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Abstract. The aim of this study was to evaluate the possibility of preparing chitosan porous
matrixes using supercritical fluid technology. Supercritical immersion precipitation technique was
used to prepare scaffolds of a natural biocompatible polymer, chitosan, for tissue engineering
purposes. The physicochemical and biological properties of chitosan make it an excellent material
for the preparation of drug delivery systems and for the development of new biomedical
applications in many fields from skin to bone or cartilage.

Immersion precipitation experiments were carried out at different operational conditions in order
to optimize the processing method. The effect of different organic solvents on the morphology of
the scaffolds was assessed. Additionally, different parameters that influence the process were tested
and the effect of the processing variables such as polymer concentration, temperature and pressure
in the chitosan scaffold morphology, porosity and interconnectivity was evaluated by micro
computed tomography. The preparation of a highly porous and interconnected structure of a natural
material, chitosan, using a clean and environmentally friendly technology constitutes a new
processing technology for the preparation of scaffolds for tissue engineering using these materials.

Introduction

The use of natural derived polymers for tissue engineering has been proposed in a number of
different studies.[1] Chitin is widely found in shells of crustaceous such as crabs and shrimp and it
is the second most abundant polymer after cellulose. Chitin forms strong inter- and intramolecular
hydrogen bonds, which is difficultly broken by common solvents. Therefore its solubility in
common solvents is rather constrained. For this reason, limited utilization of this natural resource
has been reported. Up to date, the majority of uses of chitin are mainly related to chitosan, which is
a cationic polymer derived from chitin comprising copolymers of B(1—4)-glucosamine and N-
acetyl-d glucosamine. The physicochemical and biological properties of chitosan make it an
excellent material for the preparation of drug delivery systems and for the development of new
biomedical applications in many fields from skin to bone or cartilage.[1] Chitosan is usually
processed from a diluted acetic acid solution, however this limits its processability.

Chitosan has been processed in several forms to be used in tissue engineering applications,
namely, membranes,[2] particles[3], fibers and 3D fiber meshes[3, 4]. Chitosan may also be used as
a drug delivery carrier and various studies have been reported in literature.[5, 6] Chitosan sponges
and scaffolds are also described in literature as deliver systems able to carry active agents or
biomolecules and growth factors.[7] The preparation of these systems normally envolves freeze-
drying or lyophilizing a chitosan gel solution.[8, 9] Recently, it has been reported the use of
supercritical fluid assisted phase inversion method for the preparation of chitosan membranes from
a dilute acetic acid solution.[10] However, this process is time consuming and energy intensive. In comment
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this work we report the possibility of producing 3D chitosan scaffolds using organic solutions.
Supercritical fluid technology presents great advantages over the conventional processes, due to the
properties of the fluid phase, namely, high diffusivity. Although organic solvents are used they can
be completely removed and a final product, dry and free of any residual solvent is obtained.
Different solvents were tested in order to evaluate the effect of the solvent on the morphology of the
materials obtained.

Materials and Methods.

Supercritical assisted phase-inversion process. The phase inversion experiments were carried out
in an apparatus especially for this purpose[11] and schematically presented in figure 1.
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Fig. 1. Schematic diagram of the high pressure phase inversion apparatus (P — pressure transducer;
TIC — temperature controller; FM — flowmeter; BPR — back pressure regulator).

Briefly, in each experiment a small amount (ca. 2 ml) of the polymer solution is loaded in a
stainless steel cap with 2 cm diameter, which is placed inside the high pressure vessel. The vessel is
heated in by means of an electric thin band heater (OGDEN) connected to a temperature controller,
that maintains temperature within + 1°C (TC). Carbon dioxide is pumped into the vessel using high
pressure piston pump (P-200A Thar Technologies) until the operational pressure is attained. The
pressure inside the vessel is measured with a pressure transducer (P). The system was closed for 45
minutes to allow the occurrence of phase separation. Afterwards the system is flushed for another 45
minutes, with a stream of carbon dioxide at very low flow rate (5g/min), in order to ensure complete
drying of the scaffolds. The flow is regulated by a flow meter (FM — Siemens, SITRANS FC MASS
FLO MASS2100).

Scaffold characterization. Scanning Electron Microscopy — SEM: Samples of the scaffolds
prepared were observed by a Leica Cambridge S360 Scanning Electron Microscope (SEM). The
films were fixed by mutual conductive adhesive tape on aluminium stubs and covered with gold
palladium using a sputter coater.

Micro-Computed Tomography — u-CT: The inner structure, porosity and interconnectivity were
evaluated by micro-computerized tomography using a Scanco 20 equipment (Scanco Medicals,
Switzerland) with penetrative X-rays of 40 keV. The X-ray scans were acquired in high-resolution
mode (39.39 um). CT Analyser® (SkyScan, Belgium) was used to visualize the 2D X-ray sections
images of the scaffolds.

Fourrier Transform Infra Red Spectroscopy - FTIR analysis was performed to the chitosan
scaffolds prepared. Spectra were recorded at 32 scans with a resolution of 2 cm™ (Shimadzu —
IRPrestige 21).
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Results and Discussion.

The experimental set up and the operating conditions used permited to process chitosan with a
porous morphology. Supercritical assisted phase inversion process was used to produce 3D
scaffolds of chitosan. Different organic solvents were tested in order to evaluate its effect on the
morphology of the scaffolds obtained. In order to be able to compare the structures obtained the
scaffolds were processed at the same operating conditions, 333 K and 150 bar. Fig. 2 represents the
SEM images of the cross section of the scaffolds obtained.

Formic acid

Acetic acid

Fig. 2. SEM images of the scaffolds prepared from different organic solutions at 332 K and 150 bar.

From these images it is noticeable the strong dependence of the structure obtained with the
solvent used. When chitosan was precipitated from HFIP or acetic acid solution a 3D structure was
obtained. However, the scaffolds obtained from HFIP solution presented an upper compact layer,
which was not observed in chitosan scaffolds precipitated from acetic acid. On the other hand, when
a formic acid solution was processed a thin membrane with lower porosity was obtained. Micro CT
allows the determination of the scaffold porosity which varies from 29 %, to 47 % and 90 % for the
matrixes precipitated from formic acid, acetic acid and HFIP solutions, respectively. Additional
information on the average pore size can also be taken from this analysis and from the SEM images.
Scaffolds prepared from HFIP solution have larger pore diameters (~600 pm), when compared to
the scaffolds prepared from acetic acid solution (mean pore size ~110 wm) or from formic acid
(mean pore size ~60 um).

The complexity of the mechanisms involved in the phase inversion process is associated with the
interactions between the three components present in the system, solvent, non-solvent and polymer.
A higher solubility between the organic solvent and the non-solvent will favour the process, which
will cause phase separation and precipitation of the polymer with a porous structure.

In tissue engineering the preparation of a 3D matrix, highly porous and interconnected is crucial
for the success of the implant. From three different organic solutions (formic acid, acetic acid and
HFIP) we prepared very different materials, namely a dense chitosan membrane from formic acid, a
macrovoid structure, with a dense layer on top from HFIP solution and a homogeneous scaffold
with potential for tissue engineering applications from an acetic acid solution.

FTIR spectroscopy was performed to the materials processed from different solutions in order to
evaluate the effect of the dissolution on chitosan. Figure 3 presents the FTIR spectra of the raw
material and chitosan precipitated from HFIP, formic acid and acetic acid.

From the spectra obtained it is possible to conclude that there were no significant changes on
chitosan structure when precipitated from HFIP or acetic acid solution. It gives us further
information regarding the success of the solvent removal using supercritical carbon dioxide, as no
traces of solvent are present on the spectra.
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Fig. 3. FTIR spectra of the chitosan scaffolds precipitated from different organic solutions.

Conclusions

In this work we evaluate the feasibility of processing chitosan 3D scaffolds for tissue engineering
applications using supercritical fluid technology. Supercritical assisted phase inversion was used to
precipitate chitosan from HFIP, formic acid and acetic acid solutions. Different solvents were tested
and we can conclude that the morphologies of the scaffolds obtained dependent greatly on the
casting solvent used. The morphology of the scaffolds, its porosity and pore size varies with the type
of casting solvent used and the interactions between the three components of the system (polymer +
solvent + non-solvent) can help to explain the differences obtained.
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