here. We then assessed the viscosity of
the chitosan–fibrin formulation and its gelation time. Indeed, a
relatively low viscosity of the formulation is necessary to allow
for easy injection into an emptied endodontic space with a
millimeter range diameter, and an appropriate “setting time”
is needed, not too fast to enable accurate injection of the for-
mulation into the endodontic space and not too long to allow
for the rapid implementation of the crown filling. Our results
indicated that the viscosity of the DA40% chitosan solution
remained moderated below a chitosan concentration of 0.6%.
Above this value, viscosity sharply increased and no longer

allowed for accurate hydrogel injection into the cylindrical-
conical mold (not shown). Based on this finding, measurement
of the time necessary to reach the gel point was performed for
different fibrin–chitosan hydrogels with chitosan concentra-
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Fig. 6 – Production of collagens type I and type III by DP-MSCs cultured in hydrogels. (A and D) Expression of COL1A1 and
COL3A1 genes by DP-MSCs in fibrin-alone and fibrin–chitosan hydrogels after 2, 4 and 7 days of culture. Values are the
mean ± standard deviation, n = 4. *p < 0.05. Immunolocalization of collagens type I (B and C) and type III (E and F) in both
t
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ypes of hydrogels after 7 days of culture.

ions varying from 0.1 to 0.5% w/w.  Our results indicated that
his time was ranging between 5 and 9 min, which remained
elevant to clinical application since it could allow slow injec-
ion of the formulation into the endodontic space of a one- to
hree-rooted human tooth. Accordingly, a final concentration
f 0.5% chitosan was selected for the rest of the study.

The success of an endodontic treatment relies on the com-
lete elimination of microorganisms present in the infected
ndodontic space. However, total disinfection can hardly be
btained with classical endodontic irrigants such as sodium
ypochlorite, because of the complex anatomy of the root
anal system and the limited penetrability of irrigants into
he dentin tubules [42–44]. In this context, chitosan, given its
nown antibacterial properties, might be a good candidate to
revent the invasion of the fibrin scaffold by endodontic resid-
al bacteria that could impair the DP regenerative process. In
he field of dentistry, chitosan antibacterial effects have been
ssessed in the form of chitosan solutions, gels or nanopar-
icules mainly on E. fæcalis,  a pathogen highly resistant to
ndodontic disinfectants and which is frequently found in per-
istent root canal infections [26,27,45,46]. Our findings showed
hat incorporation of DA40% chitosan into the fibrin network
as able to limit the growth of E. fæcalis bacteria in contact
ith the hydrogel. Further experiments are needed (i) to test

he antimicrobial activity of this scaffold against other bacte-
ia present in the infected endodontic space, and (ii) to confirm

hat the chitosan can be released from the hydrogel to kill bac-
eria present either on the root canal dentin wall or in dentin
ubules.
Tissue engineering studies have revealed that chitosan
is highly biocompatible [47]. However, Kim et al. [48] have
reported that chitosan alone did not significantly support
human DP cell adhesion, proliferation or differentiation. The
addition of chitosan/hyaluronic acid or chitosan/pectin scaf-
folds to apical bleeding during revascularization procedures in
dogs did not improve the regeneration of a pulp-dentin com-
plex [14]. However, fibronectin/chitosan scaffolds were shown
to promote DP stem cell attachment and proliferation [49],
suggesting that chitosan association to fibronectin was not
deleterious to the cells. In the present work we  observed that
addition of chitosan to a fibrin-based scaffold did not alter DP-
MSC  survival, spreading, proliferation, and collagenous matrix
production. In particular, the level of cell viability was high and
similar to that observed for mesenchymal stem cells, includ-
ing DP-MSCs, seeded in a fibrin scaffold [9,10,50]. Based on
MKI67 gene expression, DP-MSC proliferation was significantly
higher in fibrin-alone hydrogels than in fibrin–chitosan hydro-
gels after 2 days of culture, suggesting that chitosan limited
cell proliferation at the beginning of the culture. Such limita-
tion rapidly faded with time, because MKI67 gene expression
was similar in fibrin-alone and fibrin–chitosan hydrogels after
4 days of culture. The number of proliferative DP-MSCs was
very  low at Day 7 in both fibrin-alone and fibrin–chitosan
hydrogels, suggesting that cells had begun to differentiate.

The morphology of DP-MSCs incorporated in both hydro-

gels was mostly elongated and spindle-like after 7 days of
culture, close to that of DP fibroblasts [51]. The early expres-
sion of collagen genes, soon after the beginning of cell culture
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within hydrogels, suggested that DP-MSCs in the fibrin-alone
and fibrin–chitosan scaffolds were rapidly in favorable condi-
tions to create a three-dimensional collagenous environment
resembling their native tissue. Electron microscopy analysis
after one week of culture indicated that cells were highly
active, as shown by the presence of a well-developed rough
endoplasmic reticulum and deposition of collagen fibers in the
cell vicinity.

Together these results suggest that the association
fibrin–chitosan in the form of a hydrogel could promote
cell-based DP regeneration by maintaining a bacteria-free
environment in the endodontic space. They are in line
with our recently published data reporting ad integrum
regeneration of the colonic wall following implantation of
fibrin–chitosan hydrogels cellularized with the stromal vascu-
lar fraction derived from the adipose tissue [52]. Cellularized
fibrin–chitosan formulations could thus be used to regenerate
various human tissues.

5.  Conclusion

This study demonstrated that incorporating chitosan to a fib-
rin hydrogel confers the latter antibacterial properties which
might prove helpful in endodontic space disinfection, with-
out significantly altering the pro-regenerative properties of
the fibrin scaffold. Further studies investigating this antibacte-
rial effect should now be performed by using well-established
monospecies or, better yet, multispecies biofilms similar to
that present in the infected root canal. In vivo studies are also
required to confirm these promising results and the interest
of this scaffold for regenerative endodontics.
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