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Objective. Biomimetic chitosan/gelatin (CS/Gel) scaffolds have attracted great interest in

tissue  engineering of several tissues. However, limited information exists regarding the

potential of combining CS/Gel scaffolds with oral cells, such as dental pulp stem cells

(DPSCs), to produce customized constructs targeting alveolar/orofacial bone reconstruction,

which has been the aim of the present study.

Methods. Two scaffold types, designated as CS/Gel-0.1 and CS/Gel-1, were fabricated

using 0.1 and 1% (v/v) respectively of the crosslinker glutaraldehyde (GTA). Scaffolds

(n  = 240) were seeded with DPSCs with/without pre-exposure to recombinant human BMP-

2.  In vitro assessment included DPSCs characterization (flow cytometry), evaluation of

viability/proliferation (live/dead staining, metabolic-based tests), osteo/odontogenic gene

expression analysis (qRT-PCR) and structural/chemical characterization (scanning electron

microscopy, SEM; energy dispersive X-ray spectroscopy, EDX; X-ray powder diffraction, XRD;

thermogravimetry, TG). In vivo assessment included implantation of DPSC-seeded scaf-

folds in immunocompromised mice, followed by histology and SEM-EDX. Statistical analysis
employed one/two-way ANOVA and Tukey’s post-hoc tests (significance for p < 0.05).

Results. Both scaffolds supported cell viability/proliferation over 14 days in culture, show-

ing  extensive formation of a hydroxyapatite-rich nanocrystalline calcium phosphate phase.

Differential expression patterns indicated GTA concentration to significantly affect the

expression of osteo/odontogenic genes, with CS/Gel-0.1 scaffolds being more effective
in  upregulating DSPP, IBSP and Osterix.  In vivo analysis demonstrated time-dependent
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production of a nanocrystalline, mineralized matrix at 6, 8 and 10 weeks, being more  promi-

nent in constructs bearing rhBMP-2 pre-treated cells. The latter showed higher amounts of

osteoid and fully mineralized bone, as well as empty space reduction.

Significance. These results reveal a promising strategy for orofacial bone tissue engineering.

©  2018 The Academy of Dental Materials. Published by Elsevier Inc. All rights reserved.
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.  Introduction

he regeneration of alveolar bone defects to restore aesthet-
cs and function in a predictable manner while offering a
ustainable treatment outcome remains a major challenge
till to be addressed despite recent advances in regenerative
reatments. Alveolar bone defects may vary in nature; being
ssociated with chronic inflammatory diseases, such as peri-
dontitis or peri-implantitis, injuries, congenital disorders or
esorption of the alveolar bone following tooth loss, all leading
o noticeable deformity, impaired function and an overall com-
romised quality of life for patients; this latter being further
ggravated by an increasingly ageing population [1].

Currently, treatment modalities are based on applying dif-
erent types of bone grafts such as autografts, allografts,
enografts and alloplasts, in combination with barrier mem-
ranes and various growth factors. These still bear certain

imitations in fulfilling the morphological and functional
emands of three-dimensional structures, such as the com-
licated architecture of the periodontal apparatus, or the
hallenging nature of peri-implant and alveolar bone defects
2]. Moreover, they have often proved somewhat unsatisfac-
ory regarding cost, time of treatment and delivered outcomes
3], thus underlining the need for developing alternative thera-
ies incorporating tissue engineering (TE)-based strategies for
linical application [4].

A number of studies have explored the feasibility of
hese novel clinical therapeutic procedures for reconstruct-
ng intra-oral osseous defects and promoting bone formation
5]. Previous studies by other groups [6], as well as ours
7], have developed clinical-grade preparations of oral mes-
nchymal stem cells (MSCs), including dental pulp stem cells
DPSCs) and alveolar bone marrow MSCs (aBMMSCs), under
ood manufacturing practice-compliant (cGMP) conditions,
o meet the regulatory requirements for transplantation into
umans. Further studies have used TE-based strategies by
ombining various components of the TE triad (i.e. scaf-
olds, stem cells and growth factors) to restore periodontal,
eri-implant and alveolar bone defects [8] but with vari-
ble treatment outcomes. However, a major challenge still
emaining is to develop scaffold materials that would not only
upport stem/progenitor cell survival and differentiation stim-
lating bone formation, but also be easily handled and shaped
o accommodate small but quite complex defects encountered
n periodontal intrabony or peri-implant lesions, while pre-
erving soft tissue architecture and healing without triggering

dverse local reactions or impairing endogenous healing by
he host. In this respect, there is still an open call for an exem-
lary scaffold material fulfilling these requirements.
Natural blends combining chitosan and gelatin have
previously been investigated as promising scaffold materi-
als for mineralized tissue – primarily bone – regeneration
[4]. Chitosan, a natural copolymer of glucosamine and
N-acetylglucosamine [4], is today a component in TE appli-
cations, gene therapy and other biomedical areas by virtue
of its unique properties, including biocompatibility, stability,
sterilizability, biodegradability, antimicrobial and immunos-
timulatory properties [9,10]. Through its resemblance to the
glycosaminoglycans (GAGs) belonging to the natural extra-
cellular matrix (ECM) materials, chitosan also provides a
biomimetic microenvironment fostering cell growth, while
its osteoconductive properties are capable of supporting
stem/progenitor cell osteogenic differentiation and biominer-
alization [11,12].

Blending chitosan with other biomaterials like gelatin is
effective in improving its deficiencies regarding mechanical
strength and initial cell attachment [13]. Gelatin is a pro-
tein fragment obtained by the partial degradation of collagen
fibres. Its many  advantages, including biocompatibility, low
antigenicity, biodegradability, hydrogel properties and low-
cost availability, have led to its wide availability in TE [13].
The presence of the integrin recognition motif Arg–Gly–Asp
(RGD) in gelatin also favours the initial cell adhesion [14]. Chi-
tosan/gelatin (CS/Gel) blends offer the possibility of combining
these properties and have been proposed as scaffolding mate-
rials for regenerating bone [15,16], as well as other tissues,
such as cartilage [17], skin [18], and peripheral nerves [19].
However, to date, only limited information exists regarding
the potential of combining these blends with oral MSCs to pro-
duce customized constructs for application to different types
of alveolar bone defects.

DPSCs represent a very promising oral MSC  source, poten-
tially with great importance for Regenerative Dentistry [20].
These cells have been evaluated for their in vitro multilineage
differentiation potential for osteo/odontogenic, adipogenic,
chondrogenic, neurogenic, angiogenic and myogenic lineages
[21], while in vivo studies have confirmed their enhanced
potential to reconstitute mineralized tissues, including bone
[22] and dentine/pulp complex [23]. Moreover, DPSCs have
been considered ideal candidates for TE-based strategies in
the craniofacial region because they share the same neural
crest derived embryological origin and consequent similar
gene expression patterns [21].

Based on the above, this study aimed to evaluate the
potential of crosslinked CS/Gel scaffolds produced by freeze-
drying to act as a porous microenvironment promoting

attachment, viability and osteo/odontogenic differentiation
of DPSCs, leading to abundant production of mineralized
tissue with chemical and structural characteristics mim-
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icking those of natural bone. It has been hypothesized
that tuning the crosslinking density of the CS/Gel scaffolds
would affect the biological responses of DPSCs. The second
hypothesis was that exogenous induction by means of the
major osteogenesis related growth factor BMP-2, would foster
the osteo/odontogenic differentiation and biomineralization
potential, both in vitro and in vivo.

2.  Materials  and  methods

2.1.  Synthesis  of  chitosan/gelatin  (CS/Gel)  scaffolds

CS/Gel scaffolds were prepared according to a modified proto-
col based on Chiono et al. [9], by dissolving 2% (w/v) chitosan in
a 1% (v/v) acetic acid solution and 2% (w/v) gelatin in ultrapure
demineralized water at 50 ◦C. The two solutions were mixed in
the ratio of 2:3 chitosan/gelatin respectively, and stirred for 2 h
at 50 ◦C [12]. Glutaraldehyde (GTA) was added to the solution as
a crosslinking agent for the two components at different con-
centrations ranging from 0.1 to 2% (w/v). The mixture was kept
under agitation at 50 ◦C until gelation. Subsequently, 400 �l of
this mixture were placed per well in a 24-well plate to produce
40:60% CS:Gel scaffolds. These were then frozen at −20 ◦C and
lyophilized for 24 h. The lyophilized scaffolds were neutralized
by using 0.1 N NaOH, rinsed thoroughly with ultrapure water
until the pH was neutral and, finally, with phosphate buffer
saline (PBS) overnight prior to placing in a vented oven for
24 h at 37 ◦C.

2.2.  Characterization  of  the  CS/Gel  scaffolds

2.2.1.  Scanning  electron  microscopy  (SEM)
The morphology of scaffolds was observed from sample sur-
faces and cross sections by SEM. Both scaffold types were fixed
with 2% (v/v) para-formaldehyde for 30 min  and dehydrated in
increasing concentrations (30–100% v/v) of ethanol in water.
The samples were dried in a critical point drier (Baltec CPD
030), sputter-coated with a 20 nm thick layer of gold-palladium
(Baltec SCD 050) and observed under a SEM (JEOL JSM-6390
LV) at an accelerating voltage of 15–20 kV. The average pore
size of the scaffolds was evaluated from direct geometrical
measurements on the SEM images.

2.2.2.  Fourier  transform  infrared  spectroscopic  analysis
(FTIR)
FTIR analysis of the CS/Gel scaffolds was performed using an
optical spectrometer (Nicolet 6700, Thermo Electron Corpo-
ration) within the wave  number region 500–4000 cm−1. The
spectral data were collected and numerical values were trans-
ferred to Origin software for graphic presentation.

2.2.3.  Degradation,  porosity  and  swelling  analysis
In vitro degradation of the CS/Gel crosslinked scaffolds was
assessed by immersing them in 10 ml  PBS at pH 7.4 and incu-

bating at 37 ◦C. The scaffolds were removed from the medium
at day (d) 3 and subsequently every seven days and then
freeze-dried overnight before weighing with a precision bal-
ance using the following formula:
5 ( 2 0 1 9 ) 310–327

D = (W0 − W1)/W0, where W0 is the initial weight of dried
scaffolds and W1 is the weight of scaffolds at different time
points following immersion and freeze-drying. The values
were expressed as means ± standard error (SE; n = 5).

The porosity of the CS/Gel-0.1 and CS/Gel-1 scaffolds was
measured by a liquid displacement method [24]. The volume
V0 and weight W0 of the dry scaffold were measured and
then it was immersed in ethanol until saturation by absorbing
ethanol. The scaffold was weighted again and its weight was
recorded as W1. The porosity of the scaffold was calculated
according to the formula: % porosity = (W1 − W0)/(�V0) × 100,
where � is the density of ethanol. The values were expressed
as means ± standard error (n = 5).

The ability of lyophilized crosslinked CS/Gel scaffolds to
absorb water was determined by immersing them for 30 min
in deionized water at room temperature. The excess water
was removed and their weight was recorded in equilibrium.
The percentage water uptake was calculated using the fol-
lowing formula: W = Ww − W0/W0, where W0 is the initial
weight of the dried scaffolds and Ww is the equilibrium
weight of wet scaffolds in water. The values were expressed
as means ± standard error (n = 4).

2.3.  Establishment  of  DPSC  cultures

DPSC cultures were developed from wisdom teeth of three
young healthy donors (1. 17 years old, female donor; 2. 19-
years-old, female donor; and 3. 19 years-old, male donor) using
the enzymatic dissociation method, as previously described
[25]. One wisdom tooth per donor was used for the estab-
lishment of each culture. The study was approved by the
Institutional Ethics Committee (number 322/15-4-2013), while
all patients signed an informed consent. Briefly, impacted
third molars were thoroughly washed after extraction and
drilled through the cementum-enamel junction to reveal the
pulp chamber. Then, the pulp tissue was retrieved, thor-
oughly minced and digested by means of a collagenase I
(3 mg/ml) and dispase II (4 mg/ml) buffer (Invitrogen, Karl-
sruhe, Germany) for 45 min  at 37 ◦C. The cells were cultured
with a-MEM (Minimum Essential Media) medium (Invitrogen),
supplemented with 15% fetal bovine serum (FBS, Invit-
rogen), 100 mM l-ascorbic acid phosphate (Sigma–Aldrich,
Steinheim, Germany) and antibiotics/antimycotics (Complete
Culture Medium, CCM) before incubating at 37 ◦C in 5%
CO2. DPSCs in passage 2–6 from three donors were used
for the in vitro experiments, while DPSCs from two of
these donors were further used for the in vivo experi-
ments.

2.4.  Immunophenotypic  profiles  of  DPSC  cultures

DPSCs were analyzed by flow cytometry for mesenchy-
mal  (STRO-1, CD146, CD90/Thy-1, CD73, CD49f/a6-integrin),
neural (Nestin), endothelial (CD105/endoglin, CD106/VCAM),
embryonic (SSEA-1, 3, -4, Nanog, Oct3/4) and hematopoietic
(CD34, CD45, CD117/c-Kit) stem cell (SC) markers, as pre-

viously described [25]. Single cell suspensions obtained by
culture trypsinization were labelled or surface markers with
fluorochrome-conjugated antibodies: STRO-1-FITC (fluores-
cein isothiocyanate), CD146-PE (phycoerythrin), CD90-FITC,

https://doi.org/10.1016/j.dental.2018.11.025
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D73-PE, CD49f-APC (allophycocyanin), CD105-FITC, CD106-
PC, SSEA-1-PE, SSEA-3-PE, SSEA-4-FITC, CD34-APC, CD45-PE,
-kit/CD117-PerCP-Cy5.5 (Peridinin–Chlorophyll–Protein Com-
lex), (all from BioLegend, Fell, Germany). For detection of

ntracellular markers (Nestin, Nanog and Oct3/4), the cells
ere fixed with a 4% paraformaldehyde, permeabilized with

.1% saponin buffer (BD Biosciences) and then labelled with
estin-APC (RnD Systems, Minneapolis, USA), Nanog-PE and
ct3/4-Alexa Fluor 647 antibodies (Biolegend). After stain-

ng and washing of the cells with a FACS buffer (PBS + 1%
SA + 0.1% NaN3), they were analyzed by means of a Guava

®

asyCyte 8HT Benchtop Flow Cytometer (Merck Millipore, Bil-
erica, Massachusetts, U.S.A.). A total of 50,000 events/sample
ere acquired. Data were analyzed using Summit 5.1 soft-
are  (version 5.1 for Windows, Beckman Coulter, Inc., Krefeld,
ermany).

.5.  Seeding  of  DPSCs  into  the  CS/Gel  scaffolds  and
valuation  of  cell  attachment,  morphology  and
iability/proliferation

or the in vitro experiments, CS/Gel scaffolds cross-linked with
wo different GTA concentrations, i.e. 0.1% (v/v) (designated as
S/Gel-0.1) and 1% (v/v) (designated as CS/Gel-1), were seeded
ith DPSCs at 106 cells/scaffold. Before cell seeding, the scaf-

olds were incubated for 24 h with CCM at 37 ◦C and 5% CO2, to
llow their initial wetting with the serum containing medium,
s well as pH equilibration at values between 7.2 and 7.4.
ach scaffold was then loaded with 100 �l CCM containing 106

PSCs and initially incubated for 1 h at 37 ◦C and 5% CO2 before
een fully covered with 1 ml  CCM/well.

After 24 h, the morphological characteristics of DPSCs
nside the CS/Gel scaffolds (CS/Gel-0.1 and CS/Gel-1) were
xamined by SEM. Cell viability/proliferation was evaluated by
eans of a metabolic-based test (MTT assay) at 1, 2, 3, 7 and 14

ays post-seeding. In addition, live/dead fluorescent staining
Calcein AM/Ethidium Homodimer-EthD1 staining) was per-
ormed at 3, 7 and 14 days after cell seeding to evaluate the
atio of live/dead cells inside the constructs by means of con-
ocal microscopy.

In more  detail:

.5.1.  Evaluation  of  initial  cell  attachment  and
orphological  characteristics  by  SEM

or SEM observation, the DPSC/scaffold constructs were
ashed with PBS and processed as described in Section 2.2.1.

.5.2.  Assessment  of  cell  viability/proliferation  based  on
etabolic  activity

or this purpose, the MTT  [3-(4,5-dimethylthiazol-2-yl)-2,5-
iphenyltetrazolium bromide] assay was used, as previously
escribed [25]. The DSPC/scaffold constructs were initially

oaded with 2.5 × 105 cells/scaffold. After 1, 2, 3, 7 and 14
ays, MTT  (0.5 mg/ml  in CCM) was added to each cell/scaffold
onstruct and incubated for 4 h at 37 ◦C and 5% CO2. The
TT  insoluble formazan was then dissolved by means of

MSO that was applied for 2–4 h to the constructs at 37 ◦C.
he optical density (OD) was measured against blank (DMSO)
t a wavelength of 545 nm and a reference filter of 630 nm
y an ELISA reader (Epock, Biotek, Biotek instruments, Inc.,
( 2 0 1 9 ) 310–327 313

Vermont, U.S.A). Cell-free scaffolds incubated under the
same conditions were used as reference controls and their
OD values were subtracted from those obtained from the
corresponding DPSC/scaffold constructs.

2.5.3.  Evaluation  of  the  live  to  dead  cell  ratio  by  confocal
microscopy
The DPSC/scaffold constructs were labelled with Calcein
AM/EthD1 fluorescent dyes. Stained constructs were observed
under a confocal microscope (Leica Microsystems, Wetzlar,
Germany). Approximately 25–30 serial sections were obtained
and the z-stacked images produced. Quantification of the %
percentage of living and dead cells was performed by means
of the Image  J colour pixel counter plug in.

2.6.  Evaluation  of  the  in  vitro  osteo/odontogenic
differentiation  potential  of  DPSC-seeded  CS/Gel  scaffolds
by real-time  reverse-transcription  polymerase  chain
reaction  analysis  (qPCR)

For qPCR experiments, DPSCs were loaded into the CS/Gel
scaffolds (CS/Gel-0.1 and CS/Gel-1), as described in Sec-
tion 2.5, and allowed to attach for 24 h. Two experimental
groups/scaffold type were analysed: in the first group, the
DPSC/scaffold constructs were exposed to CCM for 14 day
with medium been changed every other day; while in the sec-
ond group, the cells were pre-induced by single application of
100 ng/ml recombinant human (rh)-BMP-2 (Invitrogen) for 24 h
and then further cultured with CCM until the end of the exper-
iments (14 day). The rationale of the second setting was to
verify whether a single external application of the osteoinduc-
tive agent BMP-2, as previously described [26] would promote
the osteo/odontogenic shift and biomineralization phenom-
ena exerted by DPSCs inside the constructs.

RNA isolation was performed after 7 and 14 days in cul-
ture to be used for cDNA synthesis and qPCR analysis of
the expression of several osteo/odontogenesis-related genes.
The NucleospinTM RNA isolation kit (Macherey Nagel, Düren,
Germany) and a Superscript first-strand synthesis kit (Invit-
rogen) were used for RNA isolation and cDNA conversion
respectively according to manufacturer’s instructions. The
SYBR-Select PCR Master Mix  (Applied Biosystems, Foster City,
CA)was used for qPCR reactions that were performed in a
Step One Plus thermal cycler (Applied Biosystems) begin-
ning with two incubation steps at 50 ◦C for 2 min  and at
95 ◦C for 2 min  and followed by 40 cycles of PCR, each
including denaturation for 15 s at 95 ◦C and combined anneal-
ing/extension for 1 min  at 60 ◦C. The Primer-Blast software
(http://www.ncbi.nlm.nih.gov/BLAST) was used for the primer
design, as shown in Table 1. The results were adjusted by
amplification efficiency (LinRegPCR) and were normalized to
the two most stable housekeeping genes evaluated by geNorm
(succinate dehydrogenase complex, subunit A, flavoprotein-
SDH-A and beta-2-microglobulin-B2M).

2.7.  Mineralized  tissue  characterization  inside  the

DPSC-seeded  CS/Gel  scaffolds

In this set of in vitro biomineralization experiments, the
same experimental setting (2 groups/scaffold type) was

https://doi.org/10.1016/j.dental.2018.11.025
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Table 1 – Primers designed for the real-time PCR analysis of several osteo/odontogenic differentiation-related genes and
the respective amplicon sizes of the PCR products.

Gene symbol Forward (5′–3′) Reverse (5′–3′) Amplicon size (bp)

DSPP GCTGGCCTGGATAATTCCGA CTCCTGGCCCTTGCTGTTAT 135
BMP-2 GGAACGGACATTCGGTCCTT AGTCCGTCTAAGAAGCACGC 100
IBSP AAGGACAAGGCTACGATGGC CGGATGCAAAGCCAGAATGG 97
BGLAP GACTGTGACGAGTTGGCTGA AAGAGGAAAGAAGGGTGCCT 137
OSTERIX (SP7) ATCCAGCCCCCTTTACAAGC TAGCATAGCCTGAGGTGGGT 78

ALP CCGTGGCAACTCTATCTTTGG
B2M TGTCTTTCAGCAAGGACTGGT 

SDHA GCATGCCAGGGAAGACTACA 

used, as described for the qPCR experiments (Section 2.6).
DPSC/scaffold constructs were cultured with CCM, addition-
ally supplemented with 5 mM �-glycerophosphate (�-GP) as an
external phosphate source. Medium change was performed
every 2 day for a total of 8 weeks (w). Cell-free scaffolds
exposed to the same medium were used as controls for this
assay to exclude spontaneous calcium phosphate (CaP) pre-
cipitation due to the addition of phosphates to the culture
medium. After 4 and 8 weeks, samples of the different experi-
mental groups were subjected to SEM examination combined
with energy dispersive X-ray spectroscopy (SEM-EDX), X-ray
diffraction analysis (XRD), Rietveld refinement and thermo-
gravimetry (TG). Specifically:

2.7.1.  SEM–EDX  analysis
SEM–EDX was used to perform structural characterization
of DPSC-seeded scaffolds and surface elemental composi-
tion analysis, respectively. The DPSC/scaffold constructs of
each experimental group/time-point were washed with PBS
and processed as described in Section 2.2.1. SEM examina-
tion was performed with an ESEM Quanta 400 FEG instrument
(FEI), equipped with EDX spectroscopy (EDX; Genesis 4000,
SUTW-Si(Li) detector) operating in a high vacuum with
gold/palladium-sputtered samples.

2.7.2.  XRD  and  Rietveld  refinement  analysis
XRD was used to assess and further characterize the miner-
alized tissue produced inside the DPSC-seeded scaffolds. The
constructs, first rolled into flat samples, were deposited on
a silicon single crystal sample holder to minimize scattering
and finally fixed by paraffin wax. All samples were rotated
in Bruker D8 Advance instrument (Bragg–Brentano geometry
with CuK� radiation, 1.54 Å, 40 kV and 40 mA)  and investigated
from 5 to 90◦ 2� with a step size of 0.01◦ and a counting time
of 0.6 s at each step. For the qualitative phase analysis, a soft-
ware  Diffrac. Suite EVA V1.2 from Bruker was used, and the
patterns of hydroxyapatite, HAP (#09-0432) and paraffin (#40-
1995) from the ICDD database were used as references. For
the quantitative analysis and determination of lattice param-
eters a, c (hexagonal structure of HAP) and crystallite size D
of formed CaP, Rietveld refinement by means of the program
package TOPAS 4.2 from Bruker was applied. It should be noted
that for each Rietveld refinement, the instrumental correction,

as determined with a standard powder sample LaB6 from NIST
(National Institute of Standards and Technology) used as stan-
dard reference material (SRM 660b; a(LaB6) = 4.15689 Å), was
taken into account.
CAGGCCCATTGCCATACAG 89
ACATGTCTCGATCCCACTTAAC 138
GCCAACGTCCACATAGGACA 127

2.7.3.  Determination  of  inorganic  content  inside  the
DPSC/scaffold  constructs
The DPSC/scaffold constructs were exposed to a high temper-
ature (1000 ◦C, oxygen atmosphere) and the organic fraction
was oxidized (volatilized), leaving only the inert fraction
(unoxidized). The experiments were carried out with a Net-
zsch STA 449 F3 Jupiter instrument in a dynamic oxygen
atmosphere at a heating rate of 2 K min−1 from 30 to 1000 ◦C
in open alumina crucibles. Sample annealing loss was deter-
mined by a microbalance with a detection limit of 1 �g. The
error is expressed as a relative error of measurement.

2.8.  In  vivo  evaluation  of  mineralized  tissue  formation
within the  DPSC-seeded  CS/Gel  constructs

In this set of in vivo biomineralization experiments, the same
experimental setting, as described for the other assays (Sec-
tions 2.6 and 2.7), was used; nevertheless, only the CS/Gel-0.1
scaffolds were further processed for the in vivo evaluation,
based on the results obtained from the in vitro assays described
above. This means that three experimental groups were used
for the in vivo evaluation: 1. Cell-free scaffolds (designated as
SC w/o cells) 2. DPSC-seeded scaffolds (designated as SC with
cells) and DPSC-seeded scaffolds pre-incubated with rhBMP-2
for 24 h before in vivo transplantation (designated as SC with
cells + rhBMP-2).

Before in vivo implantation, the DPSC/scaffold con-
structs were first cultured with CCM for 3 day and then
medium change was performed, with or without the addi-
tion of 100 ng/ml rh-BMP-2 and incubation for another
24 h at 37 ◦C in 5% CO2. Cell-free scaffolds exposed to
the same conditions were used as negative controls. Cell-
loaded (±rhBMP-2 pre-exposure) and cell-free scaffolds were
implanted subcutaneously in the dorsum of six 6-week-old
male immunocompromised mice (M/SOPF CB17/SCID, Charles
River, Calco Como, Italy), applying 6 constructs per animal
(total n = 36). The animals were housed in accordance with the
European Community Council directive 86/609/EEC and asso-
ciated guidelines (2010/63/EU) in the pathogen-free accredited
animal facility of the laboratory of Anatomy, Histology &
Embryology, Faculty of Veterinary Medicine, AUTH. Animals
were group housed in individually ventilated cages and had ad
libitum access to food and water. A 12 h light/dark cycle was fol-
lowed. The procedures received the approval of the Veterinary

Directorate of Thessaloniki (Nr. 302215/2897/26.09.2016) and
the Aristotle University Ethics committee (Nr. 51/08-07-2016)
and were based on the ARRIVE guidelines in full compliance
with the 3Rs’ rule for animals in research [27].
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All animals were anesthetized after an intraperitoneal
njection of a ketamine/xylazine mixture (50 and 5 mg/kg).
ix subcutaneous pockets were symmetrically created in the
orsum of each animal (3/side) using blunt dissection. Each
PSC/scaffold construct (4 mm in diameter and 1–2 mm in
eight) was inserted into a separate pocket. Scaffolds were
laced approximately 10 mm from each other in a linear fash-

on, dorsal to caudal, such that scaffolds were sufficiently
solated from each other and the incisions were closed with

 6-0 suture. At 6, 8 or 10 weeks following transplantation
ll animals were transcardially perfused with 10 ml  of 0.9%
aline followed by 30 ml  of a 4% paraformaldehyde solution
n PBS at pH 7.4 and all implants were retrieved (n = 11 for
he SC w/o  cells n = 14 for the SC with cells group and n = 11
or the SC with cells + rhBMP-2 group). Power analysis was
sed for sample size calculation, as previously described [28].
ach animal received specimens of all experimental groups
n = 6/animal).

The harvested implants were then fixed in 4%
araformaldehyde solution for an additional 24 h, rou-
inely embedded in paraffin and cut at 10 �m with a paraffin

icrotome (MICROM HM315). Selected sections from each
mplant were then processed for histological staining
hematoxylin–eosin/H&E and Masson’s trichrome staining).

The primary outcome measure was new mineralized tis-
ue formation (evidence of osteoblast/osteocyte) confirmed
y histology, SEM-EDX and XRD analysis. The observa-
ion by means of a light microscope (Zeiss, Axioplan) was
lindly performed by two independent examiners. We noticed
hat the scaffold exhibited fluorescence in untreated sec-
ions. Therefore, for the quantification of the developed
issues (premature osteoid tissue and fully mineralized tis-
ue) and the non-degraded scaffold, the percentage areas
ere measured using an Image  Analysis Software (Image
ro Plus 6.3) providing the following values: a. scaffold (flu-
rescent in unstained sections) b. premature osteoid tissue

stained blue with Masson’s) c. scaffold and fully mineral-
zed tissue (stained red with Masson’s) and d. empty space
unstained with Masson’s). The percentage area occupied by
ully mineralized tissue was calculated by deducting a from
.

Measurement of each scaffold’s respective length and
idth was performed using the same Image  Analysis software

n H&E stained sections. Measured sections were retrieved
rom the same level (approximately 0.5 mm below the scaf-
old’s surface in the transverse plane) for all scaffolds of
ll experimental groups in order to exclude any possible
ias.

Finally, part of the retrieved specimens was processed for
EM-EDX and XRD analysis, following similar methodology, as
escribed in Section 2.7 for the in vitro specimens.

.9.  Statistics

tatistical analysis of the in vitro and in vivo (histological) data
mployed one- or two-way ANOVA followed by Tukey’s post-hoc

est for multiple comparisons between groups (i.e. CS/Gel-
.1; CS/Gel-0.1 + BMP-2; CS/Gel-1; CS/Gel-1 + BMP-2). Normal
istribution was confirmed by D’Agostino & Pearson normal-

ty tests. Data were expressed as means ± standard deviation
( 2 0 1 9 ) 310–327 315

(SD). For the above-mentioned analyses the Prism 6.0 Soft-
ware (GraphPad, CA, USA) was used (*p < 0.05; **p < 0.01, ‘n.s.’
designates non-significant).

3.  Results

3.1.  Characterization  of  the  CS/Gel  scaffolds

The characteristic features of the fabricated CS/Gel scaffolds
are summarized in Fig. 1. Two types of disc-shaped CS/Gel
scaffolds were prepared for this study with a diameter of
15 mm and a height of 3 mm.  The first scaffold type was
crosslinked with 0.1% (v/v) GTA (CS/Gel-0.1) and the second
type with 1% (v/v) (CS/Gel-1). Both scaffold types were white
in colour in a dry state and, when immersed in aqueous solu-
tions, they changed to light yellowish, with a gel-like, soft
and elastic appearance. Representative SEM images showed
similar porous structures for both scaffold types with inter-
connecting open pores and a pore size distribution in the range
of 70–120 �m (Fig. 1a, b).

FTIR spectra analysis was used for the 40:60% CS/Gel scaf-
folds crosslinked with either 0.1% or 1% (v/v/GTA). The peaks
for pure chitosan and gelatin were in accordance as previ-
ously reported [29]. For pure chitosan, the peak at 3450 cm−1

denotes the presence of N H stretching, while 1654 cm−1 and
1580 cm−1 are characteristic peaks of amide I and amide II,
respectively. Gelatin absorbs strongly at 3200–3500 cm−1, the
characteristic peak for N H stretching and at 1640 cm−1 are
due to C O stretching. Both types of CS/Gel scaffolds used in
the present study retained the characteristic peaks of chitosan
and gelatin as shown in Fig. 1c.

Degradation analysis showed a higher degradation rate for
cell-free CS/Gel-0.1 scaffolds, with a mass decrease of 48%,
as compared to 18% in CS/Gel-1, at the end of the incubation
period of 21 days in PBS at 37 ◦C, as depicted in Fig. 1d. The
calculated porosity of CS/Gel-0.1 scaffolds was with 90% ± 4%
higher compared to the porosity of the CS/Gel-1 counterparts,
which was 83% ± 3%. The degree of swelling of CS/Gel-0.1 scaf-
folds indicates a value of 980% and is higher compared to
CS/Gel-1, for which a value of 590% was measured.

3.2.  Characterization  of  DPSC  cultures

The DPSCs cultures used for this study expressed several
MSC  markers in high amounts (>90% of the population).
Among those, CD146 (94.5 ± 4.1%), CD90/Thy-1 (99.4 ± 0.4%),
CD73 (98.4 ± 1.9%), CD49f/a6-integrin (95.2 ± 2.4%), nestin
(97.7 ± 2.5%) and CD105 (91.5 ± 4.8). Lower expression was
observed for STRO-1 (12.7 ± 4.8%), CD106 (47.6 ± 6.6%) and
the embryonic SC markers SSEA-1 (2.9 ± 0.8%), SSEA-3
(8.3 ± 2.6%), SSEA-4 (51.4 ± 7.9%), Nanog (72.6 ± 8.0%) and

Oct3/4 (10.3 ± 3.5%). Finally, the hematopoietic stem cell
markers showed minor expression, as for CD34 (2.3 ± 0.7%)
or were not expressed at all (CD45 and CD117 < 1%)
(Fig. 2).
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Fig. 1 – Characterization of fabricated CS/Gel scaffolds crosslinked either with 0.1% (v/v) (CS/Gel-0.1) or with 1% (v/v)
(CS/Gel-1) glutaraldehyde (GTA). (a, b) Representative SEM images showing the structure of both scaffold types with
interconnecting pores and a pore size in the range of 70–120 �m.  (c) Representative FTIR spectra. (d) Degradation graph.
Results are means of three independent experiments (N = 3) in three technical replicates each (n = 3).
3.3.  Assessment  of  cell  morphology  and
viability/proliferation  of  DPSCs  inside  the  CS/Gel  scaffolds

A successful adhesion and spreading inside the highly porous
structure of both scaffold types (CS/Gel-0.1 and CS/Gel-1) was
confirmed by SEM observation to occur as early as 24 h after
seeding. Cells showed a typical spindle-shaped morphology
with multiple extensions and filopodia, as shown in Fig. 3A
(a–d).

A statistically significant (p < 0.01 for both scaffold types),
time-dependent increase of DPSC mitochondrial dehydroge-
nase activity-commonly used as an indirect marker of cell
viability/proliferation- inside the constructs from day 1 to day
7 was shown by the MTT  assay. This initial increase was, how-
ever, followed by statistically significant reduction (p < 0.05 for
both scaffold types) at day 14, possibly attributed to the ini-
tiation of differentiation phenomena inside the constructs
(Fig. 3B). Notably, there was a statistically significant higher
cell viability of DPSCs inside the CS/Gel-0.1, as compared to the
CS/Gel-1 scaffolds during the first three days after cell seeding
(p < 0.05), while differences in cell viability were compensated
to non-significant at later time-points (day 7, day 14).

Live/dead fluorescent staining showed that that more  than

90% of the cell population remained viable throughout the
observation time (up to day 14), as they appeared green by
the enzymatic digestion of the fluorescent dye calcein AM,
while very few dead cells (not exceeding 5–10% in all cases)
were stained red from the EthD1 that was incorporated into
to their nuclei after passing though the damaged membranes
(Fig. 3C (a–f)). Noteworthy, there was an even distribution of the
cells inside the entire porous structure of the scaffolds, lead-
ing to full coverage of their pores, which suggests a successful
spreading and growth of the initially seeded cell population. In
full accordance with the MTT data, CS/Gel-0.1 scaffolds con-
tained more  cells at day 3 compared to the CS/Gel-1 scaffolds,
whereas no differences could be observed at day 7 and day 14.

3.4.  Assessment  of  expression  of  osteo/odontogenic
differentiation  genes  by  DPSCs  inside  the  CS/Gel  scaffolds

Expression of several osteo/odontogenic differentiation mark-
ers was comparatively analyzed for DPSCs cultured inside
CS/Gel-0.1 and CS/Gel-1 scaffolds, with or without previous
single pre-exposure to rhBMP-2 (100 ng/ml, 24 h). Differential
gene expression patterns could be observed in the four experi-
mental groups (i.e. CS/Gel-0.1; CS/Gel-0.1 + rhBMP-2; CS/Gel-1;
and CS/Gel–1 + rhBMP-2) at different time points (day 7 and
day 14). The results are presented in Fig. 4a–f.

In specific, incubation of DPSCs inside the CS/Gel-0.1
scaffolds was effective to induce a statistically significantly

upregulation of all osteo/odontogenic markers, including DSPP
(day 7, day 14), IBSP (day 7, day 14), Osterix (day 7, day 14),
BMP-2 (day 7, day 14), BGLAP (day 7, day 14) and ALP (day 7).
This was evident in both non-induced (CS/Gel-0.1), as well
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Fig. 2 – Representative flow cytometry histograms showin the immunophenotypic characterization results of DPSC cultures
for the expression of mesenchymal (CD146/MUC18, CD90/Thy-1, CD73, CD49f/a6-integrin, nestin, CD105/endoglin, STRO-1,
CD106), embryonic (SSEA-1, SSEA-3, SSEA-4, Nanog, Oct3/4) and hematopoietic (CD34, CD45, CD117/c-kit) stem cell markers
(green line: unstained control, red line: marker of interest). Results are means of the expression of three different cell
donors, with experiments were run three times for each donor (N = 3) in two technical replicates each (n = 2). (For
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s pre-induced (CS/Gel-0.1 + rhBMP-2) constructs. However,
ignificant differences were observed after performing multi-
le comparisons between CS/Gel-0.1 and CS/Gel-0.1 + rhBMP2
onstructs: at day 7 the upregulation of all six markers was
ignificantly higher in CS/Gel-0.1, as compared to CS/Gel-
.1 + rhBMP-2 constructs (p < 0.01 in all cases), while at day
4 the expression was significantly higher for DSPP, ISBP and
sterix for the CS/Gel-0.1 – (p < 0.05 for DSPP and IBSP and

 < 0.01 for Osterix) and for BMP-2,  BGLAP and ALP for the
S/Gel-0.1 + rhBMP-2 constructs (p < 0.01).

In contrast, the gene expression patterns were quite dif-
erent for the DPSCs incubated inside the CS/Gel-1 scaffolds.
n more  detail, a statistically significant upregulation of BMP-2
day 7, day 14),  BGLAP (day 7, day 14) and ALP (day 7, day 14),
ut not DSPP, IBSP (at any time-point) and Osterix (upregula-
ion observed only for the CS/Gel-1 + rhBMP2 constructs at day
) was triggered inside both CS/Gel-1 and CS/Gel-1 + rhBMP2
onstructs; while multiple comparisons (CS/Gel-1 vs. CS/Gel-

 + rhBMP2) showed that at day 7 the upregulation of BMP-2,
SPP and ALP was significantly higher in the non-induced, as

ompared to the pre-induced constructs (p < 0.01 for BMP-2 and

 < 0.05 for DSPP and ALP), while at day 14 the expression was
ignificantly higher for BMP-2 in the pre-induced constructs
p < 0.01), and for ALP in the non-induced constructs (p < 0.0-).
e reader is referred to the web version of this article.)

Overall, the in vitro experiments could not confirm any
exceptional impact of the rhBMP-2 pre-exposure on the
upregulation of the expression of osteo/odontogenesis-related
markers in either type of scaffolds.

3.5.  Characterization  of  the  mineralized  tissue
produced  inside  the  DPSC-seeded  CS/Gel  scaffolds

SEM-EDX analysis of the DPSC-seeded CS/Gel scaffolds after
4 and 8 weeks incubation in phosphate-rich CCM showed
abundant CaP phase-rich tissue that was newly generated
inside the scaffolds to overspread their entire structure (Fig. 5).
This was evident in all four experimental groups (i.e. CS/Gel-
0.1; CS/Gel-0.1 + rhBMP-2; CS/Gel-1; and CS/Gel-1 + rhBMP-2)
at both time points [4 weeks, data not shown and 8 weeks,
Fig. 5a–f and g–l]. DPSC bodies were partially covered and
embedded within the cell-produced mineralized matrix. In
contrast, only sparse precipitation of calcified tissue (CaP
phase) could be detected in the cell-free scaffolds (Fig. 5a,
g), therefore excluding spontaneous mineral precipitation

attributed to culture medium hypersaturation. EDX-based cal-
culation of the calcium (Ca) to phosphorus (P) ratio showed
that it was in the range of 1.3–1.4 for all DPSC/scaffold con-
structs (Fig. 5b, h), which is close to the ratio in biological
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Fig. 3 – Evaluation of cell attachment and viability/proliferation of DPSCs inside the CS/Gel constructs. (A) Representative
SEM images showing successful initial adhesion and spreading of DPCSs inside the CS/Gel-0.1 (a, b) and CS/Gel-1 (c, d)
scaffolds 24 h post-seeding. (B) MTT  cell viability/proliferation assay of DPSC-seeded CS/Gel-0.1 and CS/Gel-1 scaffolds after
1, 2, 3, 7 and 14 days. The optical density (OD) was measured at 545 nm with a reference filter at 630 nm.  Data  represent the
average (±SD) of DPSC cultures established from three donors, with experiments run three times for each donor (N = 3) with
three technical replicates each (n = 3). (C) Live/dead fluorescent staining with calcein AM/ethidium homodimer and
representative confocal microscopy images of DPSC-seeded CS/Gel-0.1 (a–c) and CS/Gel-1 (d–f) scaffolds after 3, 7 and 14
days in culture. High levels of cell viability with very few dead cells (<5 to 10%) could be observed for both scaffolds at all
time-points. CS/Gel-0.1 scaffolds contained more  cells at day 3 compared to CS/Gel-1 scaffolds, while no differences could
be observed at day 7 and day 14. Note: the percentages over each photo show the average (±SD) of living cells of DPSC
cultures established from three donors, with experiments run three times for each donor (N = 3) in two technical replicates
each (n = 2). (For interpretation of the references to colour in the text, the reader is referred to the web version of this article.)
apatite (1.7). The Ca to P ratio was not calculated for the cell-
free scaffolds due to the very low amounts of both elements
in these experimental groups (Fig. 5a, g).

XRD analysis confirmed the apatitic nature of the newly
formed mineralized tissues, as evidenced by the presence of
a nano-crystalline CaP phase corresponding to the character-
istic peak around 32 (2�)  in the respective diffractograms of
cell-loaded constructs; something not present in the cell-fee
scaffolds (Fig. 6a–f). This peak was quite low at the 4 weeks
samples (data not shown), but clearly evident in all cell-seeded
8 weeks samples (CS/Gel-0.1; CS/Gel-0.1 + rhBMP2, CS/Gel-1;
and CS/Gel–1 + rhBMP2). Rietveld refinement provided further
information on the lattice parameters that indicated the build-

ing of biological apatite in all DPSC/scaffold constructs with a
crystallite size of 9–10 nm (Fig. 6g).

Quantification of the inorganic content inside the con-
structs by ashing the sample in an oxygen atmosphere showed
that a higher mineral content was observed inside the CS/Gel-
0.1 + rhBMP-2 (15.3 ± 0.2%), as compared to the CS/Gel-0.1
(9.5 ± 0.4%), while no major differences could be observed
between the CS/Gel-1 (12.7 ± 0.2%) and the CS/Gel–1 + rhBMP-2
(11.9 ± 0.3%) scaffolds (Table 2).

3.6.  In  vivo  regeneration  of  mineralized  bone-like
tissues  within  the  DPSC-seeded  CS/Gel  constructs

The cell-free and cell-loaded (±rhBMP-2) constructs were sub-
cutaneously implanted into SCID mice for 6–10 weeks to test
the capability of generating mineralized, bone-like tissues
in vivo. As shown in the histological sections stained with H &

E and Masson’s trichrome respectively (Fig. 7A (a–i) and B (a–i)),
abundant ECM and mineralized tissue were generated inside
all three experimental groups by 6 weeks following subcuta-
neous implantation and were maintained (cell-free scaffolds)

https://doi.org/10.1016/j.dental.2018.11.025
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Fig. 4 – Real-time PCR analysis of the expression of osteo/odontogenic markers including (a) DSPP, (b) IBSP, (c) Osterix, (d)
BMP-2 (e) BGLAP and (f) ALP in DPSC-seeded CS/Gel-0.1 and CS/Gel-1 scaffolds after 7 and 14 days, with/without additional
single pre-exposure to 100 ng/ml (for 24 h) rhBMP-2. Values are means (±SD) of DPSC cultures established from three
donors, with experiments run three times for each donor (N = 3) in two technical replicates each (n = 2). Asterisks indicate
statistically significant differences between each experimental group (i.e. CS/Gel-0.1; CS/Gel-0.1 + rhBMP-2; CS/Gel-1; and
CS/Gel-1 + rhBMP-2) compared to the baseline expression (control). Asterisks over blue and red double arrows indicate
statistically significant differences between non-induced and rhBMP-2 pre-induced scaffolds at day 7 (blue arrows) or at day
14 (red arrows). SDHA and B2M were used as housekeeping controls (*p < 0.05; **p < 0.01, n.s. designates non-significant).
(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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r increased (cell-loaded scaffolds) up to 10 weeks. H&E stain-
ng showed clear cell infiltration, uniform cell distribution and
he homogenous deposition of ECM throughout all constructs
Fig. 7A (a–i)). New bone formation was observed in all exper-
mental groups (i.e. SC w/o cells; SC with cells; and SC with
ells + rhBMP-2) but was clearly more  evident in those that
ere pre-exposed to rhBMP-2 for 24 h in culture before implan-

ation. Masson’s trichrome staining further showed that the
remature osteoid tissue rich in collagen I (stained blue) was
radually replaced by fully mineralized tissue (stained red),
ith osteocytes entrapped within the lacunae and lamellae;
n the other hand, empty areas, as well as non-degraded scaf-

old were still visible inside the constructs even after 10 w in
itu (Fig. 7B (a–i)).
Quantitative analysis of the regenerated mineralized tis-
ues inside the constructs indicated that, at 6 weeks after
mplantation, a statistically significantly higher amount of
osteoid (p < 0.01), as well as fully mineralized bone (p < 0.01)
could be observed in rhBMP-2 pre-induced constructs com-
pared to the other two groups. However, the amount of bone
was significantly higher for the cell-free compared to the
cell-loaded scaffolds that were not pre-exposed to rhBMP-2.
Moreover, the rhBMP-2 pre-induced scaffolds, showed a sig-
nificantly lower amount of empty space, but also a higher
amount of remaining (non-degraded) scaffold at 6 weeks, com-
pared to the other two groups (Fig. 8a). The same profile was
maintained at 8 weeks, with further increase in osteoid tis-
sue only in rhBMP-2 pre-induced constructs (SC w/o  cells < SC
with cells < SC with cells + rhBMP-2; p < 0.01); while the amount
of mineralized bone was similar in all three experimental
groups. The amount of empty space was lower in the rhBMP-2

pre-induced constructs (as at 6 weeks), while the amount of
non-degraded scaffolds was the highest in the cell-free scaf-
folds (Fig. 8b). Finally, at 10 weeks after implantation, osteoid
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Fig. 5 – Representative SEM images of cell-free (a) DPSC-seeded (c, d) and DPSC-seeded + rhBMP-2 (e, f) CS/Gel-0.1 scaffolds
after 8 weeks in culture; respective images for cell-free (g) DPSC-seeded (i, j) and DPSC-seeded + rhBMP-2 (k, l) CS/Gel-1
scaffolds. Abundant newly-formed, nanocrystalline CaP mineralized tissue was generated within the cell-seeded scaffolds
of all experimental groups, with cell bodies being entrapped within the secreted matrix. In contrast, only sparse
precipitation of calcified tissue could be detected in the cell-free scaffolds. Representative EDX spectra-based calculation of
the calcium (Ca) to phosphorus (P) ratio of CS/Gel-0.1 (b) and CS/Gel-1 (h) scaffolds showed that it was in the range of 1.3–1.4

for all cell-seeded constructs.

tissue had further matured into fully mineralized bone in all
groups, with an obviously higher amount in rhBMP-2 pre-
induced constructs compared to the other groups (SC w/o
cells < SC with cells < SC with cells + rhBMP-2; p < 0.01) (Fig. 8c).
The same profile regarding empty space/non-degraded scaf-
fold was observed at this time-point, as with the 6 and 8 weeks
results.

Measurement of the length (Fig. 8d) and width (Fig. 8e) of
the histological sections of all constructs showed that the cell-
free constructs exhibited a slower initial degradation rate, as
evidenced by a significantly lower reduction of their length
until 8 weeks (p < 0.05), as compared to the cell-loaded scaf-
folds (both with or w/o  rhBMP-2 induction). However, the
deterioration of the cell-free scaffolds was accelerated at
10 weeks, in contrast to the cell-loaded constructs that grad-
ually started to increase in size due to becoming filled with
abundant, newly-formed ECM (Fig. 8d). With respect to con-
struct width, a slower initial reduction rate was observed
for the rhBMP-2 pre-induced constructs (6 weeks; p < 0.05)
but differences were compensated at later time-points for all
three experimental groups, showing no statistical significance
(Fig. 8e).

SEM images of the retrieved constructs after 10 weeks in situ

showed formation of mineralized precipitates, consisting of
spherical nanosized particles with a minimum size of 50 nm
(Fig. 8f, g). In both cases the calcium (Ca) to phosphorus (P) ratio
was close to 1, as determined by EDX (Fig. 8h, i). This could be
attributed to the substituted biological apatite with incorpo-
rated sodium (Na) and magnesium (Mg) ions, correspondingly
decreasing the Ca to P ratio. It is important to mention that
the size of the apatite particles formed was similar for in vitro
and in vivo samples.

4.  Discussion

Several types of biomaterials have been extensively employed
for bone TE, namely natural biomaterials [13,29], synthetic
polymers, hybrids [30], ceramic materials [31] including
bioactive glasses [32] and composites [33]. Among these,
chitosan-based natural biomaterials have attracted particu-
lar attention for application in bone TE due to their excellent
biocompatibility and their ability both to maintain cell viabil-
ity/proliferation while promoting osteogenic differentiation of
a variety of cell types [34]. Other important advantages include
their antimicrobial activity, which is crucial for oral applica-
tions [35] – combined with ease of production and the ability
to tune their mechanical and biological properties. This can
be achieved mainly by varying the type and concentration
of the crosslinking agents used for blending chitosan with

other natural biomolecules, such as for e.g. collagen or gelatin
interacting with the available chemical groups of chitosan. In
the present study, biomimetic CS/Gel natural polymers [10]
(Fig. 1) were employed as scaffolds for hosting dental MSCs
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Fig. 6 – Representative XRD diffractograms of cell-free (a) DPSC-seeded (b) and DPSC-seeded + rhBMP-2 (c) CS/Gel-0.1
scaffolds after 8 weeks in culture; respective XRD diffractograms for cell-free (d) DPSC-seeded (e) and
DPSC-seeded + rhBMP-2 (f) CS/Gel-1 scaffolds. The formation of biological apatite is verified by the characteristic peak
around 32◦ (2�).  Representative diffractogram of the Rietveld analysis performed to calculate lattice parameters of the
crystalline phase (crystalline size of 9–10 nm)  (g).

Table 2 – Calculation of the inorganic content (%) of the
different types of experimental constructs by means of
thermogravimetry (TG).

Sample Inorganic content (% ± SE)

CS/Gel 0.1% w/o cells Not detectable
CS/Gel 0.1% with cells 9.5 ± 0.4
CS/Gel 0.1% with cells + rhBMP-2 15.3 ± 0.2
CS/Gel 1% w/o cells 2.5 ± 0.5

(
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CS/Gel 1% with cells 12.7 ± 0.2
CS/Gel 1% with cells + rhBMP-2 11.9 ± 0.3

DPSCs) (Fig. 2) in a comprehensive translational in vitro/in vivo
pproach targeting craniofacial bone regeneration. The study
as inspired by the clinical data of two randomized controlled

linical studies conducted by our group using autologous
M-MSCs combined with commercially available collagen
caffolds for the regenerative treatment of intrabony peri-
dontal defects (ClinicalTrials.gov ID: NCT02449005)  together
ith the preservation of peri-implant bone (ClinicalTrials.gov

D: NCT03070275).  We  aimed to produce novel, optimized TE
onstructs using natural biomaterial scaffolds, with ease to
andle and shape them to meet the specific needs of alveolar
one regeneration.

Mimicking osteogenic ECM is an important component
f any strategy in preparing biomimetic scaffolds for bone
E. Chitosan has both a structural similarity to the ECM

f bone tissue and inherent immune-stimulating properties;
hese properties, both conducive to local healing processes,

ake it a prime candidate for use in bone TE. Bone healing
necessitates a chain of events that follow an initial disrup-
tion of bone architecture. These events include the initiation
of an inflammatory response orchestrated by the activation
of macrophages and recruitment of platelets. These in turn
attract – through their paracrine activity and release of various
cytokines – other cells [36], including osteoprogenitor cells,
osteoblasts and endothelial cells to form new blood vessels.
Given the importance of these processes not being disturbed
by the presence of foreign bodies, natural ECM-mimicking
biomaterials, including chitosan and gelatin, offer significant
advantages compared to alternatives, such as synthetic poly-
mers, hybrids or ceramics.

Other important parameters directly affecting biological
properties include scaffold architecture, porosity, pore size
and pore interconnectivity. In the present study, chemical
crosslinking of the two scaffold types combined with the
freeze-drying technique led to the fabrication of scaffolds with
a controlled pore size in the range of 70–120 �m,  which has
been proven beneficial to promoting adhesion and prolifera-
tion of various MSC types compared to higher pore sizes [37].
The high porosity of 83–90% with interconnected channels
allowing cells to migrate into the 3D structure to obtain nutri-
tion from the culture medium has been also reported to favour
bone TE [38,39]. The existence of interconnected pores is also
of critical importance to promote neovascularization while
preventing necrotic tissue formation at the core of the scaf-

fold [40]. The high swelling ratios after 30 min  of immersion in
water indicate that both scaffold types take up water that is
much more  than their own weight, with the CS/Gel-0.1 scaf-
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Fig. 7 – A H&E staining of cell-free (a–c), DPSC-loaded (d–f) and DPSC-loaded + rhBMP-2 (24 h pre-induction with 100 ng/ml
rhBMP-2 for 24 h before in vivo transplantation) (g–i) CS/Gel-0.1 scaffolds after 6–10 weeks in situ into the dorsum of
immunocompromised mice; New bone formation was observed in all experimental groups, but was clearly more  evident in
those that were  pre-exposed to rhBMP-2. B Masson’s trichrome staining of cell-free (a–c), DPSC-loaded (d–f) and
DPSC-loaded + rhBMP-2 (g–i) CS/Gel-0.1 scaffolds after 6–10 weeks in situ. Osteoid tissue rich in collagen I (stained blue) was
gradually replaced by fully mineralized tissue (stained red), with osteocytes entrapped within the lacunae and lamellae; the
latter being more  evident in constructs pre-exposed to rhBMP-2, followed by the cell-loaded constructs (without
pre-exposure), while it was less obvious in cell-free constructs. Areas of non-degraded scaffold could be also visible inside
all constructs (black arrows). (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

Fig. 8 – Bar diagrams showing the quantification of the empty space, osteoid, bone and non-degraded scaffold in all three
experimental groups (SC/NO CELLS; SC/CELLS; SC/CELLS + rhBMP-2) after 6 (a), 8 (b), and 10 (c) w in situ. Values are means
(±SD) of each construct in 3–4 replicates for each experimental group and time-point. Asterisks over double arrows indicate
statistically significant differences between groups (*p < 0.05; **p < 0.01). Line diagrams of the length (d) and width (e) of the
constructs, as measured in histological sections of specimens retrieved after 6–10 weeks. SEM images of the SC/CELLS (f)
and SC/CELLS + rhBMP-2 (g) constructs, retrieved after 10 weeks in situ, confirming the formation of nanocrystalline CaP
particles, similar to the in vitro specimens. Representative EDX spectra of the SC/CELLS (h) and SC/CELLS + rhBMP-2 (i)
constructs showed a Ca to P ratio of approx. 1.
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old type presenting a higher swelling ratio value, which may
e attributed to the higher distance between the bonds in the
etwork of this hydrogel. This is a desired property as it leads
o pore size enlargement and facilitates cell attachment and
rowth in three dimensions [29,41]. The rheological properties
f both scaffold types as observed by dynamic storage mod-
lus values of 3 and 7 kPa, respectively, are characteristic for
trong hydrogels (data not shown). Both scaffold types showed
mmediate structure recovery as the imposed strain amplitude
ecreased to linear regime values. Additionally, temperature
ariation from 25 to 37 ◦C did not affect their viscoelastic prop-
rties.

A drawback of chitosan is the lack of adhesion motifs to
upport direct cell anchorage. Previous studies have shown
hat several MSC  types, such as adipose tissue-derived MSCs
42] and human umbilical cord MSCs [43] have an inability
o spread and proliferate on chitosan films or membranes
ttributed to the activation of cell signalling pathways affect-
ng cellular mobility by chitosan chemical cues [44]. A recent
tudy [45] reports on the functionalization of chitosan scaf-
olds with either RGD sequences or fibronectin molecules to
ddress poor initial DPSC attachment in contact with non-
unctionalized chitosan. However, even the functionalized
caffolds failed to trigger DPSC osteo/odontogenic differentia-
ion, leaving a lacuna in the development of optimal properties
o trigger mineralized tissue regeneration in chitosan-based
iomimetic matrices.

This prompted us in the present study to blend chi-
osan with gelatin, a natural biomolecule containing RGD
nd the most common cell-binding peptide found in cell
dhesion proteins, such as fibronectin and laminin [46]. In
ontrast to physical crosslinking methods, such as dehy-
rothermal treatment, plasma method and irradiation-based
echniques, which, although safe and inexpensive, may lead
o the surface leakage of proteins and an overall inferior
egree of crosslinking, chemical crosslinking can provide an

rreversible and longer-term functional stability [47]. Com-
only used chemical crosslinking agents include aldehydes

uch as formaldehyde, glutaraldehyde, glyceraldehyde, gly-
xal, polyepoxy compounds, carbodiimides [47] and natural
rosslinking agents, such as genipin [9]. Chemical crosslinking
as proven beneficial in maximizing the mechanical proper-

ies of bone substitutes; however, most reagents used for this
urpose exhibit adverse effects and may trigger toxic reac-
ions. In a recent study of our group [12], CS/Gel scaffolds with
he same composition (40:60) as in the present study were
abricated by lyophilization and chemically crosslinked with
ither 0.1% (v/v) glutaraldehyde (GTA) or 0.1% (v/v) genipin
efore evaluation for adhesion, proliferation and differentia-
ion properties of pre-osteoblastic cells and human BM-MSCs.
he results showed a strong cell infiltration of pre-osteoblasts

nto the pores of GTA-crosslinked scaffolds compared to the
enipin-crosslinked counterparts. Taking into account the
ost-efficiency of GTA vs. genipin and the undesirable blue
olour of the latter, we decided to investigate GTA-crosslinked
caffolds in the present study.
GTA has been extensively employed as a gold standard in
rosslinking tissue films and scaffolds, providing the max-
mum possible degree of crosslinking resulting in superior

echanical properties [47]. GTA reacts with the free amine
( 2 0 1 9 ) 310–327 323

groups of lysine or hydroxylysine amino acid residues in the
gelatin polypeptide chains to produce imine linkages form-
ing an interpenetrating network [48]. Although this poses the
risk of GTA-induced toxicity, this can be eliminated by con-
trolling the crosslinker concentration in the solution and/or
by an efficient extraction of unreacted GTA that remains in
the material after the crosslinking treatment [49]. GTA con-
centrations in polymeric solutions up to 5% (wt%) have been
shown not to be cytotoxic in mammalian cells [50]. In accor-
dance with these findings, the results of the present study
showed the viability and attachment properties of DPSCs were
maintained in both CS/Gel-0.1 and CS/Gel-1 scaffolds (Fig. 3A),
although a lower viability/proliferation rate (Fig. 3B) and cell
density (Fig. 3C) could be observed in the scaffolds with the
highest GTA concentration during the first three days in cul-
ture that was eliminated at later time-points. Despite the lack
of initial signs of cytotoxicity, major differences were observed
in the osteo/odontogenic differentiation potential of DPSCs
after increasing the crosslinking agent concentration from 0.1
to 1% (Fig. 4). Indeed, DPSCs seeded in CS/Gel-1 scaffolds did
not show upregulation of three (DSPP, IBSP and Osterix) out
of six differentiation markers (BMP-2, BGLAP, ALP, DSPP, IBSP
and Osterix) implying a long-term cytotoxic effect of GTA at
concentrations seemingly initially non-toxic when viability is
considered as the biological endpoint. These results indicate
that even a minor increase in the crosslinker concentration at
sub-toxic levels may impact severely on the biological prop-
erties, which are highly important for bone TE. Overall, these
results confirm the first research hypothesis of this study. In
consensus with this study, other studies have shown that the
osteogenic potential of chitosan hydrogels can be tuned by
altering the concentration of the chemical crosslinker [10].

The rationale for choosing to evaluate scaffolds crosslinked
at two different GTA concentrations was based on the degra-
dation analysis data of the cell-free scaffolds (Fig. 1d), showing
a mass decrease of 48% in CS/Gel-0.1 scaffolds as compared to
only 18% in CS/Gel-1 after 21 days. Since initial bone healing in
alveolar defects usually takes 6 weeks [51,52], it is desirable to
use scaffolds able to support initial healing processes before
being replaced by local bone tissue. Despite the higher degra-
dation rate of the cell-free CS/Gel-0.1 scaffolds, both types of
cell-loaded scaffolds favoured abundant ECM production and
subsequent extensive mineralization by DPSCs after 4 weeks
in culture, together with nanocrystalline hydroxyapatite for-
mation after 8 weeks (Figs. 5 and 6). TG analysis confirmed
similar amounts of inorganic content in both scaffolds types
(CS/Gel-0.1; CS/Gel-1) (Table 2).

Further characterization of the nature of mineralized tissue
by means of XRD and Rietveld analysis of the lattice param-
eters showed that at the end of 4 weeks in vitro only a minor
peak around 32◦ (2�)  corresponding to biological apatite could
be detected (data not shown); this was, however, clearly evi-
dent after 8 weeks (Fig. 6) confirming the crystalline nature
of the mineralized ECM. EDX-based calculation of the Ca to
P ratios (approx. 1.3–1.4) (Fig. 5b, h) and Rietveld analysis of
the lattice parameters detecting a crystalline size of 9–10 nm

(Fig. 6g) confirmed the successful formation of biological
apatite within all the cell/scaffold constructs. In agreement
with this study, a previous study [40] on chitosan-based hydro-
gel scaffolds made by 3D plotting showed that differentiation
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into osteocytes is gradually achieved by a sequence of events
that include abundant secretion of collagen-I during the
first week, followed by upregulation of alkaline phosphatase
activity, that in turn initiates the biomineralization process
by facilitating formation and nucleation of CaP. The most
important observation in this study is that biological apatite
formation could be achieved simply by seeding DPSCs in the
biomimetic matrices, even in the samples not externally trig-
gered by rhBMP-2. In most other studies, coating or dispersion
of (nano)hydroxyapatite particles in chitosan-based matrices
was an important prerequisite for achieving in vitro [53] and in
vivo biomineralization [54]. In order to exclude the possibility
of the detected hydroxyapatite being a product of the precipi-
tation commonly occurring in various biologic solutions, such
as simulated body fluid (SBF) [55] or other supersaturated solu-
tions, such as the phosphate-rich a-MEM medium used in the
present study, cell-free scaffolds were also equally exposed to
the same conditions. The SEM-EDX and XRD data confirmed
only minor CaP precipitation even after 8 weeks in culture,
confirming that the nanocrystalline CaP tissue detected in
cell-loaded constructs was a product of in vitro biomineraliza-
tion of the abundantly secreted ECM matrix.

Several growth factors have been extensively applied to
promote osteogenesis. Among those members of the trans-
forming growth factor-beta superfamily, including BMP-2,
BMP-3 (osteogenin), BMP-4 and BMP-7 (osteogenic protein-1)
are the most widely used. BMP-2 and BMP-4 have been found
to have a role in developing tooth buds, the odontoblastic
layer and craniofacial bones (intramembranous ossification),
while other members of the BMP  family, such as BMP-3 and
BMP-7, are mainly involved in endochondral bone formation
procedures [56]. Previous studies have identified BMP-2 as an
essential factor for the odontoblastic differentiation of DPSCs,
by regulating the transcriptional activation of DSPP – a typical
dentine-specific protein – through the action of Smads, Dlx5,
Runx2, and Msx2 [26,57]. The in vitro results of the present
study could not confirm any significant additive effect of a
single pre-exposure to rhBMP-2 at 100 ng/ml for 24 h – which
has been reported [58] to be the optimal concentration and
exposure time – on either the expression of osteo/odontogenic
markers or the in vitro biomineralization potential of DPSCs in
both types of scaffolds. The latter is in contrast to previous
studies showing the enhanced osteo/odontogenic differenti-
ation and in vitro biomineralization potential of dental MSC
populations exposed to rhBMP2 [26,57] or transiently trans-
fected to express BMP-2 [59]. Nevertheless, these studies have
shown that there is a dose- and time-dependent effect of
exogenous BMP-2 application in DPSC cultures, showing a
maximum efficacy in triggering odontogenic differentiation
via activation of Smad1/5 signaling after 30 min  exposure to
300–600 ng/ml BMP-2 [56]. Other studies report on the repeated
exposure to the same concentration (100 ng/ml) of BMP-2
every three days to achieve odontogenic differentiation of
DPSCs within 7 days [60]. Previous studies have shown the
diverse and highly pleiotropic roles of BMPs in regulating the
osteo/odontogenic differentiation of different MSC types [61].

It has also been suggested that delivering exogenous rhBMP-2
at a reduced dose in a controlled manner, such as absorption
onto apatite-coated chitosan or chondroitin sulfate scaffolds,
is more  effective in promoting osteogenic differentiation of
5 ( 2 0 1 9 ) 310–327

various MSC populations compared to a burst exposure at
higher doses [62]. This might explain the in vitro results of
this study, together with the fact that the proposed scaffolds
were already very effective in inducing osteo/odontogenic
differentiation and biomineralization by DPSCs, without any
exceptional additive effect from the application of a single
rhBMP-2 exposure, other than a significantly higher upregu-
lation of BGLAP and ALP in CS/Gel-0.1 scaffolds and BMP-2 in
CS/Gel-1 scaffolds.

In contrast to the in vitro data, a remarkable improvement
of the in vivo mineralization potential could be observed after a
single rhBMP-2 pre-exposure of the DPSC/scaffold constructs
before subcutaneous transplantation (Figs. 7 and 8), which is in
accordance with other in vivo studies on the beneficial effects
of rhBMP-2 application on dentine [63] and bone regenera-
tion [64]. Among the very limited number of in vivo studies
on the application of dental MSCs on chitosan-based biopoly-
mers targeting bone regeneration, it is worth mentioning a
study by Ge et al. [65] showing efficient bone regeneration by
periodontal ligament stem cell-seeded nanohydroxyapatite-
chitosan genipin crosslinked scaffolds in a rat calvarial defect
model. However, the present study is the first to provide quan-
titative in vivo data on the bone forming potential of variably
crosslinked CS/Gel blends. Unlike other bone tissue scaffolds,
the proposed scaffolds possess fluorescent properties pro-
viding effective ways for imaging the scaffold-cell interface,
tracing scaffold degradation and the gradual replacement by
cell-produced ECM, as visualized by confocal laser scanning
microscopy. The efficiency of rhBMP-2 as a potent osteoin-
ductive factor supported by the in vivo results of this study
has been also shown by studies in humans for the osseous
reconstruction of oral and craniofacial defects or prior to
implant placement [66], although postoperative complications
attributed to the high rhBMP-2 doses have been also reported
[67].

For all the reasons discussed above, the results of the
present study obtained by the application of an ectopic, widely
applied small animal model of subcutaneous implantation
in immunocompromised mice, should be further validated
in an orthotopic, alveolar bone defect large animal model,
before proceeding into clinical trials in humans. Towards this
end, establishment of clinical-grade constructs, by applica-
tion of serum/xeno-free culturing environments before in vivo
transplantation, as recently proposed by several authors [7,68]
for the safe and efficient expansion of DPSCs, would be of
critical importance. In addition, although the second hypoth-
esis of this study has been confirmed by the obtained in vivo
data, certain limitations arise by the necessity to further
validate different rhBMP-2 concentrations, as well as DPSC
pre-exposure times, prior in vivo application of the constructs.
Moreover, other concentrations, as well as types of crosslink-
ing agents of the natural polymer blends used for scaffold
fabrication, followed by analysis of the mechanical properties
of the regenerated tissues, might also help to further cus-
tomize the constructs for certain clinical applications, for e.g.
small vs. large alveolar bone defects, as well as ability to pre-

serve the architecture of the overlying soft tissues.

Human DPSCs have been considered ideal for mineralized
bone and tooth tissue engineering applications in the cranio-
facial region due to an array of advantages, such as neural crest
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mbryological origin, high plasticity, possibility of long-term
ultivation and cryopreservation without loss of differenti-
tion ability [7], good interaction with growth factors and
caffolds, as well as ease of harvesting [21] with several stud-
es proving their high potential to regenerate bone-like tissues,
oth ectopically and around teeth and implants [22]. A num-
er of studies have been conducted using human DPSCs, both
lone and in combination with several types of scaffolds, as TE
onstructs to repair a various bone defects in animal models,
nd also in human clinical trials [5,20]. However, to our knowl-
dge, no previous studies have applied DPSCs in biomimetic
S/Gel scaffolds to produce tuneable natural matrices tar-
eting the clinical needs of periodontal/peri-implant alveolar
one TE that requires constructs easy to adapt to complex
mall to medium size defects and able to trigger osseous
egeneration within a reasonable time frame not exceeding
–10 weeks.

.  Conclusions

n this study we  focused on the evaluation of the
donto/osteogenic potential of dental pulp stem cells within
orous CS/Gel scaffolds using two concentrations of the
hemical crosslinking agent glutaraldehyde, 0.1 and 1%v/v,
nd successfully fabricated two crosslinked scaffolds types,
S/Gel-0.1 and CS/Gel-1, respectively. Both scaffold types were
haracterized physicochemically and rheologically. In vitro
ssessment reveals that both scaffold types CS/Gel-0.1 and
S/Gel-1 supported cell viability and proliferation, and
howed an extensive formation of a hydroxyapatite-rich
anocrystalline calcium phosphate phase. However, differen-
ial gene expression levels indicated that the glutaraldehyde
oncentration significantly affects the expression of spe-
ific osteo/odontogenic genes. The CS/Gel-0.1 scaffold type
emonstrated a better biological response and was thus

ncluded in the in vivo investigation in immunocompromised
ice, in which DPSCs/scaffold constructs were subcuta-

eously implanted for 6, 8 and 10 weeks. The results
ndicate abundant matrix mineralization at all experimental
ime periods, revealing the time-dependent production of a
ensely nucleated, nanocrystalline mineralized matrix that
as greater in rhBMP-2 pre-induced cells. After 6 weeks of

mplantation the regenerated mineralized tissues were ana-
ysed indicating a significantly higher amount of osteoid, fully

ineralized bone, and empty space reduction in the rhBMP-
 pre-induced constructs. These results reveal a promising
trategy for orofacial bone reconstruction. Further investiga-
ion in orthotopic animal models and clinical proof-of-concept
ettings in periodontal/peri-implant defects will provide an
dditional step towards clinical translation.
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