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Chitosan biocompatibility and biodegradability properties make this biopolymer promising

for the development of advanced internal fixation devices for orthopedic applications. This

work presents a detailed study on the production and characterization of three dimen-

sional (3D) dense, non-porous, chitosan-based structures, with the ability to be processed

in different shapes, and also with high strength and stiffness. Such features are crucial for

the application of such 3D structures as bioabsorbable implantable devices. The influence

of chitosan’s molecular weight and the addition of one plasticizer (glycerol) on 3D dense

chitosan-based products’ biomechanical properties were explored. Several specimens were

produced and in vitro studies were performed in order to assess the cytotoxicity of these

specimens and their physical behavior throughout the enzymatic degradation experi-

ments. The results point out that glycerol does not impact on cytotoxicity and has a high

impact in improving mechanical properties, both elasticity and compressive strength.

In addition, human mesenchymal stem/stromal cells (MSC) were used as an ex-vivo model

to study cell adhesion and proliferation on these structures, showing promising results

with fold increase values in total cell number similar to the ones obtained in standard cell

culture flasks.
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1. Introduction

Bioabsorbable implants have been used successfully in cranio-
maxillofacial, neurological, general surgical and orthopedic
procedures. Their use continues to increase in orthopedic
subspecialties such as sports medicine, foot and ankle surgery,
shoulder surgery, and in the specialty of spine surgery
(Wuisman and Smit, 2006; Mukherjee and Pietrzak, 2011). These
implants were developed to eliminate the need of a second
surgical intervention for removal of the devices. In addition, the
possible risks of metallic implants, such as corrosion and
stress-shielding, due to mechanical incompatibilities between
host bone and metallic implants, as well as the limitations with
radiographic follow-up, have been recognized and can be
avoided (Böstman and Pihlajamäki, 2000; Abbah et al., 2009;
Van Dijk et al., 2002). On the other hand, polymer-based
implants allow optimal postoperative radiographic evaluation
because of their radiolucency and the absence of artifacts
associated with similar metallic devices exposed to advanced
imaging equipments. Moreover, bioabsorbable polymeric
implants may offer advantages with respect to bone healing
because of their unique biomechanical properties. With a
modulus of elasticity closer to that of bone and with its gradual
degradable properties, bioabsorbable implants gradually
decrease the stress shielding seen with rigid metallic implant
systems (Robbins et al., 2004; Lippman et al., 2004). Thus, the
primary advantage of these new bioabsorbable materials is that
they confer initial and intermediate-term stability that is
adequate for bony healing in various applications. This is
followed by gradual implant degradation and resorption, ideally
after biologic fixation has occurred. Thus, the load is gradually
transferred to the healing bone as they degrade (Vaccaro et al.,
2003). However, the mode and the extent of degradation for a
polymer under a set of conditions have to be known to
determine the suitability of the material for a given application
(Hasirci et al., 2001). Therefore, the control of the rate and
extent of degradability of a polymeric biomaterial is critical for
its intended function. For instance, for an orthopedic fracture
fixation application, where the implanted polymeric biomater-
ial is needed for a limited duration, the ideal rate of resorption
or degradation should not exceed the rate of bone formation
and the reduction of strength of the implant should match, as
good as possible, the increase in tissue strength (Hasirci et al.,
2001).

Although there are many benefits when using bioresorbable
implants, there has been a concern about the potential inflam-
matory response due to bulk erosion, acidic byproducts, and
poor clearance of some of these degradation products. Other
reported complications with the use of these bioabsorbable
materials include sterile sinus tract formation, osteolysis,
synovitis and hypertrophic fibrous encapsulation (Vaccaro
et al., 2003), which lead to one of the major drawbacks
associated with absorbable implants—foreign-body reaction.
Although the incidence of this reaction varies among the
existing implants, it has been reported with most of the
currently available materials (Ambrose and Clanton, 2004).
Due to the improved biocompatibility and the non-toxic nature
of their degradation products, natural polymers are likely to
replace synthetic polymers for some applications. Among
natural polymers, chitosan is currently receiving substantial
attention due to its biomedical applications that have been
widely studied owing to its excellent biocompatibility, biode-
gradability and osteoconductive properties (Park and Kim, 2010;
Correia et al., 2011; Freier et al., 2005; Knaul et al., 1998; Khor
and Lim, 2003).

Chitosan, a deacetylated derivative of chitin, can be one
promising material as a temporary mechanical supporter for
bone fractures and other orthopedic applications since it
mimics the role of chitin in the exoskeleton of crustaceans,
which is analogous to that of collagen in bone (Hu et al., 2004;
Pu et al., 2012; Qu et al., 2011). Three-dimensional chitosan-
based rods have been constructed via an in situ precipitated
method (Wang et al., 2010; Oh and Hwang, 2013; Wang and
Hu, 2010). In general, these materials induce a minimal
foreign body reaction, with little or no fibrous encapsulation.
Formation of normal granulation tissue associated with
accelerated angiogenesis appears to be the typical course of
the healing response. This immunomodulatory effect has
been suggested to stimulate the incorporation of the
implanted material by the host (Di Martino et al., 2005;
Eglin and Alini, 2008). Degradation of chitosan is controlled
by the residual amount of acetyl content and it can degrade
rapidly in vivo according to its deacetylation degree. In
addition, porosity of chitosan specimens can be controlled
which can affect their strength and elasticity (Cheung et al.,
2007; Chesnutt et al., 2009). Lysozyme is the primary enzyme
responsible for in vivo degradation of chitosan through
hydrolysis of acetylated residues (Di Martino et al., 2005).
This enzyme breaks down the chitosan polymer chain,
diminishing its molecular weight until it becomes small
enough to be processed by cells. Lysozyme is abundant
throughout the human body, being present in lymphocytes
and also secreted by monocytes, macrophages, and granulo-
cytes, which account for the largest source (Ralph et al., 1976).
Monocytes and macrophages are the dominating contributors
to the lysozyme content in serum (Martins et al., 2010).
Lysozyme commonly exists in various human body fluids
and tissues with concentrations from 4 to 13 mg/L in serum
and from 450 to 1230 mg/L in tears (Ren et al., 2005). The
degradation rate of chitosan is inversely related to the degree
of crystallinity and therefore, highly deacetylated forms may
last several months in vivo, being chitosan oligosaccharides of
variable length the degradation products (Di Martino et al.,
2005; Greenwald et al., 1972; Kim et al., 2008).

In order to improve elasticity and overcome problems
associated with high deacetylated chitosan specimens’ brittle-
ness (Nunthanid et al., 2001), the addition of a plasticizer is
possible. The main non-volatile plasticizers are glycerol,
sorbitol, propylene glycol or polyethylene glycol (Domján
et al., 2009; Zhang et al., 2002; Kolhe and Kannan, 2003).
Among them, glycerol is the most used plasticizer due to its
good plasticization efficiency, large availability and low exuda-
tion (Epure et al., 2011). Moreover, the strongly hydrogen-
bonded chitosan/glycerol mixtures are as strong as or even
stronger than when chitosan is used alone. Thus, glycerol is
suggested to improve the processability of chitosan specimens
and their mechanical properties (Quijada-Garrido et al., 2006).

Although chitosan has been proving to be one of the most
promising biopolymers to be used in future generations of



Table 1 – Name and composition of chitosan-based
specimens.

Specimens name Molecular weight (Mw) Glycerol (Gl)

H High (800 kDa) No
HþGl High (800 kDa) Yes
M Medium (300 kDa) No
MþGl Medium (300 kDa) Yes
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implantable devices for orthopedic applications (Di Martino
et al., 2005), there are few results regarding the production and
characterization of dense, i.e. non-porous, chitosan-based
structures able to be simultaneously easily machined in
different shapes and able to support high loads. The high
strength and stiffness associated to the dense structures under
study are important features of biodegradable osteosynthesis
devices, such as plates, screws or spinal cages. In a previous
publication (Guitian Oliveira et al., 2013) the authors described
a novel method for the production of 3D dense chitosan
structures. The aim of this work is to present the results
related to the cytotoxicity and in vitro enzymatic degradation
studies that were performed in order to further assess the
influence of chitosan molecular weight and the addition of
glycerol in these 3D dense chitosan-based products. Prelimin-
ary experiments using human mesenchymal stem/stromal
cells (MSC) were also conducted. These are adult multipotent
cells, found in several connective tissues, in particular in the
adult bone marrow niche and can differentiate into several
tissues, including bone tissue (Caplan, 1991). Therefore, such
cells were identified and used as model to assess cell prolif-
eration in the 3D dense chitosan-based specimens.
2. Materials and methods

Medical grade chitosan from Altakitin S.A. (Portugal), with high
molecular weight (800 kDa; 90% deacetylation degree; viscosity
1200 cps) and medium molecular weight (300 kDa; 90% deacety-
lation degree; viscosity 200 cps) were used without further
purification. The glacial acetic acid and the sodium hydroxide
solution (50%w/v) were purchased from Panreac Química S.L.U.
Pharmaceutical grade glycerol (purity degree Z99.5%) was
purchased from AMSC. Lysobac, a recombinant human lyso-
zyme produced in an animal-free production system, was
purchased from Sigma-Aldrich.

2.1. Preparation and characterization of chitosan-based
specimens

The fabrication process for the production of chitosan-based
specimens involved the dissolution of free base chitosan
powder (3%, w/v) alone, or with glycerol (7.5%, v/v), in an
aqueous solution of acetic acid (2%, v/v). After total dissolu-
tion, the homogeneous solution was poured in 60�40mm
cylindrical molds and left at 5 1C overnight to remove air
bubbles, prior to be frozen at �20 1C for 24 h. The frozen
solutions were then removed from the molds and precipitated
in a sodium hydroxide aqueous solution (10%, w/v) for 48 h.
The specimens that resulted from the gelation process were
abundantly washed with deionized water until pH�7 and
dried in oven at 40 1C for 96 h. The three-dimensional dried
and dense specimens were then machined into cylindrical
structures with a diameter of approximately 14mm and
6.5 mm height. Table 1 resumes the four different types of
specimens that were prepared for this study.

2.1.1. Morphological analysis
The cross-sectional morphology of chitosan-based specimens
was analyzed using a Hitachi Scanning Electron Microscope
(SEM)/S 2400 (Hitachi Instruments, Inc.), at an accelerating
voltage of 20 kV. A fine stream of carbon was previously
deposited onto specimens due to their nonconductivity.
Different cross sections areas were observed and analyzed
in terms of porosity (size and distribution), topography and
overall density.

2.1.2. NMR spectroscopy
The composition and the degree of deacetylation of the
chitosan-based specimens were determined by 1H NMR
spectra, according to the method described by Hirai et al.
(1991). Measurements were performed on a Bruker Avance-III
400 MHz NMR spectrometer, under a static magnetic field of
9.4 T at 70 1C. The software used to analyze the spectrum was
the Bruker Topsin 3.1. The concentration of chitosan solution
was 10 mg/mL in a DCl/D2O solution (2%, w/v). The degree of
deacetylation (DD) was evaluated by using the integral
intensity of CH3 residue (ICH3) and the sum of integral
intensities of H2–H6 (IH2–H6) (1):

DD %ð Þ ¼ 1–
1
3
ICH3=

1
6
IH2�H6

� �� �
� 100 ð1Þ

2.1.3. Swelling ratio
The water sorption capacity of the produced specimens was
determined by immersing them in phosphate buffered saline
(PBS, Sigma-Aldrich) at pH 7.4 for 24 days at 37 1C. The
swollen specimens were removed at predetermined time
intervals (30 min, 1 h, 2 h, 4 h, 8 h, 24 h, 2 days, 3 days, 6
days, 12 days and 24 days) and immediately weighted with an
analytical balance after the removal of excess of water by
laying the specimens on a filter paper for 1 min. The swelling
ratio (SR) was calculated using Eq. (2):

SR %ð Þ ¼ Wt�W0ð Þ=W0 � 100 ð2Þ

where Wt and W0 are the weights of the specimens at time t
(swelling state) and at time 0 (dry state), respectively.

2.2. Enzymatic degradation of chitosan-based specimens

Prior to start this experiment, all the specimens were ster-
ilized by immersing them in ethanol (70%, v/v), for 72 h,
followed by UV exposure overnight. Ethanol was chosen as a
sterilizer due to its negligible effect on the physical properties
of materials, as reported in the literature (Albanna et al.,
2013). Chitosan-based specimens were then placed in PBS
(control) or in an enzymatic solution containing 500 mg/L of
lysozyme and incubated (37 1C, 5% CO2, fully humidified) for
different time periods and the medium replaced every week.
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At predetermined time intervals (15, 30, 45 and 60 days)
specimens were taken from the solutions, washed with
distilled water to remove salts and dried for 24 h at 40 1C.

2.2.1. Weight loss
The weight loss (WL) of the specimens was calculated
according to Eq. (3):

WL %ð Þ ¼ Wi�Wf
� �

=Wi � 100 ð3Þ

where, Wi is the initial dry weight of the specimen and Wf is
the weight of the dry specimen either after incubation in PBS,
or in the enzymatic solution.

2.2.2. Mechanical properties
Mechanical compression tests of these specimens were per-
formed, according to the ASTM D695 standard, using a uni-
versal testing machine from Instron (model 5566) equipped
with a load cell of 10 kN and a crosshead speed of 1.5 mm/min.
The results were processed with Bluehills 2 Materials Testing
Software. A nominal stress/strain curve was plotted in order to
determine the specimens’ modulus of elasticity and compres-
sive strength. The nominal compressive stress was defined as
the compressive load divided by the initial cross section area of
the specimen, and the compressive strength was themaximum
compressive stress supported by a test specimen. The com-
pressive strain was defined as the change in length per unit of
original length along the longitudinal axis and the compressive
modulus of elasticity was calculated by the slope of the initial
linear portion of the stress–strain curve.

2.3. In vitro cytotoxicity and cell proliferation on chitosan-
based specimens

The specimens produced were tested for cytotoxicity accord-
ing to the international standard ISO 10993-5:2009(E) for
medical devices. Specimens were sterilized by immersing
them in ethanol (70%, v/v), for 72 h, followed by UV exposure
overnight. Triplicates of each type of specimen were placed in
6-well plates containing 2 mL of 10% (v/v) Iscove’s Modified
Dulbecco’s Medium (IMDM) þ10% (v/v) Fetal Bovine Serum
(FBS) (both GibcoBRL, from Life Technologies) and incubated
(37 1C, 5% CO2, fully humidified). After 72 h of incubation, this
medium was transferred to 24-well plates and used to culture
mouse fibroblasts (L929 cell line, DSMZ Germany) for 48 h,
plated at an initial density of 80�103 cells/cm2. Fresh IMDM-
10% FBS medium not exposed to any material was used as
negative control and IMDM-10% FBS medium, which has been
left 72 h in contact with a piece of latex glove used as positive
control.

2.3.1. Cell metabolic activity
Cell metabolic activity was analyzed by using the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay (Sigma) and the results were normalized to the negative
control for cytotoxicity and compared to the positive control.

2.3.2. Cell morphology and confluence
In order to perform direct contact assays, L929 cells were plated
on a 24-well plate, 20�103 cells per well for 72 h. Specimens
were placed on the top of cell layers, with IMDM-10% FBS
medium, and incubated (37 1C, 5% CO2, fully humidified) for
48 h. The morphology and confluence of cells in contact with
materials were analyzed by using an optical microscope.

2.3.3. Cell proliferation
Bone marrow MSC previously expanded for 5 passages were
harvested and seeded on the chitosan specimens (previously
incubated overnight with culture medium) at a cell density of
5000 cells/cm2, as described elsewhere (Canadas et al., 2014).
Assays were performed in triplicate. Medium used for MSC
cultivation was Dulbecco’s modified Eagle’s medium (DMEM)
(GibcoBRL) containing 10% FBS MSC-qualified (GibcoBRL),
supplemented with streptomycin (0.025 mg/mL) and penicil-
lin (0.025 U/mL) (GibcoBRL) and incubation always took place
at 37 1C and 5% CO2 in a humidified atmosphere. Cell
numbers were estimated by AlamarBlues test, according to
manufacturer’s instructions (O’Brien et al., 2000). Briefly,
AlamarBlues solution was diluted in medium, added to
MSC cultures in chitosan, incubated for 2 h and fluorescence
intensity measured (excitation wavelength, 560 nm; emission
wavelength, 590 nm, read in a black 96-well plate 150 μL/well)
for each condition. The value taken corresponds to cell’s
metabolic activity and it was converted into cell number
following an established calibration curve. Negative control
wells do not have cells.

2.4. Statistical analysis

Each experiment was carried out in triplicate unless other-
wise specified. All results are presented as mean7standard
deviation (SD). Experimental data were analyzed using single-
factor Analysis of Variance (ANOVA) technique to assess
statistical significance of results. Independent-Sample T-test
was adopted for statistical comparisons between two groups.
In all statistical evaluations, statistical significance was set to
p-value r0.05 (and labeled with nn).
3. Results and discussion

The aim of this study is to assess the impact of different
molecular weight chitosans and glycerol addition in the
mechanical and biological properties of 3D dense chitosan-
based products. The results related to the studies that were
performed are detailed and discussed throughout the following
subsections.

3.1. Characterization of chitosan-based specimens

During the preparation of specimens, the difference of viscosity
between the high molecular weight chitosan (H) acid solution
and the medium molecular weight (M) acid solution was
notorious. Although it was possible to dissolve 3% (w/v) for
both types of chitosan, H took twice the time to dissolve in 2%
(v/v) acetic acid solution when compared to M due to its higher
chain lengths, being the viscosity of H solution greater than the
other. Similar results were obtained when preparing the HþGl
and MþGl specimens. The testing specimens were prepared
from cylindrical structures that were machined in a milling
machine in order to give them smooth and parallel surfaces.
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During this process, a highly differentiated behavior between
plasticized and unplasticized specimens was observed. All
specimens with glycerol were much easier to shape when
comparing to the others. The unplasticized specimens pre-
sented a much more brittle behavior, due to the high degree of
deacetylation of both chitosans used (Nunthanid et al., 2001),
which occasionally led to cracking of some specimens.

In order to study the cross section morphology of the
specimens, SEM analyses were conducted. As can be seen
from Fig. 1, there is a significant difference between speci-
mens with and without glycerol in their content. Thus, when
comparing H with HþGl, or M with MþGl, it is notorious the
difference in their microstructure, being the plasticized speci-
mens more dense and without visible pores, while both H and
M specimens presented a more irregular and rough surface
with small and randomly distributed pores. Such behavior
can be attributed to the strong H-bonds formed between
glycerol and chitosan molecules and, on the other hand, to
the cleavage of inter- and intramolecular H-bonds between
chitosan chains, making them moving closer to each other
(Bajdik et al., 2009).

Fig. 2a presents an example of an NMR spectrum. The DD
was calculated according to Eq. (1) resulting in 90.8%, mean-
ing that the degree of deacetylation of chitosan did not
experience any alteration during the specimens production
process, as previously reported (Guitian Oliveira et al., 2013).
Fig. 1 – SEM images of 4 chitosan-based sp
The resonances of the plasticizer can be detected beneath the
signals of the chitosan (Fig. 2b).

There are numerous possibilities to form intra- and inter-
molecular H-bonds between chitosan's hydrogen-rich hydroxyl
(–OH) and amine (NH2) groups, and carbonyl groups and the
plasticizer molecules (Domján et al., 2009). The acetamide group
plays an important role in the formation of intermolecular
bonds between adjacent chains. The proton environment of the
carbonyl atoms does not change significantly when the plasti-
cizer is added to chitosan specimens, meaning that the carbo-
nyl polarization results predominantly from interaction with
the chitosan hydrogen atoms (Domján et al., 2009). Glycerol is
a very good H-bond donor and acceptor, and therefore it
increases the number of H-bonds by donating protons to
carbonyl groups and accepting chitosan OH and NH2 protons
(Domján et al., 2009). The amide NH proton is in close proximity
to C3 carbon if the carbonyl group forms an H-bond with the OH
group on C6 carbon. Glycerol molecules are probably bound to
the acetamide group of chitosan by H-bonds, which prevent the
acetamide groups from forming interchain H-bonds with other
chitosan molecules, and leads to break down of the intermole-
cular connectivity between the polysaccharide chains (Domján
et al., 2009).

As a general behavior, it is known that both plasticized and
unplasticized chitosan samples have a great water sorption
capacity through hydrogen bonds with some chitosan sites.
ecimens: (a) H; (b) HþGl; (c) M; (d) MþGl.



Fig. 2 – 1H NMR spectrum of an H specimen (a) and an HþGl specimen (b).
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The swelling ratios for the four chitosan-based specimens are
shown in Fig. 3, where it is visible that the majority of the
water uptake took place in the first 2 days. When comparing
the H-based and the M-based specimens, with and without
glycerol, the highest water absorption values were obtained
with unplasticized samples. As glycerol interacts through
hydrogen bonds with chitosan and with water molecules, it
was expected that it could lead to higher water contents
(Epure et al., 2011); however, the porous microstructure of
unplasticized specimens seems to favor the water uptake. On
the other hand, the dense microstructure of plasticized speci-
mens, as can be seen from SEM images, made them more
swelling-resistance. Furthermore, the swelling ratio of H-based
specimens was higher than the M-based ones. Thus, taking
into account that both chitosans have the same deacetylation
degree (DD), the results suggest that for the same DD, the
lower the molecular weight of chitosan the lower the swelling
rate of these chitosan-based specimens due to their easier
chain rearrangements.

Increasing swelling-resistance of chitosan-based specimens
can be considered a critical step to ensure its use as a functional
load bearing material (Oh and Hwang, 2013). There are several
approaches to decrease the swelling ratio of chitosan-based
specimens. Adding hydroxyapatite, or cross-linking chitosan
specimens (e.g. with glutaraldehyde or genipin) are some of
the reported approaches to decrease their swelling ratio (Mi
et al., 2001; De Souza Costa-Júnior et al., 2009; Silva et al., 2005).
A heat treatment can also be an effective approach to prevent
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swelling. This fact is attributed to the formation of a more rigid
network after dehydration (Itoh et al., 2003). From the results, a
similar behavior is obtained with plasticized specimens. Due to a
more dense and rigid structure, these specimens presented
a lower swelling ratio when compared to their unplasticized
counterparts.
3.2. Enzymatic degradation of chitosan-based specimens

The in vitro degradation of chitosan-based specimens was
conducted with lysozyme to mimic these specimens in vivo
degradation behavior. However, a concentration of lysozyme
much higher than the concentration in human serum was
used. This approach follows previously reported studies
(Correia et al., 2011; Ren et al., 2005; Reves et al., 2012;
Nguyen et al., 2013) aiming to accelerate the degradation
process, since a slow degradation rate was expected due to
the high deacetylation degree (DD) of both chitosans. The DD
highly influences the degradation behavior and mechanism
by enzymes and is well known that the higher the DD of
chitosan, the slower its degradation process becomes. Thus,
highly deacetylated forms exhibit low degradation rates and
may last several months in vivo (Freier et al., 2005; Ren et al.,
2005; Kim et al., 2008; Reves et al., 2012; Nguyen et al., 2013;
Lim et al., 2008; Nair and Laurencin, 2007).

Lysobac, the enzyme used in this study, is a recombinant
human lysozyme produced in an animal-free production
system. Animal-free production eliminates the safety risk
and inconsistent lot-to-lot performance of the frequently
used hen egg white lysozyme. Moreover, Lysobac has sig-
nificantly higher bioactivity than hen egg white lysozyme
since one gram of Lysobac roughly corresponds to 4 g of hen
egg white lysozyme (Sigma-Aldrich).

The degradation of the different specimens was evaluated
by estimation, over time, of their weight loss and mechanical
properties. To distinguish between enzymatic degradation
and non-enzymatic degradation, both the weight loss (Fig. 4)
and the mechanical properties of specimens (Figs. 5 and 6)
that had been placed in PBS supplemented with lysozyme
were compared with those that had been placed in PBS used
as a control solution (without enzyme).
Weight loss of chitosan-based specimens increased along
with time of degradation, as expected (Hsieh et al., 2007).
However, greater weight loss results were observed for non-
plasticized H and M samples than for plasticized specimens.
This higher degradation rate for non-plasticized specimens is
most probably related to their microstructure, since the
degradation rate of porous structures is expected to be faster
than films or other nonporous structures forms, owing to the
larger contact area with the degradation solution (Lim et al.,
2008). Therefore, although the number and size of the
randomly distributed pores in H and M specimens were
small, such microstructure had a clear impact in their weight
loss rate, which was greater in the first days than for HþGL
and MþGl: more than 8% weight loss, on average, after
15 days. Overall, the weight loss of all tested specimens
significantly increased after 60 days. Taking into account
the results, there is a notorious difference regarding the
weight loss of chitosan-based specimens and their control
counterparts. After 60 days, there is a significant difference
between the weight losses of specimens that were in the
lysozyme solution than their control specimens counterparts,
pointing out the enzyme action in the degradation process,
even for such high DD.

Besides the expected weight loss, the porosity of speci-
mens is expected to increase with increasing of immersion
time in the enzymatic solutions (Ding, 2007). In vivo, increas-
ing chitosan-based implants porosity can improve cell pro-
liferation, since the bone tissue cells could migrate into these
structures, allowing implant osteointegration and accelerat-
ing its complete transformation into real bone tissue. The
pore structure of the post-implantation biomaterial can also
promote increase in vascularization, nutrient exchange
between the surrounding tissues, and accelerate material
degradation (Ding, 2007; Chen et al., 2010). Therefore, the
chitosan-based porous structure that is expected to result
from this degradation process can help the proliferation of
cells. However, the initial mechanical performance of a
chitosan-based implant also has to be taken into account,
since an increase in the number of pores lead to a decrease in
the mechanical properties (Ding, 2007).

To further investigate the effect of degradation on the
above mentioned chitosan-based specimens, their modulus
of elasticity (Fig. 5) and compressive strength (Fig. 6) were
assayed. It is noteworthy that after 30 days none of the
M specimens could be tested due to its severe physical
degradation. These specimens, after drying, were so brittle
that broke before testing. However, the control assays, where
degradation is slower due to absence of lysozyme, can
provide comparative information on the introduction of
glycerol when preparing specimens with medium molecular
weight chitosan. After 60 days, the M specimens in the
control assays show a significant decrease in modulus of
elasticity and compressive strength, whereas MþGl speci-
mens just suffered a slight decrease in the modulus of
elasticity after the same period. Moreover, when immersed
in PBS solution containing lysozyme the 60-day modulus of
elasticity of the MþGl specimens slightly declined from an
average value of 467 MPa to 413 MPa.

As far as H-based specimens are concerned, the variations
in the modulus of elasticity with immersion time revealed
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that, after immersion for 15 days, both H and HþGl speci-
mens largely declined the modulus of elasticity. For H speci-
mens, the modulus of elasticity was significantly reduced
from the initial average value of 328 MPa, down to 112 MPa,
after 60 days immersion in the solution containing lysozyme.
A similar trend can be observed for HþGl specimens, although
much higher absolute values of modulus of elasticity were
obtained.

For the compressive strength, both HþGl and MþGl just
faced a slight decrease throughout the experiments, confirming
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the protective effect of glycerol. The highest changes were
observed in the H specimens, for which compressive strength
reduced to one-third of its initial value after 60 days. SEM
images of H and HþGl specimens after 60 days immersed in a
PBS solution containing lysozyme and after being mechanically
tested help explaining these results (Fig. 7). While H specimens
become more and more brittle over time and therefore crack
and fail at lower compressive stresses, HþGl specimens com-
pressive strength did not significantly changed since most of
these specimens could handle the maximum compressive load
– 10 kN – without breaking. As previously mentioned, most of
M specimens could not be tested; however, when looking for
the results of the control specimens after 60 days, it is expected
that these specimens would have a similar behavior as H
specimens. Therefore, the plasticized effect of glycerol seems
to help maintaining the initial mechanical properties of speci-
mens, over time, when these are immersed in a degradation
solution.

In general, unplasticized chitosan specimens clearly pre-
sented a more brittle behavior than the plasticized ones. More-
over, the penetration of water/ions resulting from the solution
could reduce the adhesion between interfaces, explaining the
compressive strength decrease of pure chitosan specimens
(Ding, 2007). The addition of glycerol influenced the mechanical
properties of the specimens, particularly their strength. Both
Fig. 7 – SEM images of (a) H and (b) HþGl mechanically tested
specimens, after 60 days immersed in a PBS solution
containing lysozyme.
modulus of elasticity and compressive strength of MþGl speci-
mens underwent slight changes during the 60 days period.
Thus, these specimens’ composition might be an optimal
material in terms of initial strength and degradation behavior
for applications that need to keep the mechanical properties of
the absorbable implant, at least, during the first two months.
It is known that, for a long-term stability in vivo, a chitosan-
based specimen would have to be composed by a chitosan with
a high DD. Moreover, a high DD is also crucial to achieve high
mechanical strength (Chen and Hwa, 1996; Freier et al., 2005).
Besides that, there are several strategies to maintain the
mechanical strength and preventing the premature collapse
of specimens, such as the incorporation of polymer coils into
the specimens (Freier et al., 2005), hydroxyapatite (Pu et al.,
2012; Pradal et al., 2011), gelatin (Xu et al., 2013), the use of
various cross-linking reagents (e.g. glutaraldehyde, ethylene
glycol diglycidyl ether; diisocyanate; genipin) (Mi et al., 2001;
Moura et al., 2007), among others. Fig. 8 represents an overview
of the main results, showing that the incorporation of glycerol –
7.5% (v/v) – can improve the mechanical properties of chitosan-
based specimens and slow down their degradation.
3.3. In vitro cytotoxicity and cell proliferation on
chitosan-based specimens

In order to verify the cytotoxicity of the chitosan-based
specimens, extract and direct cytotoxic assays were per-
formed according to ISO 10993-5 guidelines for medical
devices (Silva et al., 2005; Chen et al., 2010), using the
fibroblast L929 cell line. Chitosan-based specimens were first
tested in order to confirm that their production process and
the variation in composition (chitosans with different mole-
cular weight and glycerol) do not generate toxic compounds
from these specimens. The results in Fig. 9 show that for all
the specimens tested, cells’ metabolic activity when exposed
to lixiviates is maintained at high values comparable with the
negative control (culture medium) and significant higher than
the ones observed for the positive control (presence of
cytotoxic material). These results indicated that the potential
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lixiviates from the chitosan-based specimens had no obvious
cytotoxic effect, regardless their composition, and therefore
further tests where the specimens were put in direct contact
with the cells were performed.

The result of the direct contact assay is shown in Fig. 10,
where no inhibition halo resulting from cell death around the
chitosan-based specimens was observed. These specimens
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Fig. 9 – Cytotoxicity results for MTT assay of chitosan-based
specimens.

Fig. 10 – Cytotoxicity assays for direct contact assay of chitosan-
HþGl; (c) cells cultured on M; (d) cells cultured on MþGl.
remained fully transparent by light microscopy, allowing for a
direct observation of the cell morphology and growth through-
out the material. Since no morphologic alteration or effects on
cell proliferation were observed, it was considered that the
tested specimens were neither cytotoxic towards the cells, nor
released cytotoxic substances in the culture medium.

Previous studies have demonstrated that DD has no sig-
nificant influence on the in vitro cytocompatibility of chitosan
films towards fibroblasts, confirming the biocompatibility of
chitosan-based materials regardless the DD. It is also suggested
that DD would also have no effect in vivo, or towards other cell
types (Chatelet et al., 2001; Dash et al., 2011). However, at high
DD, the toxicity is related to the molecular weight and polymer
concentration (Dash et al., 2011). In this study, none of the
chitosan-based specimens induced a cytotoxic effect. Besides
the nontoxic nature and biocompatibility of chitosan, its pro-
cessability into geometrically different structures is an impor-
tant aspect for biomedical applications. Structures made from
pure chitosan are rigid and brittle, and it is therefore important
to use plasticizers in order to obtain more favorable mechanical
properties. Because of the potential medical applications, the
plasticizer materials must be biocompatible as well (Domján
et al., 2009). The results presented in this study showed
that glycerol is an effective and biocompatible plasticizer for
based specimens: (a) cells cultured on H; (b) cells cultured on
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rigid and brittle chitosan specimens, without compromising
cytocompatibility.

Preliminary experiments were also conducted to study the
proliferation of bone marrow (BM) mesenchymal stem/stro-
mal cells (MSC) on chitosan-based specimens. M and MþGI
specimens were selected for this assay, allowing testing the
effect of glycerol on one of the chitosan types studied. MSC
were also plated and cultured on common Polystyrene (PS)
tissue culture (TC) plates for comparison. From day 1 to day
10, the cellular expansion was 3.770.4, 5.572.0 and 6.773.1
fold for cultures in PS TC, M and MþGI specimens, respec-
tively (where fold increase was defined as the ratio between
cells at day 10 and 1). These values correspond to (16075)�
103, (75720)�103 and (84717)�103 cells estimated for cul-
tures on PS TC, M and MþGI specimens, respectively. At day
1, the amount of cells was about 3.2 times higher on PS TC
((4574)�103 cells) than on the tested chitosan specimens –

(1472) and (1373)�103 cells for M and MþGI specimens,
respectively – which can result from a different initial adhe-
sion to PS TC. Note that PS TC used is a commercial product
in which polarity has been adjusted using plasma treatment
for optimal cell adhesion. The initial cell adhesion may have
an impact on observed cell proliferation, since the lower cell
density in chitosan samples may had contribute to higher
fold increase values in MSC cultures in chitosan when
compared to PS TC. Briefly, although the studied chitosan-
based specimens support MSC adhesion and proliferation,
further assays are required to test whether the use of
different chitosan molecular weight, or the introduction of
different amounts of glycerol would promote different cell
responses, namely concerning maintenance of multipotency
and allow eventual osteo-differentiation.
4. Conclusion

Four different kinds of chitosan-based specimens – H; HþGl;
M; MþGl – were successfully prepared and characterized in
this study. Both physical and biological results obtained
suggest that chitosan-based specimens, particularly the
MþGl specimens (7.5% (v/v) of glycerol), might be an optimal
material in terms of initial strength and degradation behavior
for applications that need to keep the mechanical properties
of the absorbable implant, at least, during the first two
months. Furthermore, besides the non-cytotoxic effect of
these specimens, preliminary experiments showed that
MSC effectively adhere and proliferate on the chitosan
structures at similar level in plasticized and non-plasticized
structures. From the results obtained for these chitosan-
based specimens, several potential biomedical applications
could be pointed out. Taking into account the mechanical
properties of the tested specimens and the mechanical
properties of bone, one can assert that they are in bet-
ween cancellous bone—compressive strength: 2–12 MPa and
Young’s modulus: 50–500 MPa–and cortical bone—compres-
sive strength: 100–230 MPa and Young’s modulus: 7–30 GPa
(Kokubo et al., 2003). Considering such values, knowing that
the vertebral cortical bone in vivo has a thickness often less
than 0.4 mm and the apparent Young’s modulus (computed
by a finite element method (FEM) inverse analysis) is equal to,
on average, 374 MPa (SD¼208) (El Masri et al., 2012), chitosan-
based implants for spine, such as absorbable spinal cages,
could be an appealing application. Spinal fusion is considered
to be one of the most challenging applications for bone graft
substitutes, since even the transplant of autologous bone, the
current golden standard treatment, has a relatively high rate
of failure (Kruyt et al., 2004). An ideal scenario for interbody
fusion is a cage device that (i) has a modulus of elasticity as
close as to that of vertebral bone, (ii) will be absorbed after
interbody fusion and (iii) will be replaced by new cancellous
bone, not leaving foreign body material in the spinal segment
(Van Dijk et al., 2003). Thus, the plasticized chitosan-based
specimens seem to be an appealing alternative to the existing
materials. Moreover, MSC, which are the osteoprogenitor cells
responsible for bone fusion and have been identified in
vertebra (Nguyen and Fleischer, 2012), have shown to pro-
liferate well on 3D plasticized chitosan-based structures.

In conclusion, although interesting results were obtained,
suggesting that chitosan-based spinal cages for interbody
fusion could be an appealing application, further in vitro and
in vivo long-term experiments are needed not only to opti-
mize the biological properties, but also the degradation and
biomechanical properties of these structures. It is required to
guarantee that these degradable devices possess adequate
mechanical properties that are gradually lost during the
degradation process to progressively transfer mechanical
loads to the newly forming bone. They should also provide
appropriate surface chemistry to facilitate cell attachment,
proliferation, and differentiation throughout the bone healing
(or fusion) process.
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