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Abstract

Development of novel biomaterials and its practical application have been the
subject of much research in the field of scaffolds for tissue engineering,
providing the success of producing scaffolds biomaterials that facilitate tissue
growth and provide structure support for cells. The design and production of
scaffolds for tissue engineering is yet unable to completely reproduce the
native tissue properties. Preferably, scaffolds would be made of biodegradable
polymers whose properties are more similar to the ECM. Chitosan, which is
the copolymer of D-glucosamine and N-acetyl-D-glucosamine, is an excellent
material due to its versatile properties and is one of the widely studied
polymers for tissue engineering application. The objective of the present work
was to characterize mechanical and morphological chitosan scaffolds pro-
duced by a particle aggregation method. Chitosan scaffolds were prepared
throughout two steps: using the ionotropic gelation for macrosphere
production and aggregation to produce the scaffolds. The chitosan scaffolds
were characterized by Scanning Electron Microscopy (SEM) and Compression
Tests. Through SEM results, was observed a three-dimensional structure, with
55%
inhomogeneous and varied in the range of 40-262 um. The mechanical

porosity and interconnectivity among pores. The pores were
characterization by compression tests showed a very elastic and easily
conformable structure, since the stress required to deform the scaffold is
lower. The cytotoxicity results proved that the produced has no toxicity effects

and cell viability values were enclose in 80%.
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1. Introduction

The development of novel biomaterials and its practical application have been
the subject of much research in the field of scaffolds for tissue engineering, pro-
viding the success of producing scaffolds biomaterials that facilitate tissue
growth and provide structure support for cells and the delivery of bioactive mo-
lecules. The common concepts associated with tissue engineering research are
based on the construction of hybrid materials obtained from the incorporation
of cells into three-dimensional (3D) porous scaffolds. Scaffolds need to be de-
veloped for sustaining in vitro tissue reconstruction as well as for in vivo
cell-mediated tissue regeneration. It is almost impossible to repair tissue defects
if the cells are not supplied with some kinds of an Extracellular Matrix (ECM)
structure [1] [2] [3].

Among the polymers classes, chitosan appears to be an excellent material due
to its versatile properties. The past several decades have witnessed a rapid in-
crease and maturation of applications based on a variety of polymeric biomate-
rials in the biomedical engineering field. The natural polysaccharide chitosan is
one of many that has attracted much attention due to its natural origin, bio-
compatibility, enzymatic degradability, functionalization, antibacterial activity,
and excellent processability [4] [5] [6] [7] [8].

Although chitosan processing technology is well known and often used by the
manufactures, there are still some inconveniences that could be avoided in order
to facilitate the production of chitosan-based materials. Almost know methods
of scaffolds fabrication from chemically unmodified chitosan require prior dis-
solution of chitosan in an acidic medium such as acetic acid, the most common-
ly used. Standard scaffold fabrication procedures demand a step for residual acid
removal from the final product, which is necessary because of the potentially
harmful effects. This step is followed by additional drying of the scaffolds in or-
der to obtain a dry final product. Such procedures often lead to the loss of the
original structure as well as the partial dissolution of the scaffolds, rendering the
procedure less reproducible [9]. Nevertheless, further research on the scaffold
design is still needed because the chemical nature and structure of the 3D con-
structs significantly affect the success of tissue engineering approaches both
in-vitro and in-vivo. Moreover, an optimal scaffold has not been identified yet.

Thereat, several different techniques and methodologies have been proposed

to produce a variety of 3D naturally based scaffolds, suitable for tissue engineer-
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ing applications. In the past few years, there has been a trend toward the devel-
opment of increasingly sophisticated scaffolds materials that may enable the
combination of several functions within the same device [4] [10]. One innova-
tive approach to designing polymer-based scaffolds is based in the micro and
macrosphere technology. Recently, microspheres have also been assessed as
scaffold for tissue engineering and new strategies have been investigated to ob-
tain suitable scaffolds that mimic the tissue environment for cells [11].

The technique is generally based on the random packing of microspheres with
further aggregation by physical or thermal means to create a three dimensional
porous structure. This technique is being used to construct scaffolds directly or
it can be proposed to be used indirectly by producing a negative structure which
will serve as a reverse template to obtain the scaffolds. The porosity obtained in
this type of scaffold can be easily controlled by the spheres diameter that will
create the interstices when the particles are aggregated. If an increased pore size
is desired, it is also possible to use macroparticles [12] [13] [14]. Jiang ef al re-
ported the fabrication of a novel sintered microsphere scaffold based on syn-
thetic polymer poly (lactide-co-glycolide) (PLAGA) and the polysaccharide chi-
tosan [15]. Borden ef al developed a gel microsphere matrix and the sintered
microsphere matrix were designed using the random packing of poly(lactide-co-
glycolide) microspheres to create a three-dimensional porous structure [16].
Kucharska et al. studies present a methodology of porous materials fabrication
and the technique based on the agglomeration of polymer/composite micro-
spheres in the presence of acetic acid solution in order to make the spheres ad-
here together and thus, led to the formation of 3D porous inner architecture
[17]. Silva et al produced chitin matrices with a random packing of the pro-
duced chitin beads and the chitin agglomerated scaffolds were built up by bond-
ing microspheres using gellan gum as a glue to lead to stronger fusion of micro-
spheres [18].

Hence, the aim of the present work was to produce and evaluate chitosan
scaffolds produced by particle aggregation using gelatin as agglomeration agent

as a potential material for biomedical applications.

2. Materials and Methods
2.1. Materials

Chitosan (medium molecular weight and deacetylation degree = 75% - 85%),
sodium tripolyphosphate (NaTPP), Gelatin from porcine skin and Phosphate
Buffer Solution (PBS) were purchased from Sigma Aldrich, acetic acid (CH,COOH)
was purchased from Vetec and used as received. All reagents were of analytical
grade and were used without further purification.

Chitosan spheres preparation

Briefly, chitosan solutions were prepared by dissolving chitosan powder in a
1% (v/v) acetic acid solution to form a final solution with a 2.0 wt% concentra-

tion. Afterwards, the solutions were filtered to remove insoluble residues. After
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complete dissolution and filtration, the prepared solutions were extruded
through a syringe connected to a syringe pump at a constant rate (25 ml/h) to
form chitosan spheres into a bath solution containing NaTPP solution (5% wt)
where spheres were produced.

Scaffolds preparation were fabricated using the porous chitosan scaffolds were
produced according to Malafaya and co-workes using method previously de-
scribed [10] [19]. The chitosan particles were collected and rinsed with PBS until
neutral pH, placed into cylindrical moulds, coated with Gelatin (5% wt) and
frozen at —80°C for 24 h. After, the frozen chitosan scaffolds were lyophilized for

48 h and submitted to characterization.

2.2. Characterizations

2.2.1. Characterization of Spheres

Lyophilized spheres were examined by a scanning electron microscope (model
PHENOM PRO X) and the imaging was conducted at an accelerating voltage of
10 kV. Generated images were treated with analysis software Image J and at least

50 particles were examined to get average diameter and particle size distribution.

2.2.2,. SEM
Chitosan spheres and chitosan scaffolds were morphologically characterized by
scanning electron microscopy using an electron microscope model PHENOM
PRO X and generated images were treated with a 3D roughness analysis software
and FIBERMETRIC (CERTBIO/UFCG). There was no need for further coating
with gold particles, since it is low-voltage equipment.

Porosity and Pore Size Distribution

Different methods are proposed to assess the porosity of scaffolds and some
authors use calculations from the density (p) of chitosan, density and volume of
manufactured scaffolds. Variation in porosity of the scaffold due to micro-
spheres aggregation was determined using Hsieh et al. (2007) equation [14]:

P(%)= VmV_VP x100

m

P(%)= Yitomio) 100
Vm

where:

V., = Scaffolds Total Volume (cm?)

V= Chitosan volume (cm?)

W, = Scatfolds mass (g)

p = Chitosan density (0.3 g/cm’~-SIGMA ALDRICH)

The pore size distribution of microspheres was characterized following en-
capsulation by measuring the particle diameter in the SEM images using analysis
software Image J. For each analysis, at least 50 pores were examined.

2.2.3. Compression Tests
Compression tests were performed by applying a compressive axial load using a
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universal electromechanical test machine (INSTRON model 3366) with a 500 N
load cell on samples with a cylindrical shape with diameter/thickness ratio about
2, with a constant deformation of 1.3 mm/min. The compressive strength was
calculated by dividing the maximum load across and the original area. Three
samples were tested and the average value of Young’s modulus with their respec-

tive deviation was calculated for 10% of strain.

2.2.4. Cytotoxicity

The viability of cells grown on the scaffolds was determined using the colorime-
tric MTT assay. MTT assay measures the reduction of the tetrazolium compo-
nent MTT by viable cells. Therefore, the level of reduction in MTT into forma-
zan can reflect the level of cell metabolism. For the assay, was used the method
of direct contact between the substrate material and the cells, according to ISO
10993-5 Standard. A cell line L929 was used on this assay. 100 pL of a cell sus-
pention at a density of 1 x 10° cells/ml were dispensed into each well of a 96-well
plate. 100 pL of RPMI 1640-C (blank) were added to 12 wells. The plate was then
incubated for 24 hours (5% CO,, 37°C) so that an adherent and half-confluent
cell monolayer is formed. After this time, the culture medium was aspirated and
200 pL of fresh RPMI 1640-C were added to each well. The samples were then
distributed through the wells, leaving 12 wells as negative control. The plate was
incubated again for 24 hours (5% CO,, 37°C). 100 uL of a MTT solution
(Img/ml) were added into each well and the plate was further incubated for
three hours. The MTT solution was discarded and 100 pL of Isopropanol were
added in each well. The optical density was determined in a microplate reader
(Victor3-PerkinElmer) at 540 nm with a reference filter of 620 nm. Cell viability

was calculated using the equation:

Viahys _ 100 OD570¢ W
0D570b

where OD570e is the mean value of the measured optical density of the test
sample, and OD570b is the mean value of the measured optical density of the
blanks.

3. Results and Discussion
3.1.SEM

The SEM results for chitosan spheres and chitosan scaffolds are shown in Figure
1. The chitosan spheres showed an elliptical shape and a rough surface with a
microspheres average diameter of 1.9 mm, with sizes ranging from 1.5 to 2.5
mm (Figure 1(c)). Chitosan scaffolds possess a rough and higher porosity
confirmed by SEM images of the surface. This type of surface was formed
mainly due to the sublimation of frozen water crystals through lyophilization
of scaffolds. It can see that the pores are interconnected in irregular patterns.
The chitosan scaffolds were obtained with well-defined pore morphology
(Figure 1(a) and Figure 1(b)). A structure with well-defined architecture of
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Figure 1. SEM of chitosan scaffolds microstructure (a) 550x; (b) 1000x and (c) 2000x.

interconnected pores will facilitate a more uniform distribution of cells,
nutrients and oxygen.

The porosity of scaffolds was estimated and according to the calculations,
scaffolds showed an average porosity of 55%. Kucharska et al (2010) produced
chitosan scaffolds by particle aggregation method and found values for average
porosity of 40% [20]. Malafaya et al. (2008) also produced scaffolds from chito-
san particles by the same method and found average values for porosity of 28%
[21]. For instance, the values of porosity of the scaffolds suggested that inter-
connected pores were formed in all structures, which may help in the cell pene-
tration and nutrients diffusion, which will enhance the cellular activities in such
structure.

Porosity and pore size distribution are important factors in the success of
tissue engineering applications. Many studies have focused on the detection of
optimal values for these factors. However, there are still contradictory results for
the pore size distributions required for cell attachment and proliferation. In
Figure 2, its showed the distributions of pore sizes for the scaffolds measured

with the software Image]J are given.
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Figure 2. Pore size distribution of the chitosan scaffolds.

The pore size distribution results obtained from SEM images confirmed that
the pores were inhomogeneous and varied in the range of 40 - 262 um. From the
plots, the size distribution of microsphere was found and there were four set of
pores (average diameter <50 pum, which is 26.5% of total abundance, 50 - 100
pm, which is 47.1% of total abundance, 100 - 200 um, which is 23.5% of total
abundance and >200 pm which is 2.9% of total abundance). These results indi-
cated that chitosan scaffolds has a more open structure and these features could
be of interest for cell adhesion onto produced scaffolds.

Jiang et al. developed chitosan/PLAGA sintered microsphere scaffold and the
scaffolds has an approximate porosity of 30%, median pore size of 170 - 200 pm
[15]. Silva et al produced chitin beads and chitin hybrid beads. They results
demonstrated that chitin beads has a closed structure when compared to chitin
hybrid beads, which had influenced in the pore size. It was also observed that the
obtained chitin beads showed different morphologies that varied from a smooth
surface (chitin beads) to a rough surface (chitin hybrid beads) and chitin hybrid
beads has a more open structure, where pores raging between 50 and 200 pm
[18]. Valente et al produced an alginate based aggregated scaffolds and materials
presented pores with diameter values above 1 um and the values of porosity de-
termined were ranging from 6.661% to 6.907% for the scaffolds [22].

One drawback of microsphere scaffolds is the low level of overall porosity,
where the variation of porosity, which lies between 40 and 60%, compared
to >90% exhibited by scaffolds prepared via the phase separation technique, as
reported on a previous work [3].

3.2. Compression

Compression tests were performed to generate the stress-strain curve and
calculate the Young’s modulus (E). The initial slope of the curve was used to
calculate the modulus at 10% strain, since the curved elastic region showed a
much lower stress value. Figure 3 shows the stress-strain curve of chitosan
scaffolds/TPP.
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Figure 3. Stress-Strain curve for chitosan scaffolds.

The curves obtained show that the three scaffolds reveal similar characteristics
to polymeric foams. The mean values for the Young’s modulus (E) were 0.0529
MPa, and indicate that scaffolds showed a very elastic and easily conformable
structure, since the stress required to deform the scaffold is lower. It is known
that chitosan is a semi-crystalline polymer and the low modulus and tension
values can be attributed to the low degree of crystallinity, as described by Wan et
al (2008) [23]. Yao et al (2012) produced chitosan scaffolds and found (E)
0.0387 MPa modulus values [24]. Another factor that can influence the mechan-
ical behavior of chitosan scaffolds is the degree of deacetylation (DD), which has
influence on various properties of chitosan, including crystallinity, degradation
and mechanical strength.

In the initial compression stage scaffolds showed low tensile strength, where
identification of the linear elastic region is almost imperceptible. This linear re-
gion occurs due to elastic bending of the walls of the pores. After this, a long
plateau can be observed revealing the compression of the pores. This region
corresponds to high energy absorption as the spaces occupied by the pores are
filled by the compressed material. After the plateau region, occurs a gradual in-
crease in stress. This behavior of the stress-strain curve is called densification. At
this point, the pore walls touch each other, providing greater tensile strength. As
the linear elastic region is difficult to identify, is likely to occur buckling and
collapse of the pores at the same time. Similar profiles were found by Fook
(2012), Wan et al. (2008) and Zhu et al. (2014) [23] [25] [26].

The mechanical properties of porous scaffolds not only depend on the type of
material to be used in fabrication, but also are directly related to microstructure,
porosity and pore size and how these pores are distributed throughout the scaf-
fold microstructure. In particular, high porosity, which is desired to facilitate cell
infiltration and growth of new tissue, results in a reduction of mechanical prop-
erties. The scaffolds showed a 55%, mean porosity and it may be one of the fac-
tors are directly influencing the mechanical strength obtained, since it tends to

increase the flexure of the walls of the pores and thus instability during the test
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compression. Should be emphasized is the fact that all samples submitted to test
remain resistant and suffered no break during, mainly due to the almost
amorphous character of the constituents. The mechanical properties of the scaf-
folds can be improved by introducing crosslinks or ceramic composites [10]
[27].

Considering the appropriate mechanical properties, we can state that chitosan
scaffolds have a disadvantage when used for support in tissue engineering be-

cause these scaffolds are very brittle; that is, they have low mechanical resistance.

3.3. Cytotoxicity

The cytotoxicity of chitosan scaffolds were shown in Figure 4. Cell viability was
assessed using the MTT reduction method. When looking at the plot the cellular
metabolic activity for the scaffolds showed values above 80%, and statistically (p
< 0.05), no significant differences. Thus, it can be considered that no sample
showed cytotoxic character in contact with macrophages. This allows us to state
that none of the chitosan scaffolds released any toxic products when in contact
with the cells.

4. Conclusion

The method of ionotropic gelation with tripolyphosphate developed in this study
allowed an improvement in the preparation of scaffolds. The results were prom-
ising, as the method of particle aggregation samples providing good stability
conditions as well as the use of the gelatin to improve the processing and final
shape of the scaffolds. Another important factor was the high porosity of the
scaffolds, adding thus more optimal parameter when applied in tissue engineer-
ing and also drug delivery. The scattering in particle and pore size, aggregated in
the presence of gelatin, directly influence the mechanical behavior of the scaffolds.

The methodology developed indicates an important alternative to the in wvitro

120

100

80 -

60 -

Cell Viability (%)

40 -~

20 -

Scaffolds Control

Figure 4. The cytotoxicity of chitosan scaffolds.
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culture of cells, as consequence of the microstructure in the produced scaf-
folds %. In general, this work offered a new chitosan scaffolds fabrication me-
thodology, producing three-dimensional materials satisfactorily, with a simple
strategy based on the application of an adhesive to obtain the chitosan scaffolds.
Thus, these novel produced scaffolds can be used in various biomedical applica-
tions, such as grafts, a carrier for controlled drug release system and scaffolds for
tissue engineering.

One drawback of microsphere scaffolds is the low level of overall porosity,
where the variation of porosity, which lies between 40% and 60%, compared
to >90% exhibited by scaffolds prepared via. Considering the appropriate me-
chanical properties, we can state that chitosan scaffolds have a disadvantage
when used for support in tissue engineering because these scaffolds are very brit-
tle; that is, they have low mechanical resistance.

The research described in this work described several aspects regarding the
production of chitosan scaffolds, highlighting three main points: properties of
the produced material, morphological characteristics and three-dimensional
structure. In general, the present work offered a new methodology for the man-
ufacture of chitosan scaffolds, producing satisfactory three-dimensional mate-
rials with a simple strategy based on the application of an adhesive material to
obtain chitosan scaffolds. With this, the produced scaffolds are allowed to be
used in various biomedical applications, for example, grafts, dressings, carrier

for a controlled drug delivery system and scaffolds for tissue engineering.
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