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1 | INTRODUCTION

Bone defects are characterized by bone destruction due to inflamma-
tory processes and infections caused by microorganisms.! Recently,
great attention has been paid to the design of structures/devices for

Maria Grazia Raucci?

ABSTRACT

Considerable attention has been given to the use of chitosan (CS)-based materials
reinforced with inorganic bioactive signals such as hydroxyapatite (HA) to treat bone
defects and tissue loss. It is well known that CS/HA based materials possess minimal
foreign body reactions, good biocompatibility, controlled biodegradability and
antibacterial property. Herein, the bioactivity of these composite systems was analyzed
on in vitro bone cell models for their applications in the field of bone tissue engineering
(BTE). The combination of sol-gel approach and freeze-drying technology was used to
obtain CS/HA scaffolds with three-dimensional (3D) porous structure suitable for cell
in-growth. Specifically, our aim was to investigate the influence of bioactive composite
scaffolds on cellular behavior in terms of osteoinductivity and anti-inflammatory
effects for treating bone defects. The results obtained have demonstrated that by
increasing inorganic component concentration, CS/HA (60 and 70% v/v) scaffolds
induced a good biological response in terms of osteogenic differentiation of human
mesenchymal stem cells (hnMSC) towards osteoblast phenotype. Furthermore, the scaf-
folds with higher concentration of inorganic fillers are able to modulate the production
of pro-inflammatory (TGF-p) and anti-inflammatory (IL-4, IL-10) cytokines. Our results
highlight the possibility of achieving smart CS/HA based composites able to promote a
great osteogenic differentiation of hMSC by increasing the amount of HA
nanoparticles used as bioactive inorganic signal. Contemporarily, these materials allow

avoiding the induction of a pro-inflammatory response in bone implant site.
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bone regeneration, which possess the ability to stimulate the newly
forming bone tissue and repair bone defects. Hydroxyapatite (HA),
[Ca10(PO4)¢(OH),] is the most studied biomaterial for medical applica-
tions due to its high biocompatibility and for being the main constitu-

ent of bone tissue? Its structure looks like crystalline bio-apatite
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FIGURE 1 Flow chart
representing the preparation of
(a) chitosan and (b) CS/HA
biocomposite solutions with
different content of nHA (50, 60,
and 70%v/v)

Chitosan
(1.5 wt%)+ Acetic

Acid (0.1M)

(@)

mimicking mineral component of human bone. In the field of biomedi-
cal applications, hydroxyapatite precursors are often combined with
various natural and synthetic polymers to improve their mechanical
and biological properties.® It has been reported that Chitosan
(CS) represents an ideal candidate for bone tissue engineering due to
its biocompatibility, bio-resorbability, anti-bacterial activity.* and the
capability to chemically interact with HA nanoparticles (nHA). Indeed,
Xianmiao et al,> proposed two mechanisms for the interaction
between CS and HA due to (a) hydrogen bonding between amino and
hydroxyl groups of CS with hydroxyl ions on nHA surface
and (b) coordination bonding between amino group of CS and calcium
of nHA. To date, current therapeutic approaches for bone substitution
including bone graft transplants (autologous, homologous, or heterolo-
gous grafts and biomaterials implants) have not proved to be fully sat-
isfactory.® However, many encouraging studies based on bioactive
cellularized scaffolds by osteogenic cells are ongoing and may repre-
sent a tool for the design of innovative therapeutic strategies, which
could adequately satisfy the clinical demands.” Furthermore, in order
to design high-throughput tissue-engineered constructs useful in
orthopedic field, a valid approach based on the bioactivation of scaf-
fold is needed. This means using the combination of osteoinductive
and angiogenic signals, thus influencing cell behavior in terms of both
endothelial and bone regeneration.®? In particular, the design of com-
posite materials for hard tissue engineering is a promising strategy to
reach structural and biological similarities to natural bone tissue. The
combination of two or more components with different physicochem-
ical properties can increase their practical applications, which cannot
be satisfied by the single component.” Specifically, the mixing of bio-
active ceramics and degradable polymers composite materials, which
are suitable for the realization of scaffolds with high porosity, ideal for
hard tissue regeneration. Three-dimensional (3D) interconnected
porosity coupled to an appropriate pore size and wide surface area
promotes cell attachment, migration, cell proliferation®® and differen-
tiation. Here, we have evaluated in vitro biological properties of an
inorganic-organic composite scaffold made of hydroxyapatite and
chitosan. The composite materials were prepared using sol-gel tech-
nology, which assures a good dispersion of HA nanoparticles in the
organic phase, with an increase of in vitro bioactive performance.®°
Moreover, the technology promotes synthesis of hydroxyapatite with
low crystallinity and higher bioactivity using a particle dimension of
about 80 nm.*! In addition, the best composition able to drive h(MSC
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to osteoblast

differentiation phenotype and promote anti-

inflammatory response was investigated.

2 | MATERIALS AND METHODS
2.1 | Synthesis of chitosan-hydroxyapatite
composite materials

CS/HA composite scaffolds were fabricated by in situ sol-gel synthe-
sis of HA in the CS matrix as reported in the flow chart (Figure 1). For
this study, four different compositions of samples by considering the
0, 50, 60 and 70% v/v of HA amount respect to composite were pro-
duced. Briefly, viscous CS solution [Middle molecular weight; the
degree of deacetylation (DD) = 75-85%] was prepared by dissolving
chitosan in 0.1 M acetic acid (AA, 99%) solution (1.5% wt) at 40°C.
Simultaneously, calcium nitrate Ca(NO3), - 4H,O and ammonium
hydrogen phosphate (NH4),HPO,4 were dissolved in distilled water
(dH,0) and stirred for 2 hr. The Ca®* solution was added to CS solu-
tion and mixed at 250 rpm for 2 hr at 40°C; then, phosphate solution
was introduced to Ca?*/CS system. The alkaline environment was
reached by using NH4OH solution and measured by pH-meter. The
samples were treated at 40°C for 24 hr (stirring at 85 rpm) and soni-
cated for 3 hr in order to obtain a homogeneous system. The CS/HA
biocomposites were prepared as 3D scaffolds by combining in situ
sol-gel approach with freeze-drying technology. The sol-gel method
was used to synthesize and maintain the nanoscale HA precipitates
along the chitosan backbone, whilst a freeze-drying method was
applied in order to lock the structure of the composite by quenching
the CS/HA gels, into Teflon molds (5 x 10 mm), at —80°C and freeze-
dried for 48 hr.

2.2 | Morphological investigations of CS/HA
composite scaffolds: SEM Analysis

Morphological properties of CS/HA composite scaffolds at different
compositions were studied by scanning electron microscopy SEM
(Quanta FEG200-FEI, The Netherlands). To this end, the scaffolds were
deposited on aluminum stubs gold-coated in an automatic sputter-
coater (EMSCsOPE SC500, 20 kV) to a thickness of about 30 nm.
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3 | BIOLOGICAL INVESTIGATIONS: CELL-
MATERIAL INTERACTIONS

3.1 | Cellproliferation

Biological investigations were performed at different time points of
cell-material interaction. The scaffolds were prepared for cell seeding
by soaking first in 70% ethanol (1 hr) and then in 1% antibiotic/anti-
mycotic in PBS (2 hr) and pre-wetting in medium (2 hr). To evaluate
cell proliferation, cells (20,000 cells/scaffold) were seeded in triplicate
onto different CS/HA scaffolds (from 50 to 70%) using basal culture
medium. Later, the culture medium in cell-loaded materials was
removed after 1, 3, 7, 14, and 21 days of cell culture and in vitro cell
viability was checked by Alamar blue assay (AbD Serotec, Milano,
Italy), which is useful to quantify the metabolic activity of live cells.!?
In brief, an aliquot of 500 pl of Alamar Blue diluted 1:10 in phenol
red-free medium was added to each well and incubated for 4 hr at
37°C, 5% CO,. Later, 100 pl of this solution was transferred into a
96 well plate for colorimetric analysis. Wells without any cells were
used to correct any background interference from the redox indicator.
The optical density was immediately measured with a spectrophotom-
eter (Victor X3, Perkin Elmer) at wavelengths of 540 and 600 nm. Cell
viability, expressed as percent of Alamar Blue reduction, was evalu-
ated in according to the manufacturer's protocol. The culture medium
during experimental time was changed every 2 days.

3.2 | Alkaline phosphatase and osteocalcin
expression as markers of osteogenic differentiation

The effect of CS/HA scaffolds on osteogenic differentiation of hMSCs
was evaluated by measuring early and later markers of differentiation
such as alkaline phosphatase (ALP) and osteocalcin (OCN), respec-
tively. ALP levels were tested on cell lysates (50 pl) by measuring the
activity of ALP enzyme, which catalyzes the cleavage of a phosphate
group and releases p-nitrophenol from p-nitrophenyl phosphate using
the SensoLyte pNPP Alkaline Phosphatase Assay Kit (AnaSpec, DBA,
Italy), according to the manufacturer's instructions. The absorbance
was measured in a 96-well plate at 405 nm on a plate reader to deter-
mine enzyme concentrations per scaffold at 3, 7, and 14 days of cell-
material interaction. The ALP values were corrected for the number of
live cells attached on each scaffold. Thus, double stranded DNA
(dsDNA) was used as a marker for cell number and measured by Pico-
Green_dsDNA quantification kit (Invitrogen, The United States). The
ALP results were reported as nanograms of ALP normalized to
the micrograms of total DNA content (ng ALP/ug DNA). Furthermore,
OCN levels were quantified at day 14 using a commercially available
kit (Quantikine Human Osteocalcin Immunoassay R&D system, Italy),
following the manufacturer's instructions. hMSC cells were cultured
on tissue culture plate (control), neat scaffolds, and CS/HA at different
concentrations in basal medium for 14 days of culture time. The levels
of OCN secreted into the culture medium were determined using an

enzyme-linked immunoassay kit.

3.3 | Effect of CS/HA scaffolds on basal
inflammatory response

The effect of CS/HA scaffolds on inflammatory response in basal con-
ditions was also evaluated by quantifying the secretion of pro-
inflammatory and anti-inflammatory cytokines using commercial
ELISA kits (Affimetrix ltalia, SRL) according to the manufacturer's
instructions. In this way, cells at density of 1.5 x 10* cells/scaffold
were seeded on the scaffolds and after 3 days of incubation, cell
medium was collected and used to evaluate TGF-B, interleukin (IL)-10,
and interleukin (IL)-4 levels.

3.4 | Statistical analysis

Statistical analyses were performed using GraphPad Prism, version
5.00 (GraphPad Software, La Jolla, California). Data were compared
using a Student's t-test and a two-way ANOVA, with a Bonferroni
post-test. The results are expressed as mean + SD. Values of p < .05

were considered significant.

4 | RESULTS AND DISCUSSION
4.1 | Morphological investigations of 3D scaffolds
through SEM analysis

In the field of regenerative medicine, the fabrication of tissue substi-
tutes possessing the same geometrical parameters, composition, and
functionality of the original tissue constitutes one of the most difficult
goal to achieve.r®>> Here, we proposed composite scaffolds prepared
at room temperature (RT) where the HA was in situ precipitated in CS
matrix in order to improve the bioactive properties of polymer. To this
end, CS/HA composites at different concentration of HA starting from
50 to 70% (v/v) were studied in order to choose the best formulation in
terms of biological properties. SEM investigations demonstrated that
HA crystals are well embedded in CS matrix and this feature is more
expressed in biocomposites with higher HA amount (Figure 2). How-
ever, by increasing the inorganic amount (60 and 70% v/v), some HA
clusters were observed and HA crystals look like needles stuck on a
support. This HA morphology was related to needle formation as a
result of HA crystallization process and it is an index of future bone

mineralization events as reported in a previous study.*®

4.2 | Biological investigations

421 | Effect of 3D scaffolds on cell proliferation
and osteogenesis processes

Bone substitutes should possess the ability to promote the growth of
newly forming-bone tissue stimulating niche hMSC to produce more

mature bone cell-phenotypes by preventing foreign body reactions.”
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FIGURE 3 hMSCs viability seeded onto CS and CS/HA based
scaffolds materials at 1, 3, 14, and 21 days of cell culture compared to
plate control (hnMSCs). Results are mean + SD and are representative
of four experiments

Our aim was to evaluate the effect of CS/HA based scaffolds on cell
behavior in terms of viability and hMSC differentiation towards osteoblast
phenotype. Cell viability, in terms of percent of Alamar Blue reduction, for
neat CS and CS/HA composite scaffolds, at different concentrations
(50-60-70% v/v), was evaluated. In particular, it was observed that
CS/HA composite scaffolds induced a reduction in hMSC viability com-
pared to cells grown on neat CS (Figure 3). This latter effect was likely
due to differentiation of hMSC to osteoblast phenotype over culture time

1.28 However, all

induced by the presence of HA used as bioactive signa
scaffolds showed no cytotoxic effect at each time point analyzed. The
ability of osteoinductive biomaterials to block cell proliferating behavior
by favoring differentiation processes was widely discussed over past
years. Indeed, previous studies described how several 3D scaffolds
functionalized by bioactive signals were able to drive undifferentiated cell
lines towards more mature bone and endothelial phenotypes by changing
cell proliferation response.*?

The expression of early marker of osteogenic differentiation as
ALP, at days 3, 7, and 14 of cell culture was investigated. Particularly,

neat CS did not increase ALP values compared to HA alone where, a

SEM investigations on CS/HA at different compositions (CS/HA 50-60 and 70% v/v). The images are representative of three
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FIGURE 4 ALP expression, at different time points, for hMSCs
seeded on neat CS, HA, and CS/HA scaffolds at different
compositions (50-60-70% v/v) at 3, 7, and 14 days of cell culture.
Results are mean * SD and are representative of four experiments
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FIGURE 5 Osteocalcin expression from hMSCs seeded on CS,

HAp, and CS/HA based scaffolds (50-70%) after day 14 of in vitro
cell culture. Results are mean + SD and are representative of three
experiments
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time dependent increasing in ALP expression was observed (Figure 4).
Regarding CS/HA based scaffolds, the composition CS/HA 50% v/v
was able to maintain high ALP levels over culture time. By contrast
CS/HA 60 and CS/HA 70% v/v compositions decreased ALP values at
3 and 7 days of cell culture, respectively. In particular, CS/HA 50 and
60% show higher ALP expression than CS and HA alone in early days
of cell-material interaction. This result demonstrated that the combi-
nation of biodegradable and biocompatible polymer, such as chitosan,
with bioactive and osteoinductive HA nanoparticles promoted a good
effect on cell behavior. However, the best effect in terms of ALP
expression was observed in presence of CS/HA 50% v/v composition
and this was due to its higher homogeneous distribution between CS
and HA thus allowing better structure stability. Indeed, higher scaffold
stability influences cell response by promoting a good cell attachment,
migration and differentiation.2>2! Conversely, after 14 days of cell
culture, the highest OCN levels, as later marker of osteogenic
differentiation,??2% were observed in presence of composite CS scaf-
folds at 60% and 70% of HA. Indeed, OCN values increased in a HA
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FIGURE 6 Effect of CS, HA, and CS/HA based scaffolds on basal

TGF-B levels production after 3 days of cell culture. Results are mean
+ SD and are representative of three experiments
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concentration dependent manner. Therefore, this study underlined
that by increasing the amount of bioactive solid signal, osteogenic dif-
ferentiation of hMSC at longer time of cell-materials interaction was
achieved (Figure 5). Furthermore, the choice of an effective osteo-
inductive signal for 3D scaffolds functionalization promotes attain-
ment of later phases of osteogenesis through the release of specific
osteogenic marker such as OCN. Indeed, OCN expression is index of
mineralization events that are crucial for obtaining an effective bone

tissue regeneration.?42%

422 |
response

Effect of 3D scaffolds on basal inflammatory

Herein, biological studies showed CS-based scaffolds effect on inflamma-
tory response in physiological conditions by assessing pro-inflammatory
and anti-inflammatory cytokines (TGF-p, IL-10, and IL-4) secretion. It is
well known that bone implant could often induce a foreign body reaction
associated to an inflammation process.2”?® For this purpose, in bone tis-
sue engineering context, we have assessed scaffold related effects on
cytokine production induced during an inflammatory reaction. In particu-
lar, the production of pro-inflammatory (TGF-p) and anti-inflammatory
(IL-10 and IL-4) cytokines was studied. Transforming growth factor-beta
(TGF-p) plays a pivotal role in bone remodeling. Indeed, TGF-$ promotes
matrix protein synthesis and critically influences the balance between
bone cells responsible for bone formation and resorption.?’ In this study,
we observed the TGF-$ peak in the presence of CS alone after 3 days of
cell culture. Meanwhile, all the composite scaffolds did not increase TGF-
f values compared to control suggesting the ability of biocomposites to
prevent inflammatory events in basal conditions (Figure 6). Unlike TGF-,
IL-10 cytokine family exerts host defense effects including the inhibition
of injuries caused by infection or inflammation by promoting tissue-
healing.° IL-4 is a multifunctional pleiotropic cytokine, which functionally
regulates cell proliferation, apoptosis and gene expression in several cell
lines such as lymphocytes, macrophages, and fibroblasts, as well as epi-
thelial and endothelial cells.3* Here, we reported the effect of CS/HA
scaffolds on basal IL-10 and IL-4 secretion. Results suggested that IL-10
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FIGURE 7 Effect of HA, CS,
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and IL-4 levels modulation was obtained in presence of composite CS/HA
based scaffolds at higher concentration (CS/HA 60-70%) after 3 days of
cell seeding (Figure 7a,b). This effect was related to HA concentration and
probably due to the different amount of Ca?* able to interact with cal-
cium depended receptors.3? Meanwhile, CS/HA 50% showed effect only
on IL-10 at the same time point (Figure 7a).

5 | CONCLUSIONS

The present study has demonstrated the possibility to develop bio-
composite scaffolds with high amount of hydroxyapatite nanoparticles
by combining sol-gel technology and freeze-drying process. In partic-
ular, the results indicated that CS/HA scaffolds are able to support cell
proliferation and differentiation thanks to important chemical features
of CS and bioactive/osteoinductive properties of HA. Moreover, bio-
composites at higher concentration of inorganic fillers (60 and 70%)
showed an impressive effect on osteogenic differentiation of hMSC
towards mature osteoblast phenotype and were able to prevent, on
in vitro cell culture model, pro-inflammatory events. Indeed, CS/HA
biocomposites showed a good effect on the expression of anti-
inflammatory cytokines (IL-10 and IL-4), meanwhile it was able to
decrease pro-inflammatory cytokine (TGF-p) levels. This study empha-
sized the concept of CS/HA composites in a way such that by increas-
ing the amount of HA nanoparticles (as bioactive inorganic solid
signals in the CS matrix), high levels of hMSC osteogenic differentia-
tion could be attained by avoiding the establishment of pro-

inflammatory conditions.
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