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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. Due to its biocompatibility
and biodegradability, chitosan has been the focus of several researches in recent years to be applied in the biomedical field and chemical modifications of
chitosan through crosslinks can produce materials with a wide variety of
properties. The objective of this study was to obtain and characterize, chemically and biologically, ionically crosslinked chitosan membranes. Chitosan
membranes were prepared by solvent evaporation and the crosslinks were
introduced by reaction with sulfuric acid solution. The cross-linked membranes were characterized by Fourier transform infrared (FTIR), X-ray diffraction (XRD), Scanning Electron Microscopy (SEM), X-ray Dispersive
Energy Spectroscopy (EDX) and contact angle measurements. The biological assays of the membranes were performed with NIH 3T3 cells in two
steps: evaluation of cytotoxicity by indirect contact of the cells with the extracts of the chitosan membranes and finally with the direct contact of the
cells on the filaments of chitosan to obtain adhesion and cell proliferation
information. Non-crosslinked membranes of chitosan were used as controls
for all assays. With the physicochemical tests, it was possible to observe an effective crosslinking reaction in chitosan. Biological assays have revealed that
the membranes are non-cytotoxic but must still be modified to provide cell
adhesion and proliferation.
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1. Introduction
Chitosan is a polymer with unique and valuable characteristics, being a material
with relevant technological and economic characteristics, possessing biological
properties as biocompatibility, bioactivity and biodegradability, besides being
non-toxic and produced by natural sources renewable. Chitosan biodegradability
is due to the polymers metabolism by some human enzymes, such as lysozyme.
This property is consistent with one of the primary requirements of a biodegradation process, which is to be susceptible to an enzymatic hydrolysis reaction.
Besides, chitosan could be produced in various forms, such as films, membranes
and porous structures, and allows applications in the most diverse areas. It
stands out as an advantage of working and obtaining chitosan membranes—in
their high permeability in water, ability to immobilize microorganisms, besides
accelerating the healing process of wounds, especially when compared with other materials, such as membranes of polyurethane [1]-[6].
Biomedical applications of chitosan have generated opportunities for production of specialized biomaterials, mainly with chemical and physical modifications, which have promoted new biological activities for specific purposes. Chitosan and its modifications find applications in several biomedical fields, including Tissue Engineering and Controlled Drug Delivery Systems. Although
chitosan has an excellent number of properties, some of them especially desired
for a specific application may be constituted by a chitosan modification. The
presence of functional groups such as -NH2 and -OH in the chitosan molecule
allows interactions with other polymers and molecules, and one way of chemically modifying chitosan is through crosslinks, which are often used to improve
or even confer properties to the polymeric materials [7] [8] [9].
Although chitosan processing technology is well known and often used by research groups, there are still some inconveniences that could be avoided in order
to facilitate the production of chitosan-based materials. Currently, the most
commonly used crosslinking agents are dialdehydes, such as glyoxal, and particularly, glutaraldehyde [10] [11]. However, the main disadvantage of these reagents is that they are considered toxic, especially if they are found in free traces,
leading to the risk of formation of toxic products by reaction between the substrate and the crosslinking agent during the biodegradation process in vivo.
Glutaraldehyde is known to be neurotoxic and glyoxal is mutagenic. One method of overcoming this disadvantage is the preparation of ion-crosslinked materials. Ionic crosslinks are simple and fast processes, which makes them of great
interest for medical and pharmaceutical applications. Genipine and tripolyphosphate (TPP) have been applied in this sense with a great deal of emphasis
DOI: 10.4236/oalib.1104336
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[3] [8] [12] [13] [14] [15] [16]. Studies have shown the use of sulfuric acid as a
crosslinking agent to be applied as materials for proton exchange and evaporation, as studied by Devi et al. [17] and Cui et al. [18]. However, its application in
the biomedical field, until the present moment, has not been studied yet for
biomedical applications.
Hence, the aim of this work was to produce ionically crosslinked chitosan
membranes through ionic crosslinking with a solution of sulfuric acid in several
reaction times for biomedical application.

2. Materials and Methods
2.1. Materials
Chitosan (medium molecular weight and deacetylation degree ≈ 75% - 85%),
Phosphate Buffer Solution (PBS) were purchased from Sigma Aldrich, acetic acid (CH3COOH) was purchased from Vetec and used as received. All reagents
were of analytical grade and used without further purification.
For the cytotoxicity and cell adhesion assays, the NIH 3T3 cell line, with passage 162 (10,000 cells/well) and 169 (40,000 cells well) were respectively used,
were cultured with DMEM (Dulbecco’s Modified Eagle’s Medium, GIBCO) with
glucose and GLUTAMAX-1, containing 10% fetal bovine serum (GIBCO) and
1% antibiotic/antimycotic (GIBCO). To perform the subculture of the cells, a
0.25% trypsin solution was added to the cell culture dish. Cells cultured directly
on the surface of the cell culture dish were used as reference.
The HFF 1 cell line, with passage 6, was cultured with DMEM (Dulbecco’s
Modified Eagle’s Medium, GIBCO) with glucose and GLUTAMAX-1, containing 15% fetal bovine serum (GIBCO) and 1% anti-biotic/antimycotic (GIBCO),
with a cell density of 25,000 cells/well. To perform subculture of the cells, a trypsin solution (0.25%) was added to the cell culture dish. Cells cultured directly on
the surface of the cell culture dish were used as reference.
Chitosan membranes preparation
Chitosan membranes were prepared following previous work by Karakeşili
[13] and Dallan [19]. 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% concentration. Afterwards, the solutions were filtered to remove insoluble residues. After complete dissolution and filtration, the prepared solutions
were poured into 11 cm diameter Petri dishes, with a final volume in each 30 ml
dish of solution. The plates were oven-dried at a constant temperature of 50˚C
for a period of 24 hours for complete evaporation of the solvent. A Sodium hydroxide solution (1 mol/L) was added onto membranes, for 2 hours, to complete
removal of acidic wastes. After the alkaline reaction, the membranes were immersed in distilled water. After a period of 48 hours immersed in distilled water,
the membranes were subjected to stretching and drying in circular ceramic
molds, at a controlled temperature of 25˚C, for 24 hours.
Crosslinking reaction
DOI: 10.4236/oalib.1104336
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For the introduction of the crosslinks, an adapted methodology was developed
by Karakeşili [13] and Cui [18]. The membranes were immersed in sulfuric acid
solution (0.01 mol/L), obtaining five different samples with the following reaction times: 5, 15, 30, 60 and 90 minutes. After the exposure times, the samples
were washed with distilled water until neutral pH was reached.

2.2. Characterizations
2.2.1. Characterization
The characterization of the crosslinked chitosan membranes was splitted into
two steps: the first one with the physico-chemical characterization to evaluate
the interaction between polymer and crosslinking agent and the second one with
biological characterization to evaluate the cytotoxic potential of the membranes
and possible influence of the crosslinking agent on this result.
2.2.2. FTIR
Chitosan samples were characterized by FTIR using an AVATAR TM 360 ESP
Nicolet spectrometer (DEMa/CCT/UFCG) and with a scan of 4000 to 400 cm−1,
without the need for preparation of KBr, since all the samples were in the form
of membranes.
2.2.3. XRD
The samples were submitted to X-ray diffraction analysis (XRD 6000) (DEMa/
CCT/UFCG) with angular scanning of 5˚ <2θ < 35˚, in the Bragg-Brentano 2θ,
using Cu (ka1) radiation with 0.02 (2θ) scanning, with a 0.5 second interval for
each sample.
2.2.4. SEM
The crosslinked and non-crosslinked chitosan membranes were morphologically
characterized by scanning electron microscopy using an electron microscope
model TM 1000 HITACHI (CERTBIO/UFCG). There was no need for further
coating with gold particles, since it is low-voltage equipment.
2.2.5. Contact Angle
The surface energy and the hydrophilic/hydrophobic character were evaluated
by measuring the surface tension in equipment developed and installed in the
CERTBIO/UFCG. The contact angle analyzes were performed with the distilled
water drip on the surface of the film, with subsequent analysis of the measurements of the angles formed by the water bubble in the film, with software of the
CERTBIO/UFCG.
2.2.6. Cytotoxicity
To prepare extracts, the membranes were immersed in sterile PBS (500 μL/Well)
in cell culture dishes (n = 3 for each sample), incubated for seven days at
37˚C/5% CO2, without shaking. After the incubation period, the extracts were
collected from the plates and poured into eppendorfs. Several dilutions (1:100,
1:20, 1:10, 1:5, 1:2) were performed with the extracts of the membranes, pure
DOI: 10.4236/oalib.1104336
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and cross-linked.
The cytotoxicity of the chitosan membranes was evaluated by determining the
percentage of cell viability using the resazurin reduction method, which establishes a correlation between the cellular metabolic activity and the number of
viable cells in culture. NIH 3T3 cells were seeded in 96-well plates with a cell
density of 10,000 cells/well. After 24 hours, the medium was removed and 80 μL
of DMEM were added. 20 μL of the extracts, with all dilutions, with five replicates for each sample, were added to the wells. Every two days, the preparation
(medium + extract) was changed, until a final period of seven days for evaluation. At the end of the seven days, the old medium was changed to a new medium, this time containing 10% rezasurin, followed by incubation for 3 hours at
37˚C/5% CO2. After the 3 hour period, 100 μL of the medium was removed and
the fluorescence of the resorufin was measured in a Victor3 1420 model reader,
PerkinElmer at 540 nm with a reference filter of 620 nm. Cell viability was calculated using the equation:

Viab% =

100 × OD570e
OD570b

(1)

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.
2.2.7. Cell Adhesion
For the cell adhesion assays, NIH 3T3 cells were grown directly on the membranes in a 24-well plate with a cell density of 40,000 cells/well, in the following
times: 1 h, 4 h, 12 h, 24 h, and 48 h. Cell adhesion was evaluated by determining
the percentage of cell viability using the rezasurin reduction method, which establishes a correlation between cell metabolic activity and the number of viable
cells in culture [19] (PERROT et al., 2003). Following contact time, the medium
was removed, followed by washing with sterile PBS, to remove unbound cells
from the polymer surface, and 550 μL of DMEM + resazurin was added to each
well, followed by incubation for 3 hours at 37˚C/5% CO2. After the 3 hour period, 100 μL of the medium was removed and the fluorescence of resorufin was
measured in a Victor3 1420 reader, PerkinElmer.
2.2.8. Statistical Analyzes
Statistical analyzes were performed using the GraphPad prism 5.0 program, using ANOVA (p < 0.05) with Boferroni Post Hoc test.

3. Results and Discussion
3.1. FTIR
The infrared spectra obtained from the non-crosslinked and crosslinked chitosan membranes are shown in Figure 1(a) and Figure 1(b).
According to the spectrum formed, it can be seen in Figure 1 that the supplied chitosan is not 100% deacetylated, confirmed by the band found in the
DOI: 10.4236/oalib.1104336
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Figure 1. (a) FTIR of pure chitosan film and (b) FTIR of crosslinked chitosan membranes.

1658 cm−1 region, characteristic of an amide I (O = C-NHR). It still exhibits a
strong and wide band in the region of 3409 cm−1 with the appearance of a
shoulder at 3340 cm−1, which are attributed to an overlap in the stretches of the
functional groups OH and NH2, due to the hydrogen bonds formed in the polymer chain [13] [20] [21].
As the time of crosslinking reaction increases in the samples (Figure 1(b)),
changes can be observed, characterizing the crosslinking process in specific
bands: in the 1592 cm−1 region related to NH2 deformation, the band intensity
begins to weaken, due to the protonation with the H+ ions released by the acid
dissociation. Similar behavior was observed in the bands found between 3000
and 3500 cm−1, with a clear widening at the base of the band located in the region of approximately 2900 cm−1. With this enlargement, it is possible to admit a
decrease in the intensity of the hydrogen bonds, thus evidencing the formation
of crosslinks, since the hydrogen bonds contribute to the formation of the crystalline structure of the chitosan. Finally, the presence of sulfate groups was ratified by absorption in the region of 614 cm−1, thus confirming the effective crosslinking reaction of chitosan membranes.

3.2. XRD
The XRD results obtained from the non-crosslinked and crosslinked chitosan
membranes are shown in Figure 2.
According to the diffractogram obtained from the pure chitosan film, a typical
behavior of semicrystalline polymers, with broad base peaks found at 2θ = 10˚
and 2θ = 20˚, could be observed. Chitosan has a semi-crystalline profile due to
strong intra- and intermolecular interactions, characterized by the hydrogen
bonds formed between the amine, alcohol, amide groups and other functional
groups present in the chitosan molecule. These strong interactions provide some
DOI: 10.4236/oalib.1104336
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Figure 2. XRD of pure and crosslinked chitosan membranes.

organization to the crystalline structure of chitosan [21] [22].
As observed in the infrared spectra, the XRD results of the crosslinked samples demonstrate the effective crosslinking reaction between the chitosan and
sulfuric acid membranes, due to the decrease in the intensity of the peaks in relation to those of the non-crosslinked film. In addition, observed the results, it
was observed for the 15 and 30 minutes times, there was a greater decrease in the
semi-crystalline profile of the membranes. However, in crosslinked membranes
at 60 and 90 minutes, a discrete increase in crystallinity occurred, leading to a
spectrum similar to the pure condition. Such behavior was not observed for the
other crosslinking conditions. These results were evidenced in the analysis by
X-ray Dispersive Energy spectroscopy. As the ionic crosslinks are characterized
by producing reversible bonds in the system, and with the increase of time of
exposure of the chitosan membranes to the sulfuric acid solution, there was a
saturation of H+ ions, produced by the dissociation of the acid. This saturation
caused a shift towards the chemical equilibrium of the reaction, with H+ ions
capturing SO 24 − ions.
This decrease in the intensity of the crystalline peaks of chitosan is justified by
the incorporation of the sulfate ions between the polymer chains. Thus, the sulfate ion blocks the formation of hydrogen bonds, thereby tracing a profile of
crosslinked polymers, that is, polymers with low or no crystallinity.

3.3. SEM
The micrographs obtained from the non-crosslinked and crosslinked chitosan
DOI: 10.4236/oalib.1104336
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Figure 3. MEV and EDX of the pure membranes (a) and crosslinked (b) 5 min, (c) 15 min, (d) 30 min, (e) 60 min, (f) 90 min.
2000 X.

membranes, as well as the respective EDX results are shown in Figure 3.
The morphology of the pure chitosan film (without the introduction of crosslinks), a smooth flat surface was observed, without the presence of pores, characterizing the membranes as dense. Marreco [23] and Dallan [19] also studied
the morphology of dense chitosan membranes, also finding a flat and dense surface. Even after the crosslinking reactions, no significant differences were shown
in the microstructure of the membranes, with the surface remaining flat and
without the presence of pores and/or defects.
The presence of sulfur in the membranes was observed at 5, 15, 30, 60 and 90
minutes times the results of X-ray diffractive spectroscopy analysis. However, for
the 60- and 90-minute reaction times, low sulfur ions were found in relation to
the other reaction times, which may be indicative of a decrease in crosslinking as
already discussed in infrared and X-ray diffraction. As the ionic crosslinks are
characterized by producing reversible bonds in the system, and with the increase
of time of exposure of the chitosan membranes to the sulfuric acid solution,
there was a saturation of H+ ions, produced by the dissociation of the acid. This
DOI: 10.4236/oalib.1104336
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saturation caused a shift towards the chemical equilibrium of the reaction, with
H+ ions capturing SO 24 − ions.

3.4. Contact Angle
The contact angle measurements of the non-crosslinked and crosslinked chitosan membranes are shown in Figure 4.
With the contact angle analysis (Figure 4), it was observed that the non-crosslinked
film of chitosan presented a measure of contact angle above 50˚. Furthermore, it
was observed that with the introduction of the crosslinks in the chitosan membranes, there was a decrease in the contact angle values.
A low contact angle indicates a higher hydrophilic profile, and these results
indicate that the sulfuric acid, as a crosslinking agent, increased the hydrophilic
profile of the crosslinked membranes, with all values below the pure film measurement used as control. Analyzing the results, the lowest contact angles were
found for the samples with 15 and 30 minutes of reaction, indicating a higher
crosslinking reaction in these membranes. As previously discussed, the reversible character of the ionic crosslinks, with the contact angle measurements, shows
a slight tendency of the increase of the wetting angle for the cross-linked membranes with 60 and 90 minutes. With this, it can be said that there was a tendency of the system to return to its initial state.

3.5. Cytotoxicity
The results of the cytotoxicity test for the various dilutions of the extracts prepared from the crosslinked and non-crosslinked chitosan membranes are shown
in Figure 5. The samples were named A, B, C, D, E and F for the six situations
(pure, 5, 15, 30, 60 and 90 minutes, respectively).
Cell viability was assessed using the resazurin reduction method. When observing the graph, the cellular metabolic activity for all the dilutions presented
values above 80%, and that statistically (p < 0.05), there were no significant differences. Therefore, it can be considered that no sample had a cytotoxic character in contact with NIH 3T3 cells. This makes it possible to state that none of the
chitosan membranes releases products that are toxic in contact with the cells.
The results of cell viability for the exposure times of 60 and 90 minutes, in all

Figure 4. Contact angles of non-crosslinked and crosslinked chitosan membranes.
DOI: 10.4236/oalib.1104336
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dilutions, also show that there was a tendency of the values to be equal to those
of the pure chitosan film, showing that in fact, there are a reversibility in the
system.

3.6. Cell Adhesion
The NIH 3T3 cell line was used to evaluate cell adhesion in the chitosan membranes, crosslinked and non-crosslinked. The results of the cell adhesion assays
with the NIH 3T3 cell line are shown in Figure 6.
The cell adhesion in the chitosan membranes, pure and crosslinked, were
evaluated through direct contact between the surface of the membranes and the
cell suspension, with contact times established at 1, 4, 24 and 48 hours, with the

Figure 5. Cell metabolic activity in contact with extracts of chitosan membranes.

Figure 6. Results of the cell adhesion assays: (a) 1 hour, (b) 4 hours, (c) 24 hours and (d) 48 hours.
DOI: 10.4236/oalib.1104336
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cell culture plate being used as positive control. Cell adhesion was assessed by
cell viability measurement using the resazurin reduction method.
The results presented values well below the values presented by the positive
control, with values statistically lower than those presented by the control (p <
0.05), for all the trials.
For the 1-hour contact time, the ionically crosslinked membranes presented
higher values of cell visibility than that presented by the pure chitosan film, with
significant statistical differences. As for the exposure time of 4 hours and 24
hours, no significant statistical difference (p < 0.05) was observed between the
crosslinked membranes and the pure film. However, for 48 hours, all viability
values were below that found with pure film.
According to Farkhry [24] some factors may inhibit the adhesion and proliferation of fibroblasts on chitosan surfaces, for example, manipulation may interfere with this process as well as the intrinsic properties of chitosan, such as molecular weight and degree deacetylation. Furthermore, cell adhesion property is
affected by several factors, including surface characteristics such as surface chemistry, charge density, roughness and morphology [14] [25] [26].

4. Conclusions
The method of crosslinking applied in this study allowed an improvement in the
preparation of chitosan membranes. The results were promising, providing good
stability conditions as well as another important factor was even employing an acid
as a crosslinking agent, with the cytotoxicity tests it was proved that the crosslinked
membranes did not produce cytotoxic effects on the cells. However, cell adhesion
assays have shown that the film does not provide cell adhesion and proliferation,
with all values below the control. Thus, these novel produced membranes could be
used in various biomedical applications, such as grafts, a carrier for controlled drug
release system and wound healing bandages for tissue engineering.
The research described in this work described several aspects regarding the
production of chitosan membranes, highlighting three main points: properties of
the produced material, morphological characteristics and cytotoxic effects. In
general, the present work offered a new methodology for the manufacture of
chitosan membranes, producing satisfactory materials with a simple strategy
based on the application of an adhesive material to obtain chitosan membranes.
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