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Bionanocomposite scaffolds based on
chitosan-gelatin and nanodimensional
bioactive glass particles: In vitro
properties and in vivo bone regeneration

Cristian Covarrubias, Monserrat Cadiz, Miguel Maureira,
Isabel Celhay, Felipe Cuadra and Alfredo von Marttens

Abstract

Bone repair bionanocomposite scaffolds were produced by incorporating dense bioactive glass nanoparticles or mes-
oporous bioactive glass nanospheres into a chitosan—gelatin polymer blend. The in vitro bioactivity of the scaffolds was
assessed in simulated body fluid, and cell viability and osteogenic differentiation assays were performed with dental pulp
stem cells. Bone regeneration properties of the scaffold materials were in vivo assessed by using a critical-sized femoral
defect model in rat. The scaffold nanocomposites showed excellent cytocompatibility and ability to accelerate the
crystallization of bone-like apatite in vitro. Bionanocomposites prepared with bioactive glass nanoparticles were partic-
ularly more active to promote the osteogenic differentiation of dental pulp stem cells as judged by the higher activity of
alkaline phosphatase. This result is attributed to the faster dissolution of bioactive glass nanoparticles into osteogenic
ionic products compared to mesoporous bioactive glass nanospheres. In vivo experiments demonstrated that bioactive
glass nanoparticles (5%)/chitosan—gelatin bionanocomposite significantly produces the highest amount of new bone
(~80%) in the defect area after eight weeks of implantation. The bone regeneration capacity exhibited by the scaffolds
formulated with nanodimensional bioactive glass particles make them attractive for bone reconstruction applications.

Keywords
Bioactive glass nanoparticles, bionanocomposite scaffold, chitosan, gelatin, bone regeneration

Introduction : .
work, our group systematically studied the effect of

Bioactive glass (BG) is a material well-known for
its properties to stimulate bone tissue repair.' This
resorbable and osteoproductive material promotes
bone-tissue formation on its surface, and it bonds to
surrounding living tissue when implanted in the body.
The commercial BG-based products contain particles
with micrometer dimensions that are produced through
high-temperature melting process. Nowadays, advan-
ces in nanomaterial science enable the synthesis of
BG with nanometric particle size, controlled nano-
structures, and using relatively low temperatures
through sol—gel techniques. Essentially dense BG nano-
particles (nBG) are produced with a particle size in the
range of 30-90nm,” while BG nanospheres with a
highly ordered hexagonal arrangement of mesoporous
(nMBG) can be synthesized by incorporating supramo-
lecular chemistry to the sol-gel process.® In previous

the nanoscale structure of BG particles on their in
vitro bioactivity and capacity to osteogenically differ-
entiate stem cells.* The results demonstrate that the
nanometric particle size of BG is a more determining
factor on its in vitro osteogenic properties than the
nanoporous structure, being nBG and nMBG the
most promissory particles. These bioactive nanopow-
ders, however, require being appropriately processed
for their use in bone reconstruction applications.
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Alveolar bone augmentation procedures preferably
demand materials with improved surgical handling
and moldable characteristics.” Bionanocomposites pre-
pared by incorporating bioactive ceramic nanoparticles
into biodegradable polymeric matrices are interesting
materials that combine the bioactivity of nanoparticles
with the supporting and flexibility properties of a three-
dimensional polymeric matrix (scaffold).®” Although
nanocomposite scaffolds based on hydroxyapatite,
tricalcium phosphate, and calcium phosphate cements
particles have been extensively reported,® crystalline
bioceramics commonly exhibit lower bioactivity and a
slower rate of apatite formation than bioglasses.’
Likewise, many synthetic and natural polymers have
been used in the attempt to produce scaffolds.
Although synthetic polymers enable to fabricate
scaffolds with a tailored architecture, they have draw-
backs including the risk of rejection due to reduced
bioactivity.'® Unlike synthetic polymers, natural poly-
mers are biologically active, promote improved
cell adhesion and growth, and exhibit excellent biode-
gradability. We have formulated a chitosan—gelatin
(ChGel) polymer blend with excellent properties for
scaffold fabrication; mainly because it is formulated
with a non-toxic cross-linker.'" So, it is expected that
the incorporation of nanodimensional BG particles
into ChGel matrix leads to scaffold biomaterials
with improved osteostimulative properties. In the
current study, we present the preparation and
bioactive properties of nanocomposite scaffolds based
on ChGel matrix loaded with BG nanoparticles.
Bionanocomposites with nBG and nMBG were pro-
duced, structurally characterized, and their biological
properties assessed by in vitro and in vivo experiments.

Materials and methods

Preparation of scaffold bionanocomposites

nBG (~70 nm) and nMBG (~100 nm) nanoparticles
were synthesized by the sol-gel method using the
procedures and molar compositions reported in our
previous work.* nBG/ChGel and nMBG/ChGel nano-
composites containing a weight ratio of Ch/Gel of 1:1
and with 5% and 25% w/w nanoparticle content were
prepared. For this purpose, a chitosan solution
was prepared by dissolving 4 g of chitosan (high molec-
ular weight, >75%—-85% deacetylated, Sigma-Aldrich)
in 100 mL of 1% lactic acid. Appropriate amounts of
dried nanoparticle powder were added to 100 mL
of 4% w/w aqueous gelatin (bovine skin type B,
Sigma-Aldrich) solution and dispersed by sonication
for 20 min. After that, nanoparticle/gelatin dispersion
was mixed with chitosan solution under stirring using a
vertical paddle mixer. The hydrogel blend was cross-

linked by adding 30 mL of a solution of sodium hex-
ametaphosphate (M & B Ltd.) and sodium hydroxide
(Merck) dissolved in 100 mL of distilled water with a
weight ratio of 0.3:4. Scaffolds were prepared individ-
ually placing 1 mL of nBG/ChGel or nMBG/ChGel
crosslinked-gel into 48 well plates. The samples were
frozen at —80°C for 24 h and then freeze-dried for
two to three days at —45°C using an FDS5518 freeze
dryer (ILShineBioBase Co. Ltd.) to obtain sponge
nanocomposites. Neat ChGel sponges were also pre-
pared as a control.

In vitro bioactivity assays

The ability of the bionanocomposites to induce the for-
mation of apatite was assessed in a cellular simulated
body fluid (SBF), which has inorganic ion concentra-
tions similar to those of human extracellular fluid.
The SBF solution was prepared as described by
Kokubo et al.,'> using the standard ion composition
(Nat 142.0, K* 5.0, Mg>" 1.5, Ca®" 2.5, CI” 147.8,
HCO;~ 4.2, HPO,>~ 1.0, and SO4> 0.5 mM). The
fluid was buffered at physiological pH 7.4 at 37°C
with tri-(hydroxymethyl) aminomethane and hydro-
chloric acid. The cylindrical bionanocomposites sam-
ples (1.0cm x 0.5cm) were individually soaked in
S50mL of SBF in polyethylene containers at 36.5°C
using a thermostatic bath. After incubation for seven
days, the scaffolds were removed from SBF, rinsed
with distilled water, and dried at 60°C.

Material characterization

The structure of scaffold bionanocomposites and apa-
tite formation was analyzed by scanning electron
microscopy (SEM), equipped with X-ray dispersive
energy elemental microanalysis (EDX) in a JEOL
model JSM-IT300LV microscope. Pore size distribu-
tion was measured analyzing SEM Images magnified
40 times a scale of 500 um by ImageJ v1.44 Software
(NIH). Apatite formation was also analyzed by X-ray
diffraction (XRD) on a Siemens D, 5000 diffractometer
using CuKa radiation within a 20 range of 5°-50° at a
scanning speed of 1.2°/min. The chemical structure of
the materials was characterized by total attenuated
reflectance with Fourier transform infrared spectrosco-
py (ATR-FTIR) using an Agilent Cary 630 ATR-FTIR
spectrometer.

Cell culture

Stem cells isolated from dental pulp (DPSCs) were used
to evaluate cell proliferation and differentiation.
DPSCs were isolated from healthy third molars
extracted at the orthodontist’s recommendation after
obtaining informed consent from the patients and
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ethics approval from the Ethics Committee of the
Faculty of Dentistry of University of Chile. DPSCs
were cultured in Dulbecco’s modified Eagle medium
(Alpha-MEM; Invitrogen Life Technologies) contained
10% fetal bovine serum (FBS GIBCO), 100 U/mL pen-
icillin, and 100 pg/mL streptomycin; 10,000 cells were
seeded directly into 10 x 8 mm cylindrical scaffolds
placed in a single well of a 48-well cell culture plate
(1.6 x 10* cells per cm® of scaffold volume). Cell viabil-
ity was determined at 3, 7, and 14 days of incubation by
using the CellTiter 96® AQueous One Solution Cell
Proliferation Assay (Promega), which measures the
reduction of [3—(4,5-dimethylthiazol-2-yl)-5—(3-carbox-
ymethoxyphenyl)-2—(4-sulfophenyl)-2H-  tetrazolium]
(MTS) to formazan by mitochondria in viable cells.
The activity of the alkaline phosphatase (ALP)
enzyme of DPSCs cultured with the scaffolds was
determined by the colorimetric dephosphorylation
assay of the p-nitrophenyl phosphate reagent, which
was followed by measuring the absorbance with an

nMBG (5%)/ChGel

o
o
3
X
G
(L]
m
=

nBG (5%)/ChGel

nBG (25%)/ChGel

Infinite F-50 microplate reader (Tecan) at 405 nm at
3, 7, and 14 days of incubation.

In vivo studies

Surgical implantation

In vivo experiments were conducted in a total of eight
Sprague-Dawley adult rats, according to the codes and
rules of the Ethics Committee of the Faculty of
Medicine of University of Chile (Protocol CBA #0542
FMUCH), taking care of surgical procedures, pain con-
trol, standards of living, and appropriated death.

The effect of scaffold nanocomposites on early bone
regeneration was evaluated using a rat femoral model.
Rats were anesthetized with ketamine and xylazine pre-
vious to the surgical procedure. The region of the sur-
gery was shaved and disinfected. A critical-sized defect
of 4 mm was created in the rat femoral mid-diaphysis
using a diamond-trephine of 4 mm in diameter under
saline irrigation. Defects were treated randomly with
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Figure |. SEM images, EDX elemental analysis and pore size distribution of ChGel, nMBG/ChGel, and nBG/ChGel bionanocom-

posite scaffolds.
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ChGel, nBG (5%)/ChGel, nMBG (5%)/ChGel, or left
untreated (Control). After eight weeks, the animals
were sacrificed by CO, inhalation, and the bone
defect sites were harvested for subsequent evaluation.

Histological analysis

The bone samples were fixed in 10 wt. % formaldehyde
for 48 h and then immersed in ascending concentrations
of ethanol (Winkler). Samples were then embedded in
epoxy resin without decalcification. The embedded
blocks were cut with a low-speed diamond blade saw
(SYJ-150, MTI Corporation) to obtain 200 pum discs in
thickness.
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Figure 2. ATR-FTIR spectra of nMBG (a), nBG (b), ChGel (c),
nMBG (25%)/ChGel (d), and nBG (25%)/ChGel (e).
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Figure 3. (A) ATR-FTIR spectra of scaffold materials before and after to be conditioned in SBF at 36.5°C for 7 days. ChGel —
before SBF (c), nMBG(5%)/ChGel —

SBF (a), ChGel — 7 days SBF (b), nMBG(5%)/ChGel —
SBF (e), nMBG(25%)/ChGel — 7 days SBF (f), nBG(5%)/ChGel —
before SBF (i), and nBG (25%)/ChGel —

nMBG(25%)/ChGel — 7 days SBF (c), nBG(5%)/ChGel —

before SBF (g), nBG(5%)/ChGel
7 days SBF (j). (B) XRD pattern of ChGel -
7 days SBF (d), and nBG (25%)/ChGel —

The tissue sections were Au sputter-coated in a Desk
V Sputter Coater (Denton Vacuum Inc.) at 7.27 x 1072
Torr and 45mA for 30s and examined with scanning
electron microscopy in back-scattered electron mode
(BSE-SEM) using a JEOL IT300LV microscope. The
observations were performed at an accelerating voltage
of 20kV and a working distance of 23.6 mm. BS-SEM
images obtained at x20 magnification were used to
measure the bone area by using the Image]J software.
The percentage of newly formed bone (NB) was calcu-
lated according to the following equation:

NB (%)= (area of newly formed bone in the
4 mm diameter defect/total area of the 4 mm diameter
defect) x 100.

Tissue specimens were also analyzed by X-ray com-
puted microtomography (Micro-CT) in a Bruker
Micro-CT Skyscan 1278. Micro-CT images were
acquired at 50 um resolution (voltage: 59kV, current:
537 pA, 1.0mm Al filter, rotation step: 0.25). The raw
data acquired were reconstructed using NRecon
Software (Skyscan, Belgium). The 3D images of the
bone defects were generated using CTAn v.1.12 soft-
ware (Bruker-microCT) and visualized by 3D CTVox
(Bruker-microCT).

Statistical analysis

Data were analyzed employing one-way analysis of
variance with post hoc multiple comparisons achieved
using Tukey’s test by using GraphPad prism 6
(GraphPad Software, San Diego, CA). A minimum
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of n=3 was used and p < 0.05 was admitted statistical-
ly significant.

Results and discussion

Figure 1 shows SEM images, EDX elemental analysis,
and pore size distribution of neat ChGel scaffold and

nMBG (5%)/ChGel

nMBG (25%)/ChGel

nBG (5%)/ChGel

20 pm

nBG (25%)/ChGel

e
20 pm

those of the nanocomposites prepared with BG nano-
particle. Porosity of neat scaffold and nanocomposites
produced with nBG adopted a relatively regular mor-
phology, while pores of nanocomposites prepared with
nMBG are more elongated in shape. Moreover, mean
pore size of scaffold loaded with 5% wt (~148 um)
tended to be smaller than those with 25% nanoparticle

»w~3c00)

w~3c00

Figure 4. SEM images and EDX elemental analysis of the surface of ChGel, nMBG/ChGel, and nBG/ChGel bionanocomposite

scaffold after immersion in SBF for seven days.
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content (~234pum). Nanoparticle incorporation may
affect the mechanism of pore formation from ice crys-
tal templates. It has been found that different sizes and
types of nanoparticles can induce different instability in
the ice front,'"® nanoparticle surface energy can also
cause unusual ice-nanoparticle segregation behavior
or induce other ice structures; affecting thus the size
and shape of the pores.'* Compositional analysis per-
formed by EDX shows contents of Ca, P, and Si related
with the presence of BG nanoparticles into the polymer
matrix. Particularly, Si mapping suggests a relatively
uniform distribution of the BG particles into the poly-
mer. The nanoparticles and scaffold materials were also
analyzed by ATR-FTIR (Figure 2). Spectra of BG
nanoparticles exhibit bands at 450cm™' and,
1060cm ™" corresponding to Si-O-Si bending mode of
their siliceous structure, while neat ChGel scaffold
spectrum present peaks at 1028-1069, 1232, 1455, and
1549-1629 cm ™" corresponding to the characteristic
vibrations of amide and amine groups of chitosan
and gelatin structures.'>'® Although no evident cova-
lent interactions between the nanoparticles and func-
tional groups of the polymer matrix were detected, the
Si-O-Si vibration at 450cm™' in the nanocomposite
spectra confirm the presence of the BG nanoparticles
incorporated into the ChGel matrix.

The ability of the nanocomposite scaffolds to induce
the formation of bone-like apatite on its surface was
assessed in SBF at seven days of incubation. The evo-
lution of apatite formation on the scaffold surfaces
analyzed by ATR-FTIR and XRD (Figure 3).
Spectra of nanocomposites immersed in SBF shows
the presence of bands at 595cm™' and 660cm™',
assigned to the P-O bending vibration and another
strong band around, 1040 cm ™!, attributed to the P-O
symmetric stretching vibration in crystalline apatite.'’
These apatite vibrations were not detected in the neat
scaffold. However, XRD analysis confirmed the forma-
tion of apatite on both the neat scaffold and nanocom-
posites as judged by the presence of the most
characteristic apatite peak at 31.7°, corresponding to
the 211 reflection of the apatite crystal (JCPD 205166).
SEM examination revealed the presence of the mineral
phase on the scaffold surfaces (Figure 4). EDX analysis
shows that these precipitates are constituted mainly of
calcium and phosphorus elements. A higher degree of
mineralization in terms of density, extension, and clus-
ter mineral size can be seen on the bionanocomposite
scaffolds. Particularly, bionanocomposite filled with
25% nBG exhibits a denser apatite layer that almost
completely covered its surface. nBG nanoparticles have
shown to have a higher dissolution rate in SBF than
nMBG* which promotes more rapid apatite crystalli-
zation and explains the higher degree of mineralization
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Figure 5. Viability of DPSCs cultured in the presence of the
ChGel, nMBG/ChGel, and nBG/ChGel bionanocomposite scaf-
folds at different culture times as determined by the MTS assay.
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Figure 6. ALP activity in DPSCs cultured at different times
with ChGel, nMBG/ChGel, and nBG/ChGel bionanocomposite
sacffolds in the absence of osteogenic supplements.

observed on the nBG (25%)/ChGel bionanocomposite
surface.

Cytocompatibility of the scaffold materials was
assessed using DPSCs until 14 days of incubation
(Figure 5). MTS absorbance values of mitochondrial
activity of cells cultured with the bionanocomposites
for seven days did not present differences with respect
to those grown on the neat ChGel scaffold. At 14 days
of incubation, cell viability is maintained on both nBG
and nMBG 5% bionanocomposites, while it statistical-
ly decreased when cultured on the 25% bionanocom-
posites. Bionanocomposites with high nanoparticle
loading may generate high calcium concentrations
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from BG dissolution that reduce the cell proliferation,
as has been observed by Valerio et al.'"® Based on the
cytocompatibility properties, bionanocomposite scaf-
folds loaded with 5% of BG nanoparticles were
chosen for further biological testing. The ability of
the scaffolds to stimulate the osteogenic differentiation
of DPSCs was assessed by quantifying the expression
of ALP enzyme (Figure 6), which is produced when
bone forming cells lay down the bone extracellular
matrix.' Statistically, significant higher ALP activity
values were measured on the nBG (5%)/ChGel nano-
composite at 14 days of culture. Through BG ionic
dissolution products, stem cells can chemically drive
along the osteoblastic pathway, resulting in increased
mineralizing activity.?® It has been demonstrated that
specific concentrations of ionic dissolution products of
BG recreate an extracellular environment that is capa-
ble of supporting osteoblast phenotype expression and
extracellular matrix deposition and bone nodule min-
eralization in osteoblasts.?’! In a previous work,* we
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=

nBG (5%)/ChGel

demonstrated that nBG nanoparticles in powder form
have higher capacity to stimulate the ALP expression
than nMBG. Higher external surface area of nBG
nanoparticles enables a fast glass dissolution compared
with the internal and less accessible surface area pro-
vided by the MBG nanoporous structure. The results
of the current study show that nBG retains in vitro
superior bioactivity even when the nanoparticles are
constituent of a composite scaffold material.

The in vivo bone repair potential of the scaffold
biomaterials was assessed in a rat femur defect.
Figure 7 shows the bone defect area analyzed by
BS-SEM, EDX, and Micro-CT after eight weeks of
implantation. In BS—-SEM images, mineralized areas
are shown as brighter zones, while soft tissues are
seen in darker color. It can be observed that both
the neat scaffold and bionanocomposites were able to
stimulate new bone formation. BS-SEM results are
consistent with the density and distribution of calcium
atoms as well as with the three-dimensional

Micro-CT
Micro-CT

Micro-CT

a

Micro-CT

Figure 7. Bone defect area analyzed by BS-SEM, EDX-calcium mapping, and Micro-CT after eight weeks of implantation.
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Figure 8. Percentage of new bone formed in the untreated
defect (control) and in those treated with the scaffolds after eight
weeks of implantation.

reconstruction of the bone defect areca performed by
micro-CT. Figure 8 confirms that scaffold biomaterials
have significantly greater percent bone than the
untreated control group (p<0.01). The capacity of
neat ChGel scaffold to stimulate bone regeneration
can be attributed to Arg-Gly-Asp (RGD)-like sequence
in gelatin structure, which promotes cell attachment to
the scaffolds via focal adhesion.?>>* Moreover, chito-
san forms ionic complexes with negatively charged gel-
atin that affect the polycationic interaction of chitosan
with the anionic cell surface, which has been reported
to influence the tissue remodeling process.”* From
Figure 8, it can also be seen that defect treated with
nBG (5%)/ChGel significantly generated the greatest
amount of new bone (~80%) over all other groups.
The results of the current study demonstrate that the
in vivo osteogenic capacity of ChGel scaffold is signif-
icantly enhanced with the incorporation of BG nano-
particles. To our best knowledge, this is the first report
of the in vivo bone regeneration properties of ChGel
bionanocomposite scaffolds prepared with nanodimen-
sional nBG or nMBG particles. As already discussed
and investigated in previous works, high rate of disso-
lution of nanosized BG particles into osteogenic ionic
products accelerates of bone formation processes.

The improved osteogenic properties of BG nanoparticles
combined with bioactivity and supporting properties of
the ChGel polymer matrix make bionanocomposites
promissory materials to accelerate the bone reconstruc-
tion treatments.

Conclusions

Nanostructured nBG and nMBG particles were com-
bined with a ChGel polymer matrix to produce biona-
nocomposite scaffolds. The nanocomposite materials
showed excellent cytocompatibility and ability to
induce the crystallization of bone-like apatite in vitro.
Bionanocomposites prepared with nBG nanoparticles
were particularly more active to promote the osteogen-
ic differentiation of stem cells as judged by the higher
activity of ALP. In vivo implantation of the scaffolds
into bone defect model demonstrated that nBG (5%)/
ChGel bionanocomposite significantly produces the
greatest amount of new bone. The bone regeneration
capacity exhibited by the bionacomposite scaffolds for-
mulated with nanodimensional BG particles make
them attractive to be assessed for bone reconstruction
in future clinical trials.
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