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Abstract
Bone Regeneration represents a clinical need, related to bone defects such as congenital anomalies, trauma with bone loss,
and/or some pathologies such as cysts or tumors This is why a polymeric biomaterial that mimics the osteogenic composition
and structure represents a high potential to face this problem. The method of obtaining these materials was first to prepare a
stabilized hydrogel by means of physical bonds and then to make use of the lyophilization technique to obtain the 3D porous
scaffolds with temperature conditions of −58 °C and pressure of 1 Pa for 16 h. The physicochemical and bioactive properties
of the scaffolds were studied. FTIR and TGA results confirm the presence of the initial components in the 3d matrix of the
scaffold. The scaffolds exhibited a morphology with pore size and interconnectivity that promote good cell viability.
Together, the cell viability and proliferation test, Alamar BlueTM and the differentiation test: alizarin staining, showed the
ability of physically stabilized scaffolds to proliferate and differentiate swine dental pulp stem cell (DPSCs) followed by
mineralization. Therefore, the Cs-PCL-PVA-HA scaffold stabilized by physical bonds has characteristics that suggest great
utility for future complementary in vitro tests and in vivo studies on bone defects. Likewise, this biomaterial was enhanced
with the addition of HA, providing a scaffold with osteoconductive properties necessary for good regeneration of bone tissue.

Graphical abstract

1 Introduction

The craniofacial unit is a truly complex and damage to these
structures, even minimal, usually leads to a deformity that can
cause side effects in the patient. Advances in surgical tech-
niques and the implementation of bone grafting have sig-
nificantly improved the function and cosmetic restoration of
craniofacial structures due to accidents (trauma) or disease.
The regeneration of oral and craniofacial tissues currently

* R. Rosales-Ibáñez
rosales_ibanez@unam.mx

1 Tissue Engineering and Translational Medicine Laboratory,
Iztacala School of Higher Studies, National Autonomous
University of Mexico, Tenayuca-Chalmita S/N, Cuautepec Barrio
Bajo, Gustavo A. Madero, Mexico, CP 07239, Mexico

2 Center for Applied Physics and Advanced Technology, National
Autonomous University of Mexico, Campus Juriquilla, Boulevard
Juriquilla No. 3001, Querétaro, Juriquilla, CP 76230, Mexico

12
34

56
78

90
()
;,:

12
34
56
78
90
();
,:

http://crossmark.crossref.org/dialog/?doi=10.1007/s10856-022-06702-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10856-022-06702-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10856-022-06702-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10856-022-06702-2&domain=pdf
http://orcid.org/0000-0003-2726-392X
http://orcid.org/0000-0003-2726-392X
http://orcid.org/0000-0003-2726-392X
http://orcid.org/0000-0003-2726-392X
http://orcid.org/0000-0003-2726-392X
http://orcid.org/0000-0003-4749-7715
http://orcid.org/0000-0003-4749-7715
http://orcid.org/0000-0003-4749-7715
http://orcid.org/0000-0003-4749-7715
http://orcid.org/0000-0003-4749-7715
http://orcid.org/0000-0003-4181-8231
http://orcid.org/0000-0003-4181-8231
http://orcid.org/0000-0003-4181-8231
http://orcid.org/0000-0003-4181-8231
http://orcid.org/0000-0003-4181-8231
http://orcid.org/0000-0003-0714-4421
http://orcid.org/0000-0003-0714-4421
http://orcid.org/0000-0003-0714-4421
http://orcid.org/0000-0003-0714-4421
http://orcid.org/0000-0003-0714-4421
mailto:rosales_ibanez@unam.mx


represents a challenge in medicine and for this the synthesis of
basic, clinical and engineering science is required [1].

If we look at the world statistics we find in the United
States alone, more than 30,000 patients who undergo cra-
niofacial resection surgery per year. Therefore, this expan-
sion of figures provides support to justify the investigation
of regenerative medicine resources to face this problem [2].

Now, if we take into account the high rate of patients with
different degrees of bone involvement, it is feasible to see the
alternatives to improve this type of problem in some way.
This is why tissue engineering constitutes a broad field of
study and practical application with a high growth potential,
which is why this research designs and characterizes a
material with properties for bone regeneration that can be
used in bone disorders of the patients who present it.

There are different materials used in the elaboration of
scaffolds for tissue engineering; some are of synthetic origin
and others of natural origin, chitosan (Cs) being one of the
most important of the latter group. This is a polysaccharide
that is commonly obtained by extensive deacetylation of the
chitin of some crustaceans [3]. Cs is a biopolymer that can
be used in various biomedical applications due to its low
toxicity and its bioactive properties (hemostatic, anti-
microbial activity, biocompatibility, etc.). Furthermore, it is
commercially available, at a relatively low cost to produce
biomaterials in the pharmaceutical and medical fields [4].

Another material for designing tissue supports is poly(ε-
caprolactone) or also known as PCL, it can mimic the matrix
of the bone tissue to be repaired, offering properties that favor
its use in this application and its manufacture as 3D scaffolds,
generating a structure with porosity in which a feasible
environment can be created to generate new bone tissue [5, 6].
An important feature of PCL is that it is a polymer that is
soluble in a wide range of organic solvents, which makes it a
promising material for research, as it could be mixed with a
variety of polymers to design composite biomaterials [7].

Among the synthetic biomaterials, poly(vinyl alcohol)
(PVA) has great potential for the production of scaffolds
due to its high hydrophilicity, permeability, biodegrad-
ability, biocompatibility, flexibility, and ability to mix with
other biopolymers. Furthermore, PVA is an excellent
material for the production of foams and emulsions [8].

Another material is hydroxyapatite (HA), it is a ceramic
and crystalline compound with a hexagonal network and
has a specific formula [Ca10(PO4)6(OH)2], being the main
constituent mineral of teeth and bones [Ca10(PO4)6(OH)2]
[9]. Regarding this characteristic, it is biocompatible and
does not produce an inflammatory response [10, 11]. HA is
found in nature, forming porous structures that vary
depending on the bone site from which it is extracted, for
example, trabecular bone has 65% porosity and
100–200 µm in diameter, which allows it to have osteo-
conductive properties [12]. Another important characteristic

is its slow resorption, which usually keeps the material in its
initial state for 2-3 years after implantation. This allows
slow growth of bone tissue with cell proliferation within the
material [2, 13]. HA also shows very good mechanical
properties with a compressive strength of up to 160MPa,
with applications in small areas of bone under low load
conditions [12, 14, 15].

Until now, the scaffolds that make use of these polymers
have designed their matrices through a variety of techniques
such as electrospinning or lyophilization, and in their
methodologies they use crosslinking agents to improve their
mechanical properties and chemical stability [16, 17];
however, these crosslinking agents affect the biological
properties of the material, which is a characteristic of great
importance in the biocompatibility tests of the scaffold. In
some studies, better biocompatibility (scaffold has non-
cytotoxic properties and it doesn´t have any functional
group that can damage cells) and cell viability have been
found in supports manufactured by the lyophilization pro-
cess compared to electrospinning [18]. Despite the above,
during the freezing process of the support, the Cs chains are
affected, forming agglomerations that reduce the avail-
ability of functional groups (-NH2 group) related to the
biocompatibility of the Cs molecule [19]. To reduce this
effect, different cross-linking agents have been used, such
as glutaraldehyde, genipin, oxaldehyde, etc., although these
compounds have been considered cytotoxic or of unknown
biocompatibility [20]. This is why it is intended to study an
alternative method of forming a physical gel of Cs-PCL-
PVA-HA without using cytotoxic chemical compounds as
cross-linking agents, in order not to affect the biocompat-
ibility of the material, as well as leaving available the amino
groups in the Cs molecule, which are generally involved in
the crosslinking reaction; In this way, chemical crosslinking
with unknown bioactivity for the stability of scaffolds
would be avoided, mimicking the extracellular structure of
tissues. Using ammonium hydroxide, generating physical
entanglements instead of chemical crosslinking reactions,
the hydrogel is then lyophilized to obtain 3D scaffolds and
thus evaluate the osteogenic lineage induction properties.

2 Materials and methods

2.1 Materials

Chitosan (Cs) with catalog No. 448869 y 419419, poly-
caprolactone (PCL) with catalog No. 440752, poly(vinyl
alcohol) (PVA) with catalog No. 363146 and hydro-
xyapatite with catalog No. 289396 were used in the pre-
paration of the scaffolds. Ammonium hydroxide (HA, 28%
NH3 in H2O, ≥ 99.99% trace metals basis, No. 338818),
dichloromethane (DC, high-purity grade ≥99.8%, No.
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C1470) and glacial acetic acid (AA, ≥ 99.5% purity No.
A6283) were used to make the hydrogels. All solvents and
reagents are Sigma-Aldrich brand reagent grade (Toluca,
Mexico).

2.2 Preparation of solutions

50/50% of each batch of chitosan was mixed and a 2.5%
(w/w) chitosan solution was prepared by dissolving it in
0.2 M glacial acetic acid at room temperature and stirring
for 24 h. Then, the solution was degassed.

A polycaprolactone solution at 5% (w/w) was prepared,
dissolving in dichloromethane room temperature and stir-
ring overnight. Then, the solution was degassed.

A poly (vinyl alcohol) solution at 5% (w/w) was pre-
pared, dissolving in dichloromethane at room temperature
and stirring overnight. Then, the solution was degassed.

2.3 Composite scaffolds

Cs materials (100%) and mixtures of Cs/PVA (80/20), Cs/
PCL (80/20), Cs/PVA/PCL (80/10/10) and Cs/PVA/PCL/
HA were made (79/10/10/01), ratio (p/p) respectively, with
constant stirring for 24 h at room temperature. The polymer
blend was aliquoted and placed into a sealed container in the
presence of ammonium hydroxide. Physical crosslinking
(gelation) was induced by ammonia diffusion for 24 h [21].
Subsequently, the hydrogels were washed with distilled
water to remove the ammonium acetate (CH3COONH4) and
the rest of the ammonium hydroxide that remained in the
hydrogels (NH4OH), until a pH of 7 is obtained, these
residues can have an influence on the biocompatibility of
biomaterials. To obtain the 3D constructs, the hydrogels
were placed in a FREEZE DRYER model SCIENTZ-10N at
−58 °C, and a pressure of 1 Pa for 16 h [22].

2.4 Physicochemical characterization of 3D scaffolds

2.4.1 Scanning electron microscope (SEM)

The morphology of the structure of the porous constructs
was observed by scanning electron microscopy (SEM),
using Hitachi SU8230 equipment at 1.0 kV. The scaffolds
were placed on an aluminum tape and covered with a layer
of gold using an LLC model to high vacuum Desk II.

2.4.2 Specific surface area

The analysis was carried out by nitrogen adsorption at 77 K
to determine the specific surface area of the scaffolds, using
a Quentachome NOVA 2200e Instruments. The samples
were degassed for 12 h, at 95 °C, before the measurements
in order to eliminate the air and moisture present in the

samples. The Brunauer-Emmett-Teller (BET) model was
applied to fit the isotherms and calculate the specific surface
area of the analyzed materials [23].

2.4.3 Fourier transform infrared spectroscopy (FTIR)

The spectra of the biomaterials were obtained using a Perkin
Elmer Spectrum Two FTIR spectrometer. Spectra were
analyzed in the wavenumber range of 4000–650 cm−1 with
a resolution of 4 cm−1 and a ratio of 100 scans.

2.4.4 Thermal gravimetric analysis (TGA)

The thermogravimetric study was carried out in a Mettler
Toledo TGA/DSC 2+ thermal analyzer, with a nitrogen
atmosphere. Constructs were measured between 25 °C and
600 °C with a heating ramp of 20 °C/min.

2.5 Biological characterization of 3D scaffolds

2.5.1 Sample sterilization

The samples were sterilized by exposure to UV radiation for
20 min (on each side) using a laminar flow hood (Telstar®,
Bio II advance, type Class II).

2.5.2 Cytotoxicity assay

The cell viability assay was analyzed using the colorimetric
Alamar blue™ (Invitrogen) Cellular Metabolic Assay. The
biomaterials were placed in 96-well culture plates and then,
swinw dental pulp stem cells (DPSCs) (8 × 106) were see-
ded on the scaffolds and similarly seeded in 96-well culture
plates but without scaffolds as a control group, cells were
grown in a Dulbecco’s Modified Eagle Medium (DMEM)
low-glucose (Bio-west, Mexico), added with 10% Fetal
Bovine Serum (FBS) (Bio-west, Mexico) and 1% penicillin-
streptomycin (Sigma-Aldrich). The incubation conditions
were at 37 °C, in an atmosphere with 5% CO2 and 95%
humidity. At times of 3, 7 and 10 days, the medium was
removed, 90 µL of fresh medium and 10 µL of Alamar
blue™ were added, then the cells were incubated for 4 h
under the same conditions mentioned. To end the assay, cell
viability was read at a wavelength of 630 and 492 nm in a
microplate reader (PKL PPC 142, Pokler Italy). To elim-
inate the experimental error, three repetitions were made in
each of the treatments used in the analysis.

2.5.3 Osteogenic differentiation of swine DPSCs on a
scaffold

A cell density of 2 × 106 of swine DPSCs was first plated in
a 96-well plate. The biomaterials were cultured with low-
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glucose DMEM (Bio-west, Mexico), adding 10% Fetal
Bovine Serum (FBS) (Bio-west, Mexico) and 1% penicillin-
streptomycin (Sigma Aldrich), and incubated at 37 °C, 5%

CO2 (BINDER 13-16721 incubator, Germany) with
humidity for 48 h. After the elapsed time, the culture
medium was removed and new medium was added. This

Fig. 1 SEM micrographs of
scaffolds obtained at ×30 (A–E)
and ×100 (A1–E1)
magnification, respectively. The
area marked in green circles (1C,
1C1 1D and 1E), can be
correspondents to PCL because
the scaffold without PCL (image
1A and 1A1) it does not have a
morphology with rounded parts.
This same behavior is observed
in previous research with Cs-
PCL scaffolds. Images 1-B and
1-B1 show a structural
morphology with cobweb-
shaped aggregates, changes that
were shown when PVA was
added to the scaffold (green
arrows, image 1-B1) and not in a
rounded shape

81 Page 4 of 11 Journal of Materials Science: Materials in Medicine (2022) 33:81



medium was changed twice a week for the duration of the
28-day trial. Swine DPSCs seeded on 3D biomaterials were
cultured with MesenCult™ osteogenic differentiation
medium (Human of MesenCult™ osteogenic, Stem Cells
Technologies, Cambridge, MA, USA), in the same way
medium changes were made twice a week during the
28 days of the induction assay, then Alizarin Red Staining
was performed.

2.5.4 Alizarin Red Staining (ARS) activity

The principle of alizarin red S, is to selectively color cal-
cium deposits and has been used in recent years to study
calcium-rich deposits formed in cell cultures [24]. After
28 days of induction with MesenCult™ osteogenic differ-
entiation medium, calcium-rich deposits produced by swine
DPSCs on scaffolds (constructs) was assessed by Alizarin
Red S staining (Sigma Aldrich, USA). For this purpose,
constructs were fixed with 4% neutral formalin for 5 min,
washed three times with PBS, and then washed with dis-
tilled water to remove any salt residues. The constructs were
stained with 2% Alizarin red S (pH 4.2), so that it covered
the entire surface of the constructs. After 1 h of incubation
at room temperature, the ARS excess was washed with

distilled water. To analyzed and capture the images of
calcium-rich deposits, we used a Leica DM IL LED
inverted light-field phase contrast optical microscope.

2.6 Statistical analysis

Data analysis was expressed as a mean ± standard deviation.
Statistical analysis was using a one-way analysis of variance
(ANOVA) followed by Tukey’s test. For significant dif-
ferences, a value of p < 0.05 was taken. SEM micrographs
were used to obtain the pore size distribution with 50
measurements from five different fields using Adobe Ps©
1990–2021 software, then histograms were made for each
scaffold in Microsoft Excel© software.

3 Results

3.1 Characterization of 3D scaffolds

3.1.1 Scaffolds morphology

Figure 1 shows SEM micrographs of scaffolds obtained at
×30 (A-E) and ×100 (A1-E1) magnification, respectively. As

Fig. 2 Pore size distribution of
3D-scaffolds obtained by freeze-
drying from hydrogels
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it can be seen, Cs exhibit the most homogeneous morphol-
ogy of all the prepared scaffolds. In contrast, the SEM
micrographs for the Cs-PVA-PCL and Cs-PVA-PCL-HA
sample showed a heterogeneous morphology, which
includes areas where the PCL component may be in a matrix
of the porous scaffold (green circle in Fig. 1C, 1C1, 1D and
1E), their results show morphologies similar to ours when
adding PCL to the scaffold [25, 26]. Similarly, a certain
similarity can be seen in the Cs-PVA and Cs-PVA-PCL
scaffolds, where there are some areas (see red arrows in Fig.
1B and D) in which morphology in the form of clusters
prevails. On the other hand, the addition of PVA to the
matrices (see green arrows in Fig. 1B1 and D1) produced
materials with a very different morphology with the presence
of entanglements. This indicates that PVA has a strong
influence on chitosan polymer chains, which produce three-
dimensional structures with this peculiarity. The presence of
this type of entanglement-shaped structures was less in the
Cs-PVA-PCL-HA scaffold. Finally, although the Cs-PVA-
PCL-HA scaffold showed the largest morphology and het-
erogeneity, it also presented interconnectivity (see red circle
in Fig. 1E1) of pores in the three-dimensional structure.

3.1.2 Pore size distribution and specific surface area

Figure 2 shows the pore size distribution of the scaffolds
prepared in this investigation. In general, all samples were
found to have a unimodal distribution. It is noteworthy that
the surface of the Cs samples shows a symmetric distribu-
tion with values in a greater number of repetitions in the
range of 144–172 μm that predominate in relation to the rest
of the treatments where asymmetric distributions are
observed. In this sense, the Cs-PVA and Cs-PVA-PCL
samples exhibited a right-skewed distribution with values
for both in a higher repetitive number in the range of
57–85 μm, while the Cs-PCL and Cs-PVA-PCL-HA tend to
have a leftward distribution with repetitive values in the
range of 203–230 and 260–268 μm, respectively.

The specific surface area (SSA) of the scaffolds is shown
in Table 1. The material that presented a higher specific
surface area was Cs-PVA and it has a relationship with
respect to all the other mixtures. Where the incorporation of

PVA gives the material an increase in the SBET value, the
opposite occurs when working with PCL where the mate-
rials suffer a decrease in surface area. However, the Cs-
PVA-PCL-HA scaffold does not suffer a drastic drop in
values, thanks to the presence of PVA in the geometry of
the material matrix.

3.1.3 Fourier Transform Infrared Spectroscopy (FTIR)

Figure 3 presents the infrared spectra of the scaffolds made
in this investigation. All the spectra were similar to each
other, showing the characteristic absorption bands of Cs; in
the wave number range of 3500–3300 cm−1, a broad and
intense band was observed, assigning the stretching vibra-
tions O-H and N-H. In addition, bands were observed at
1653 cm−1, which is associated with the C=O stretch of
amide I and, at 1580 cm−1, related to the deformation of
amide II [27–29]. Peaks were also detected at 2923 and
2880 cm−1, associated with methylene groups and, finally,
in the range of 1200–1000 cm−1, characteristic signals of
the saccharide structure [30].

The absorption band at 1580 cm−1, shown by the FTIR
spectrum of the Cs material, was shifted to lower wave-
numbers in the Cs-PVA, Cs-PCL, Cs-PVA-PCL and Cs-
PVA-PCL-HA. This fact confirms interaction between Cs
with the components of the mixture. The absorption band of
the Cs-PVA, Cs-PVA-PCL and Cs-PVA-PCL-HA scaffolds
show a peak at 1715 cm−1 which is characteristic of the
C=O group and confirms the presence of PVA in these
scaffolds [31], in the same way it is observed that the Cs
band at 2923 cm−1 shifted to 2945, which also indicates the
presence of PVA in said scaffolds [32]. The FTIR of the Cs-
PCL scaffold shows a band at 1245 cm−1 that is character-
istic of the C=O of the PCL, this intensity is diminished
when it is determined for the Cs scaffold (100%) [33, 34].

On the other hand, in the Cs-PV-PCL-HA scaffold
around 1000 cm−1, is the most important signal of

Table 1 Average pore size (Tp) and specific surface area (SSA) of 3D-
materials

Material Tp (μm)* SSA (cm2/g)

Cs 163.5 ± 42.5 283.7 ± 4.2

Cs-PVA 107.0 ± 44.2 388.6 ± 6.7

Cs-PCL 197.1 ± 50.9 6.3 ± 0.26

Cs-PVA-PCL 88.7 ± 41.4 60.4 ± 1.3

Cs-PVA-PCL-HA 222.7 ± 62.7 132.6 ± 62.7

*Average value from 50 measurements

Fig. 3 FTIR spectra of biomaterials
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hydroxyapatite is found, the antisymmetric vibration of the
phosphate group ν3as (PO4

3-), which is identified by the
presence of a doublet with defined maxima around 1087
and 1046 cm−1. In the same way, the absorption band
appears at 950 cm−1 which is characteristic of the sym-
metric vibration of νs1 (PO4

3-) of this polymer [35–37].

3.1.4 Thermal gravimetric analysis (TGA)

Figure 4 presents the TGA analyzes for the samples of all
the scaffolds prepared in this work. It can be seen that the
Cs-PVA, Cs-PCL, Cs-PVA-PCL and Cs-PVA-PCL-HA
scaffolds show thermal stability superior to that of Cs,
which is indicated at 309 °C (see orange zone) and is
characteristic of the use of another component in the scaf-
fold matrix mix [38].

3.2 Biological characterization of 3D scaffolds

3.2.1 Cytotoxicity assay

There are many methods to evaluate the cytotoxic effect of
biomaterials on cultured cells by monitoring non-specific
alterations in basic cell function such as mitochondria,
plasma membrane integrity, etc. [39]. One of them is the
cell metabolic Alamar blueTM, where the results of cell
proliferation and viability are shown in Fig. 5, it was ana-
lyzed by ANOVA one way, P < 0.05, Tukey’s test. The Cs-
PVA and Cs-PCL-PVA scaffolds showed a decreasing
proliferation throughout the study time, so the concentration
or the presence of the PVA polymer in the scaffold matrix is
being involved in the results.

3.2.2 Osteogenic differentiation of swine DPSCs on a
scaffold

The swine DPSCs seeded in the different 3D scaffolds of
this investigation are shown in Fig. 6, making use of the

MesenCultTM Osteogenic Differentiation Kit. The results
show a greater differentiation and mineralization of calcium
deposits when the osteogenic MesenCultTM kit is used than
when using only DMEM as the medium, but a greater
deposition of calcium is also observed in this rather than in
the control group.

4 Discussion

One of the most promising characteristics of Cs for its use
in the manufacture of scaffolds is its excellent results, which
gives the formation of an open pore microstructure with a
high degree of interconnectivity [40], a characteristic that
was presented in the materials obtained from this investi-
gation (see Fig. 1).

Another peculiarity is the pore size of chitosan scaffolds
that are in the range of 50–300 μm, it is important that the
pores have an adequately large size so that the cell can
penetrate and present interconnectivity to facilitate the
exchange of waste and nutrients by the cells inside the
elaborated construct [29, 41], allow the interaction of the
polymer with the cell and the tissue for cell growth and
differentiation for the formation of three-dimensional tissue
with a formation of new bone [42, 43], these values of size
of pore are close to those obtained in this research (see Fig.
2), which makes the use of these scaffolds promising.

The SSA of the obtained scaffolds was, in general,
similar to the values reported for other three-dimensional
chitosan-based scaffolds, which were also freeze-dried. For
example, there are studies in which surface areas of
200 cm2/g were found for Cs scaffolds frozen at −80 °C
[44]. This similarity could be due to the fact that our
hydrogels were not subjected to a prior freezing process, but
rather were placed directly in the cooling system included in

Fig. 4 Thermogravimetric analysis of biomaterials Fig. 5 Cell viability (Alamar blueTM cell metabolic assay) in control
and in 3D scaffolds groups. ANOVA one way, P < 0.05, Tukey’s test.
* Indicates statistically significant difference between groups

Journal of Materials Science: Materials in Medicine (2022) 33:81 Page 7 of 11 81



Fig. 6 Representative images of the mineral deposition in swine DPSCs on day 28 by Alizarin red S staining (a–d, j–m and r–u) and microscopy
images (f–i, n–q and v–y) at the bottom 10x
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the lyophilization equipment. In this way, the hydrogels
were subjected to rapid a freezing process, which allows a
better preservation of the gel structure, as reported by
Robitzer et al. [23]. In this sense, it is well known that
freezing prior to lyophilization helps to improve the mor-
phological properties and the formation of ice crystals, but it
should also be considered that a faster freezing (produced
by pressure reduction) produces a speed of faster freezing
that causes rapid ice nucleation, giving rise to smaller
crystals [45]. This could explain the values of SSA in the
scaffolds obtained in this work (see Table 1).

The TGA analysis, the scaffolds of Cs-PCL, Cs-PVA-
PCL and Cs-PVA-PCL-HA scaffolds present a second peak
in the decomposition weight derivative (marked in the blue
area, see Fig. 4), which is characteristic of the use of PCL in
the scaffolding mix [46]. Hydroxyapatite had no weight loss
in the temperature range investigated. It was shown that the
presence of hydroxyapatite displaces the first degradation
profile at higher temperatures (219 °C), which indicates a
better thermal stability of the chitosan matrix in the pre-
sence of inorganic compounds that probably hinder the
thermo-oxidation of the organic matrix [47]. The residual
weight of the Cs-PVA-PCL-HA scaffold showed at a tem-
perature of 600 °C a weight loss of 43–44%, a higher value
with respect to the other scaffolds elaborated in the inves-
tigation, indicating the presence of HA in chitosan-based
compounds.

In the cell viability assay (see Fig. 5), there is a decrease
in the number of cells and this is due to the difficulty of the
cells to adhere to the scaffold with a highly hydrophilic
nature of PVA [48, 49], so it could be observed that the
content of PVA in the mixture had a direct effect on cell
viability. Similarly, Sánchez-Cardona et al., [32], had low
cell viability when they increased the concentration of PVA
in the scaffold that they designed. On the other hand, a
significant increase was shown from 3 to 10 days for the Cs,
Cs-PCL and Cs-PCL-PVA-HA scaffolds. Where the latter
presented the best performance throughout the trial with
non-significant values with respect to the Control, so it had
a very similar behavior [32]. Result that was positive thanks
to the use of HA in the design of the tissue construct. Said
result is compared with that of Oliveira et al. [50] where
viability results are obtained that were better when they
used HA in the three-dimensional matrix of the scaffold.
Therefore, these results have potential to be applied in bone
tissue engineering [50].

As described in the literature, during early osteogenic
induction, stem cells continue to proliferate and migrate
[51, 52]. Some cells have adhered to the scaffolds, but other
cells have migrated from the scaffold to the bottom of the
well plates, as can be seen in Fig. 6 (h,i n-q, v-y) [53]. Later,
some of these cells have begun to secrete extracellular
matrix in the lower part of the well plate and also in the

scaffolds, which can be seen in Fig. 6-t and 6-x, which
corresponds to the Cs-PVA-PCL-HA scaffold. The above is
only making use of the DMEM medium; this is of great
importance because the use of osteogenic MesenCultTM kit
was not necessary, so adding HA in the design of the tissue
construct presents osteoconductive activity.

5 Conclusions

The scaffolds made in this research by forming a gel (phy-
sically stabilized) and subsequently dried using the lyophi-
lization technique presented morphologies with pore size
within the characteristics necessary for cell proliferation. The
scaffolds presented a specific surface area which could help
the bioactivity of the functional groups of the polymers that
make up the designed matrices. The FTIR and TGA results
confirm the presence of the polymeric components in the
three-dimensional matrices. The Cs, Cs-PCL and Cs-PCL-
PVA-HA scaffolds had no cytotoxic effect at 10 days
evaluated with the Alamar blueTM cellular metabolic assay.
The scaffolds support the adhesion, viability and prolifera-
tion of swine PSCs and have a slight effect on mineralization
capacity in Cs-PCL-PVA-HA scaffolds.

Acknowledgements This work was supported by the Program for
Research and Technological Innovation Projects (PAPIIT) UNAM.
Grant: IA207420 and by the DGAPA department, UNAM for the V.A.
Reyna-Urrutia Postdoc Scholarship. We thank Dr. José L. López-
Miranda and Dr. Marlen A. González-Reyna for their help in the
physicochemical characterization of the elaborated scaffolds. The
authors acknowledge PhD. Miriam V. Flores-Merino from Faculty of
Chemistry, Universidad Autónoma del Estado de México (UAEmex),
Toluca, México, for providing chitosan with batch No. 419419. We
thank Dr. Ángel L. Rodriguez-Morales for him support in the pre-
paration of the scaffolds and Dr. Rita Sulub-Sulub for her support in
the TGA tests.

Compliance with ethical standards

Conflict of interest The authors declare no competing interests.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

Journal of Materials Science: Materials in Medicine (2022) 33:81 Page 9 of 11 81

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


References

1. Ward B, Brown S, Krebsbach PH. Bioengineering strategies for
regeneration of craniofacial bone: A review of emerging tech-
nologies. Oral Dis. 2010;16:709–716.

2. Scheller EL, Krebsbach PH, Kohn DH. Tissue engineering: State
of the art in oral rehabilitation. J Oral Rehabil. 2009;36:368–389.

3. Cocoletzi HH, Almanza EÁ, Agustin OF, Nava ELV, Cassellis
ER. Obtaining and characterizing chitosan from shrimp exoske-
letons. Surf vac 2009, 22, 57–60.

4. Huang Y, Onyeri S, Siewe M, Moshfeghian A, Madihally SV. In
vitro characterization of chitosan-gelatin scaffolds for tissue
engineering. Biomaterials. 2005;26:7616–27. https://doi.org/10.
1016/j.biomaterials.2005.05.036.

5. Wagner Q, Offner D, Idoux-Gillet Y, Saleem I, Somavarapu S,
Schwinté P, Benkirane-Jessel N, Keller L. Advanced nanos-
tructured medical device combining mesenchymal cells and
VEGF nanoparticles for enhanced engineered tissue vasculariza-
tion. Nanomedicine. 2016;11:2419–2430. https://doi.org/10.2217/
nnm-2016-0189.

6. Eap S., Ferrand A., Mendoza Palomares C., Hébraud A., Stoltz
JF., Mainard D., Schlatter G., Benkirane-Jessel, N. Electrospun
nanofibrous 3D scaffold for bone tissue engineering. In Bio-
Medical Materials and Engineering; Biomed Mater Eng, 2012;
Vol. 22, pp. 137–141.

7. Porter JR, Henson A, Popat KC. Biodegradable poly(ε-caprolactone)
nanowires for bone tissue engineering applications. Biomaterials.
2009;30:780–788. https://doi.org/10.1016/j.biomaterials.2008.10.022.

8. Dattola E., Parrotta EI., Scalise S., Perozziello G., Limongi T.,
Candeloro P., Coluccio ML, Maletta, C, Bruno L, De Angelis MT,
Santamaria G, Mollace V, Lamanna E, Di Fabrizio E, Cuda G.
Development of 3D PVA scaffolds for cardiac tissue engineering
and cell screening applications. RSC Adv. 2019, 9, https://doi.org/
10.1039/C8RA08187E.

9. Campana V., Milano G., Pagano E., Barba M., Cicione C., Sal-
onna G., Lattanzi W., Logroscino G. Bone substitutes in ortho-
paedic surgery: from basic science to clinical practice. 2014,
2445–2461, https://doi.org/10.1007/s10856-014-5240-2.

10. Ghosh SK, Nandi SK, Kundu B, Datta S, De DK, Roy SK, Basu D.
In vivo response of porous hydroxyapatite and β-tricalcium phos-
phate prepared by aqueous solution combustion method and com-
parison with bioglass scaffolds. J Biomed Mater Res - Part B Appl
Biomater. 2008;86:217–227. https://doi.org/10.1002/jbm.b.31009.

11. Nandi SK, Kundu B, Ghosh SK, De DK, Basu D. Efficacy of
nano-hydroxyapatite prepared by an aqueous solution combustion
technique in healing bone defects of goat. J Vet Sci.
2008;9:183–191. https://doi.org/10.4142/jvs.2008.9.2.183.

12. Okazaki A, Koshino T, Saito T, Takagi T. Osseous tissue reaction
around hydroxyapatite block implanted into proximal metaphysis of
tibia of rat with collagen-induced arthritis. Biomaterials.
2000;21:483–487. https://doi.org/10.1016/S0142-9612(99)00198-2.

13. Daculsi, G. Biphasic calcium phosphate concept applied to arti-
ficial bone, implant coating and injectable bone substitute. In
Biomaterials; Elsevier Sci Ltd, 1998; Vol. 19, pp. 1473–1478.

14. Johnson KD, Frierson KE, Keller TS, Cook C, Scheinberg R,
Zerwekh J, Meyers L, Sciadini MF. Porous ceramics as bone graft
substitutes in long bone defects: A biomechanical, histological,
and radiographic analysis. J Orthop Res. 1996;14:351–369.
https://doi.org/10.1002/jor.1100140304.

15. Spivak, JM, Hasharoni A. Use of hydroxyapatite in spine surgery.
Eur. Spine J. 2001, 10, https://doi.org/10.1007/s005860100286.

16. Rinaudo M, Pavlov G, Desbrières J. Influence of acetic acid
concentration on the solubilization of chitosan. Polym (Guildf).
1999;40:7029–7032. https://doi.org/10.1016/S0032-3861(99)
00056-7.

17. Tsioptsias C, Michailof C, Stauropoulos G, Panayiotou C. Chitin
and carbon aerogels from chitin alcogels. Carbohydr Polym.
2009;76:535–540. https://doi.org/10.1016/j.carbpol.2008.11.018.

18. Sangsanoh P, Suwantong O, Neamnark A, Cheepsunthorn P,
Pavasant P, Supaphol P. In vitro biocompatibility of electrospun
and solvent-cast chitosan substrata towards Schwann, osteoblast,
keratinocyte and fibroblast cells. Eur Polym J. 2010;46:428–440.
https://doi.org/10.1016/j.eurpolymj.2009.10.029.

19. Wang X, Sang L, Luo D, Li X. From collagen-chitosan blends to
three-dimensional scaffolds: the influences of chitosan on collagen
nanofibrillar structure and mechanical property. Colloids Surf B
Biointerfaces. 2011;82:233–40. https://doi.org/10.1016/j.colsurfb.
2010.08.047.

20. Arpornmaeklong P, Suwatwirote N, Pripatnanont P, Oungbho K.
Growth and differentiation of mouse osteoblasts on chitosan-
collagen sponges. Int J Oral Maxillofac Surg. 2007;36:328–37.
https://doi.org/10.1016/j.ijom.2006.09.023.

21. Montembault A., Viton C., Domard A., Genevrier L., Goa D.,
Moulins, ZILT. Rheometric study of the gelation of chitosan in
aqueous solution without cross-linking agent. 2005, 653–662.

22. Reyna-Urrutia VA, Mata-Haro V, Cauich-Rodriguez JV, Herrera-
Kao WA, Cervantes-Uc JM. Effect of two crosslinking methods
on the physicochemical and biological properties of the collagen-
chitosan scaffolds. Eur Polym J. 2019;117:424–433. https://doi.
org/10.1016/j.eurpolymj.2019.05.010.

23. Robitzer M, David L, Rochas C, Di Renzo F, Quignard F.
Supercritically-dried alginate aerogels retain the fibrillar structure
of the hydrogels. Macromol Symp. 2008;273:80–84. https://doi.
org/10.1002/masy.200851311.

24. Gregory CA., Grady Gunn W, Peister A, Prockop DJ. An Alizarin
red-based assay of mineralization by adherent cells in culture:
comparison with cetylpyridinium chloride extraction. Anal Bio-
chem. 2004, 329, https://doi.org/10.1016/j.ab.2004.02.002.

25. Sarasam AR, Samli AI, Hess L, Ihnat MA, Madihally SV.
Blending chitosan with polycaprolactone: porous scaffolds and
toxicity. Macromol Biosci. 2007;7:1160–1167. https://doi.org/10.
1002/mabi.200700001.

26. Sadeghi-avalshahr AR, Nokhasteh S, Molavi AM, Mohammad-
pour N, Sadeghi M. Tailored PCL scaffolds as skin substitutes
using sacrificial PVP fibers and collagen/chitosan blends. Int J
Mol Sci. 2020;21:2311 https://doi.org/10.3390/ijms21072311.

27. Santos-López G, Argüelles-Monal W, Carvajal-Millan E, López-
Franco YL, Recillas-Mota MT, Lizardi-Mendoza J. Aerogels from
Chitosan solutions in ionic liquids. Polym (Basel). 2017;9:1–13.
https://doi.org/10.3390/polym9120722.

28. Malheiro VN, Caridade SG, Alves NM, Mano JF. New poly(ε-
caprolactone)/chitosan blend fibers for tissue engineering appli-
cations. Acta Biomater. 2010;6:418–428. https://doi.org/10.1016/
j.actbio.2009.07.012.

29. Thein-Han WW, Misra RDK. Biomimetic chitosan-
nanohydroxyapatite composite scaffolds for bone tissue engi-
neering. Acta Biomater. 2009;5:1182–1197. https://doi.org/10.
1016/j.actbio.2008.11.025.

30. Bolaina-Lorenzo E, Martinez-Ramos C, Monleón-Pradas M,
Herrera-Kao W, Cauich-Rodriguez JV, Cervantes-Uc JM. Elec-
trospun polycaprolactone/chitosan scaffolds for nerve tissue
engineering: Physicochemical characterization and Schwann cell
biocompatibility. Biomed Mater. 2017, 12, https://doi.org/10.
1088/1748-605X/12/1/015008.

31. Nafee SS, Hamdalla TA, Shaheen, SA. FTIR and optical prop-
erties for irradiated PVA–GdCl 3 and its possible use in dosimetry.
Phase Transitions. 2017, 90, https://doi.org/10.1080/01411594.
2016.1260722.

32. Sánchez-Cardona Y, Echeverri-Cuartas CE, López MEL, Moreno-
Castellanos N. Chitosan/Gelatin/PVA scaffolds for beta pancreatic

81 Page 10 of 11 Journal of Materials Science: Materials in Medicine (2022) 33:81

https://doi.org/10.1016/j.biomaterials.2005.05.036
https://doi.org/10.1016/j.biomaterials.2005.05.036
https://doi.org/10.2217/nnm-2016-0189
https://doi.org/10.2217/nnm-2016-0189
https://doi.org/10.1016/j.biomaterials.2008.10.022
https://doi.org/10.1039/C8RA08187E
https://doi.org/10.1039/C8RA08187E
https://doi.org/10.1007/s10856-014-5240-2
https://doi.org/10.1002/jbm.b.31009
https://doi.org/10.4142/jvs.2008.9.2.183
https://doi.org/10.1016/S0142-9612(99)00198-2
https://doi.org/10.1002/jor.1100140304
https://doi.org/10.1007/s005860100286
https://doi.org/10.1016/S0032-3861(99)00056-7
https://doi.org/10.1016/S0032-3861(99)00056-7
https://doi.org/10.1016/j.carbpol.2008.11.018
https://doi.org/10.1016/j.eurpolymj.2009.10.029
https://doi.org/10.1016/j.colsurfb.2010.08.047
https://doi.org/10.1016/j.colsurfb.2010.08.047
https://doi.org/10.1016/j.ijom.2006.09.023
https://doi.org/10.1016/j.eurpolymj.2019.05.010
https://doi.org/10.1016/j.eurpolymj.2019.05.010
https://doi.org/10.1002/masy.200851311
https://doi.org/10.1002/masy.200851311
https://doi.org/10.1016/j.ab.2004.02.002
https://doi.org/10.1002/mabi.200700001
https://doi.org/10.1002/mabi.200700001
https://doi.org/10.3390/ijms21072311
https://doi.org/10.3390/polym9120722
https://doi.org/10.1016/j.actbio.2009.07.012
https://doi.org/10.1016/j.actbio.2009.07.012
https://doi.org/10.1016/j.actbio.2008.11.025
https://doi.org/10.1016/j.actbio.2008.11.025
https://doi.org/10.1088/1748-605X/12/1/015008
https://doi.org/10.1088/1748-605X/12/1/015008
https://doi.org/10.1080/01411594.2016.1260722
https://doi.org/10.1080/01411594.2016.1260722


cell culture. Polymers (Basel). 2021, 13, https://doi.org/10.3390/
polym13142372.

33. Jana S, Leung M, Chang J, Zhang M. Effect of nano- and micro-
scale topological features on alignment of muscle cells and
commitment of myogenic differentiation. Biofabrication.
2014;6:035012 https://doi.org/10.1088/1758-5082/6/3/035012.

34. Lu X, Qiu Z, Wan Y, Hu Z, Zhao Y. Preparation and character-
ization of conducting polycaprolactone/chitosan/polypyrrole com-
posites. Compos Part A Appl Sci Manuf. 2010;41:1516–1523.
https://doi.org/10.1016/j.compositesa.2010.06.014.

35. Peon E, Fuentes G, Delgado JA, Morejon L, Almirall A, García R.
Preparation and characterization of porous blocks of synthetic
hydroxyapatite. Lat Am Appl Res. 2004;34:225–228.

36. Sun Y, Deng Y, Ye Z, Liang S, Tang Z, Wei S. Peptide decorated
nano-hydroxyapatite with enhanced bioactivity and osteogenic dif-
ferentiation via polydopamine coating. Colloids Surfaces B Bioin-
terfaces. 2013, 111, https://doi.org/10.1016/j.colsurfb.2013.05.037.

37. Kang T, Hua X, Liang P, Rao M, Wang Q, Quan C, Zhang C,
Jiang Q. Synergistic reinforcement of polydopamine-coated
hydroxyapatite and BMP2 biomimetic peptide on the bioactivity
of PMMA-based cement. Compos Sci Technol. 2016, 123, https://
doi.org/10.1016/j.compscitech.2016.01.002.

38. Corazzari I, Nisticò R, Turci F, Faga MG, Franzoso F, Tabasso S,
Magnacca G. Advanced physico-chemical characterization of
chitosan by means of TGA coupled on-line with FTIR and
GCMS: Thermal degradation and water adsorption capacity.
Polym Degrad Stab. 2015;112:1–9. https://doi.org/10.1016/j.
polymdegradstab.2014.12.006.

39. Liu X, Rodeheaver DP, White JC, Wright AM, Walker LM,
Zhang F, Shannon S. A comparison of in vitro cytotoxicity assays
in medical device regulatory studies. Regul Toxicol Pharmacol.
2018;97:24–32. https://doi.org/10.1016/j.yrtph.2018.06.003.

40. Thein-Han WW, Kitiyanant Y. Chitosan scaffolds for in vitro
buffalo embryonic stem-like cell culture: An approach to tissue
engineering. J Biomed Mater Res-Part B Appl Biomater.
2007;80:92–101. https://doi.org/10.1002/JBM.B.30573.

41. Madihally SV, Matthew HWT. Porous chitosan scaffolds for tis-
sue engineering. Biomaterials. 1999;20:1133–1142. https://doi.
org/10.1016/S0142-9612(99)00011-3.

42. Lien S-M, Ko L-Y, Huang T-J. Effect of pore size on ECM
secretion and cell growth in gelatin scaffold for articular cartilage
tissue engineering. Acta Biomater. 2009, 5, https://doi.org/10.
1016/j.actbio.2008.09.020.

43. Liu X, Ma PX. Polymeric scaffolds for bone tissue engineering.
Ann Biomed Eng. 2004, 32, https://doi.org/10.1023/B:ABME.
0000017544.36001.8e.

44. Reves BT, Bumgardner JD, Cole JA, Yang Y, Haggard WO.
Lyophilization to improve drug delivery for chitosan-calcium
phosphate bone scaffold construct: a preliminary investigation. J
Biomed Mater Res B Appl Biomater. 2009;90:1–10. https://doi.
org/10.1002/jbm.b.31390.

45. Maretti E, Rustichelli C, Romagnoli M, Balducci AG, Buttini F,
Sacchetti F, Leo E, Iannuccelli V. Solid Lipid Nanoparticle
assemblies (SLNas) for an anti-TB inhalation treatment-A Design
of Experiments approach to investigate the influence of pre-
freezing conditions on the powder respirability. Int J Pharm.
2016;511:669–679. https://doi.org/10.1016/j.ijpharm.2016.07.062.

46. Persenaire O, Alexandre M, Degée P, Dubois P. Mechanisms and
kinetics of thermal degradation of Poly(ε-caprolactone). Bioma-
cromolecules. 2001, 2, https://doi.org/10.1021/bm0056310.

47. Dong Q-X, Chen Q-J, Yang W, Zheng Y-L, Liu X, Li Y-L, Yang
M-B. Thermal properties and flame retardancy of polycarbonate/
hydroxyapatite nanocomposite. J Appl Polym Sci. 2008, 109,
https://doi.org/10.1002/app.28053.

48. Nuttelman CR, Mortisen DJ, Henry SM. Anseth KS. Attachment
of fibronectin to poly(vinyl alcohol) hydrogels promotes NIH3T3
cell adhesion, proliferation, and migration. J Biomed Mater Res.
2001, 57, https://doi.org/10.1002/1097-4636(200111)57:2<217::
AID-JBM1161>3.0.CO;2-I.

49. Liu Y, Geever LM, Kennedy JE, Higginbotham CL, Cahill PA,
McGuinness GB. Thermal behavior and mechanical properties of
physically crosslinked PVA/Gelatin hydrogels. J Mech Behav
Biomed Mater. 2010, 3, https://doi.org/10.1016/j.jmbbm.2009.07.001.

50. Oliveira JM, Rodrigues MT, Silva SS, Malafaya PB, Gomes ME,
Viegas, CA, Dias IR, Azevedo JT, Mano JF, Reis RL. Novel
hydroxyapatite/chitosan bilayered scaffold for osteochondral tissue-
engineering applications: Scaffold design and its performance when
seeded with goat bone marrow stromal cells. Biomaterials. 2006,
27, https://doi.org/10.1016/j.biomaterials.2006.07.034.

51. Heino T, Hentunen T. Differentiation of osteoblasts and osteo-
cytes from mesenchymal stem cells. Curr Stem Cell Res Ther.
2008, 3, https://doi.org/10.2174/157488808784223032.

52. Rosales-Ibáñez R, Cubo-Mateo N, Rodríguez-Navarrete A, Gonzá-
lez-González AM, Villamar-Duque TE, Flores-Sánchez LO, Rodrí-
guez-Lorenzo LM. Assessment of a PCL-3D printing-dental pulp
stem cells triplet for bone engineering: An in vitro study. Polymers
(Basel). 2021, 13, https://doi.org/10.3390/polym13071154.

53. Dominici M, Le Blanc K, Mueller, I, Slaper-Cortenbach I, Marini F,
Krause DS, Deans RJ, Keating A, Prockop, DJ, Horwitz EM.
Minimal criteria for defining multipotent mesenchymal stromal cells.
The International Society for Cellular Therapy position statement.
Cytotherapy. 2006, 8, https://doi.org/10.1080/14653240600855905..

Journal of Materials Science: Materials in Medicine (2022) 33:81 Page 11 of 11 81

https://doi.org/10.3390/polym13142372
https://doi.org/10.3390/polym13142372
https://doi.org/10.1088/1758-5082/6/3/035012
https://doi.org/10.1016/j.compositesa.2010.06.014
https://doi.org/10.1016/j.colsurfb.2013.05.037
https://doi.org/10.1016/j.compscitech.2016.01.002
https://doi.org/10.1016/j.compscitech.2016.01.002
https://doi.org/10.1016/j.polymdegradstab.2014.12.006
https://doi.org/10.1016/j.polymdegradstab.2014.12.006
https://doi.org/10.1016/j.yrtph.2018.06.003
https://doi.org/10.1002/JBM.B.30573
https://doi.org/10.1016/S0142-9612(99)00011-3
https://doi.org/10.1016/S0142-9612(99)00011-3
https://doi.org/10.1016/j.actbio.2008.09.020
https://doi.org/10.1016/j.actbio.2008.09.020
https://doi.org/10.1023/B:ABME.0000017544.36001.8e
https://doi.org/10.1023/B:ABME.0000017544.36001.8e
https://doi.org/10.1002/jbm.b.31390
https://doi.org/10.1002/jbm.b.31390
https://doi.org/10.1016/j.ijpharm.2016.07.062
https://doi.org/10.1021/bm0056310
https://doi.org/10.1002/app.28053
https://doi.org/10.1002/1097-4636(200111)57:2%3C217::AID-JBM1161%3E3.0.CO;2-I
https://doi.org/10.1002/1097-4636(200111)57:2%3C217::AID-JBM1161%3E3.0.CO;2-I
https://doi.org/10.1016/j.jmbbm.2009.07.001
https://doi.org/10.1016/j.biomaterials.2006.07.034
https://doi.org/10.2174/157488808784223032
https://doi.org/10.3390/polym13071154
https://doi.org/10.1080/14653240600855905.

	3D scaffolds of caprolactone/chitosan/polyvinyl alcohol/hydroxyapatite stabilized by physical bonds seeded with swine dental pulp stem cell for bone tissue engineering
	Abstract
	Introduction
	Materials and methods
	Materials
	Preparation of solutions
	Composite scaffolds
	Physicochemical characterization of 3D scaffolds
	Scanning electron microscope (SEM)
	Specific surface area
	Fourier transform infrared spectroscopy (FTIR)
	Thermal gravimetric analysis (TGA)
	Biological characterization of 3D scaffolds
	Sample sterilization
	Cytotoxicity assay
	Osteogenic differentiation of swine DPSCs on a scaffold
	Alizarin Red Staining (ARS) activity
	Statistical analysis

	Results
	Characterization of 3D scaffolds
	Scaffolds morphology
	Pore size distribution and specific surface area
	Fourier Transform Infrared Spectroscopy (FTIR)
	Thermal gravimetric analysis (TGA)
	Biological characterization of 3D scaffolds
	Cytotoxicity assay
	Osteogenic differentiation of swine DPSCs on a scaffold

	Discussion
	Conclusions
	Compliance with ethical standards

	ACKNOWLEDGMENTS
	References




