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The aim of this study was to evaluate the possibility of preparing chitosan porous matrixes using super-
critical 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.

Supercritical assisted phase inversion experiments were carried out and the effect of different organic
solvents on the morphology of the scaffolds was assessed. Chitosan scaffold morphology, porosity and
pore size were evaluated by SEM and micro-CT. A thermodynamic analysis of the process was carried
out and insights on the solubility parameter and Flory-Huggins interaction parameters are given. 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.
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1. Introduction

Chitin is widely found in shells of crustaceous such as crabs and
shrimp and it is the second most abundant polymer after cellu-
lose. Chitin forms strong inter- and intramolecular hydrogen bonds,
which are difficult to break. Therefore its solubility in common sol-
vents is rather constrained. For this reason, limited utilization of
this natural resource has been reported. Up to date, the major-
ity 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 physico-
chemical 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 [1,2].

Chitosan has been processed in different forms to be used in tis-
sue engineering applications, namely, membranes [3], particles [4],
fibers and 3D fiber meshes [4,5]. The use of chitosan as a drug deliv-
ery vehicle has also been reported in different studies [6,7]. In tissue
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engineering applications, chitosan sponges have been described as
deliver systems able to carry active agents or biomolecules and
growth factor [8,9]. The preparation of these systems normally
involves freeze-drying or lyophilizing a chitosan gel solution using
diluted acetic acid solutions [10,11].

One of the most important stages of tissue engineering is the
design and processing of a porous 3D structure, with high porosity,
high interconnectivity between the porous and uniform distribu-
tion. A variety of processing techniques have been developed and
include solvent casting and particles leaching, compression mould-
ing and particle leaching, thermally induced phase separation,
gas-foaming processes, among others [12]. The main disadvan-
tages of these methods are the use of organic solvents and the high
temperatures required. The presence of residual organic solvents
is being rigorously controlled by international safety regulations,
thus it is necessary to warrant the complete removal and absence
of these substances. Supercritical fluid technology appears to be,
therefore an interesting alternative to the traditional processing
methods [13-15].

The phase inversion technique involves casting of a polymer
solution onto an inert support followed by immersion of the sup-
port with the cast film into a bath filled with a non-solvent for
the polymer. The contact between the solvent and the non-solvent
causes the solution to be phase-separated. If the non-solvent used
is a supercritical fluid this adds several advantages to the process.
One of the most important advantages of the use of carbon dioxide
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Scheme 1. Molecular structure of the solvents used in this work.

is the fact that simply by tuning the process conditions, i.e. pressure
and temperature, one can tailor the final structure of the product.
Additionally, when carbon dioxide is used as a non-solvent a sub-
sequent drying step is avoided and the porous structure obtained
is a dry product free of any residual solvent.

The use of carbon dioxide as a non-solvent for phase separa-
tion has been successfully reported in the literature for example
for PLLA [16,17], PMMA [18], Nylon 6 [19], PS [20], cellulose acetate
[21,22], polysulfone [23,24] and polycarbonate/PEG [25]. Recently,
it has been reported the use of supercritical fluid assisted phase
inversion method for processing natural based polymers, namely,
apolymeric blend of starch and poly-L-lactic acid from a chloroform
solution was processed [26]. Temtem and co-workers reported the
precipitation of chitosan membranes from an aqueous solution
of dilute acetic acid [27]. Nonetheless, the presence of water and
its poor solubility in the supercritical phase make the proposed
process time consuming and energy intensive. The feasibility of
processing chitosan from organic solutions was evaluated in this
work. Although organic solvents are used, the use of supercritical
carbon dioxide (scCO,) allow complete solvent removal as CO, has
good diffusivity and mass transfer properties. The ability of car-
bon dioxide to diffuse and penetrate in the bulk of the 3D matrix
grantees the complete extraction of the organic solvent [28].

The possibility of dissolution of this natural polymer in car-
boxylic acids, such as formic acid (FA) and acetic acid (AA) [29]
and in 1,1,1,3,3,3-hexa-fluoro-2-propanol (HFIP) [30] has been
described in previous works; the molecular structure of the sol-
vents is presented in Scheme 1. Such studies provided good
indications that one could use such substances to process porous
chitosan-based structures by combining them with scCO,.

The role of the organic solvent on the morphology of the scaf-
folds obtained was studied and it was explained regarding the
Hildebrand solubility parameter and the Flory-Huggins solution
theory.

2. Materials and methods
2.1. Supercritical assisted phase-inversion process

The phase inversion experiments were carried out in an appa-
ratus especially for this purpose and described elsewhere [26].

Briefly, in each experiment a small amount (ca. 2 ml) of the chi-
tosan solution (2 wt%) is loaded in a stainless steel cap with 2cm
diameter, which s placed inside the high pressure vessel. The vessel
is heated in by means of an electric thin band heater connected to
a temperature controller, that maintains temperature within +1K.
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 pres-
sure transducer. The system was closed for 45 min to allow the
occurrence of phase separation. Afterwards the system is flushed
for another 45 min, with a stream of carbon dioxide at very low flow
rate (5 g/min), in order to ensure complete drying of the scaffolds.
The flow is regulated by a flow meter (Siemens, SITRANS FC MASS
FLO MASS2100).

2.2. Scaffold characterization

Scanning electron microscopy - SEM: Samples of the scaf-
folds prepared were observed by a Leica Cambridge S360 Scanning
Electron Microscope. The films were fixed by mutual conductive
adhesive tape on aluminium stubs and covered with gold palladium
using a sputter coater.

Micro-computed tomography - p-CT: The inner struc-
ture, 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 wm). CT
Analyser® (SkyScan, Belgium) was used to visualize the 2D X-ray
sections images of the scaffolds.

3. Results and discussion

In this work, the possibility of preparing chitosan scaffolds for
tissue engineering applications using supercritical assisted phase
inversion technique was evaluated. The solubility of chitosan in
different organic solvents has been reported in literature, more
specifically chitosan is soluble in carboxylic acids, such as formic
or acetic acid and it has also been reported to be soluble in HFIP.
The importance of this study relies on the implications of the selec-
tion of a proper combination of non-solvent/solvent/polymer for
the success of the phase inversion process. Table 1 presents some
physical properties of the solvents and non-solvent used.

In order to be able to compare the structures obtained the scaf-
folds were processed at the same operating conditions, 333.15K,
15.0 MPa from a solution with 2 wt%.

In this study the concentration was kept constant in order to
evaluate the sole effect of the solvent on the morphology of the
structures obtained. However, it has been reported in the literature
an increase in polymer concentration will increase the thickness of
the top layer and decrease the pore size [31].

Fig. 1 represents the SEM images of the cross section of the
scaffolds obtained and a representative 2D image of a slice of the
material.

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 pre-
sented an upper compact layer, which was not observed in chitosan

Table 1
Physical properties of the substances used for the processing of chitosan.

Solvent Non-solvent
Formic acid®  Acetic acid®  HFIPP Carbon dioxide?
Mw (g/mol) 46 60 168 48
Bp (K) 363.32 390.87 349.14 297.37
Tc (K) 580.05 592.75 468.45 304.25
pc (MPa) 7.39 5.78 3.42 7.39
Acentric factor 0.473 0.4624 0.225
3 [31].
b [32].



328 A.R.C. Duarte et al. / J. of Supercritical Fluids 72 (2012) 326-332

SEM

— A
Acetic acid

-

HFTP

Micro CT

500 pm

Fig. 1. SEM images and 2D micro CT representation of the scaffolds prepared from different organic solutions at 333.15K and 15.0 MPa.

scaffolds precipitated from acetic acid. Furthermore, chitosan pro-
cessed from an acetic acid solution presented a more homogeneous
structure. On the other hand, when a formic acid solution was pro-
cessed a thin membrane was obtained.

The formation of a compact layer on the scaffolds prepared from
HFIP solution is related to the low boiling point of the organic sol-
vent. As this is close to the operating temperature, after loading
the mould with the polymer solution it is placed inside the high-
pressure vessel, which is at 333.15K (the operating temperature)
and only then the system is pressurized. During this procedure a
certain amount of organic solvent evaporates and a polymer con-
centration gradient is formed leading to the formation of a compact
layer on top of the polymeric matrix.

Micro CT allows us a more qualitative interpretation of the mor-
phology of the scaffolds. From the analysis of the 2D slices and the
reconstruction of the 3D structure it is possible to assess parame-
ters such as, porosity, average pore size and pore size distribution.
Table 2 summarizes the experiments performed and the results
obtained, in terms of porosity and average pore size. In Fig. 2 the
pore size distribution on the three scaffolds prepared is presented.

As it can be observed, not only the pores are larger when chi-
tosan was precipitated from formic acid or HFIP but also there is
a large size distribution, implying the production of a heteroge-
neous matrix. Such results demonstrate that completely different
morphologies are obtained from the precipitation with different
solvents. 3D models of the scaffolds produced were constructed and

Table 2
Summary of the experiments performed and the characteristics of the porous struc-
tures obtained by .-CT.

Experiment #  Solvent Chitosan Porosity (%)  Average pore
concentration size (um)
(wt%)
1 Formic acid 2% 29 62
2 Acetic acid 2% 47 110
3 HFIP 2% 90 600
60
N Formic acid
. .
40 —&— Acetic acid

HFIP

%

0 500 1000 1500
pore size (ULm)

Fig.2. Poressize distribution of chitosan scaffolds precipitated from different organic
solutions.
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Fig. 3. 3D model of chitosan scaffolds precipitated from different organic solutions: (a) formic acid; (b) acetic acid; (c) HFIP.

the differences among them are highlighted. Fig. 3 represents the
3D models of chitosan scaffolds obtained for the different solvents.

3.1. Ternary phase behaviour systems:
polymer-solvent—-antisolvent, an equilateral triangle?

The supercritical assisted phase inversion process relies on two
mechanisms that take place simultaneously, namely the diffusion
of carbon dioxide into the polymer solution and the extraction of
the organic solvent by the supercritical fluid. The choice of the
best solvent involves many times several factors which will have
an effect on the ability of the solvent to adequately dissolve the
material. The Hildebrand solubility parameter is one of the most
widely applicable solubility scale, which reflects the total Van der
Waals forces between molecules. The solubility parameter is, there-
fore, an important parameter, which is a function of the cohesive
energy density. There are several methods to estimate this param-
eter. A semi-empirical Eq. (1) described by Giddings et al. [32] to
calculate the solubility parameter was used, as this can be easily
calculated based on the fluid properties, giving an indicative value
of the solvent power of the compressed fluid:

§=1.25pc M2 | L (1)
Pr(liq)

where § is the solubility parameter, p. is the critical pressure of the
fluid phase, pr is the reduced density of the fluid phase and p; (liq) is
the reduced density of the fluid in the liquid state which is typically
considered to be 2.66 for carbon dioxide [34]. The calculation of
the reduced density of the fluid phase was performed using the
Phase-Equilibria (PE) program [35].

Vapour-liquid equilibrium (VLE) measurements for the binary
systems carbon dioxide + carboxylic acid are reported in the litera-
ture. Important to this work are the phase equilibria data of carbon
dioxide +formic acid and carbon dioxide +acetic acid, reported by
McHugh and co-workers [33]. Regarding the binary system carbon
dioxide + HFIP, VLE data are not available in the literature. For this
reason, and to avoid large calculation errors, solubility parameter
for this system was not calculated.

In order to determine the density of the fluid phase, estimation
of binary interaction parameters (Table 3) and modeling of VLE data
was required. The Peng-Robinson equation of state (PR-EOS) was
chosen to model the system [36]:

RT a(T)
v—b v242bv— b2

P=

Table 3
Binary interaction parameters used in PR-EOS.

CO,, +formic acid -0.015 -0.132
CO,, +acetic acid 0.101 0.04

The mixture parameters a and b can be regarded as a measure of
the intermolecular attraction force and the size of the hard spheres,
respectively and can be defined by the following quadratic mixing
rules:

a= E E Xinﬂij
i

a,~j = a,»aj(l — k’./)
b=3 > xixby
g
b; + b;
by = ———(1-1y)

where k;; and [;; are interaction binary parameters that are deter-
mined by the fitting of pressure-composition data and a; and bj;
are the pure component parameters defined by Peng and Robinson
[36].

The good correlation between VLE experimental data and
modeling of the pressure-composition trend using the PR-EOS is
evidenced in Fig. 4 for the system carbon dioxide +acetic acid.

The solubility parameter of the fluid phase was calculated to
be 11.88 MPa'/2 for the system carbon dioxide +formic acid and

14
12
— i .%
Ew ey
s .
g 6 *
j=)
2
g 41 .
Q.
2
0 T T

T T
0 0.2 0.4 0.6 0.8 1
CO; mole fraction
Fig. 4. Phase equilibria data for the system acetic acid + carbon dioxide: close sym-

bols - bubble points; open symbols - dew points; * critical point of the mixture; line
corresponds to the modeling.
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Table 4
Solubility parameters of the pure compounds and binary systems.
§ (MPa'l?) (81 —682)% (MPa)
Pure components? Pure components at experimental conditions Binary system solvent/non-solvent
Formic acid 24.9° 19.04 11.88 1299
Acetic acid 21.4° 20.58 10.88 62.4
HFIP 19.3¢ - - 33.6
Carbon dioxide 13.54 4.59 -
Chitosan 43.06° -
2 At298.15K.
b [37].
€ [38].
d 24 value at 304.15K and 13 MPa.
¢ [39].

10.88 MPa'/2 for the system carbon dioxide +acetic acid. Table 4
summarizes the solubility parameters for the pure components at
298.15K and 0.1 MPa, and at the operating conditions and for the
binary systems solvent/non-solvent. Matsuyama and co-workers
have interpreted the morphology of materials processed by the
supercritical assisted phase inversion process, through the eval-
uation of the square of solubility parameter difference between
non-solvent and solvent, (§; — 8,)? at ambient conditions [22]. The
numbered subscripts 1, 2 and 3 correspond to non-solvent, solvent
and polymer, respectively.

The difference between the solubility parameters is a measure
of the mutual affinity of the solvent/non-solvent. As this difference
increases, the affinity between organic solvent and carbon dioxide
decreases.

Fig. 5 represents the trend of the porosity and pore size distri-
bution as a function of solvent affinity.

The high solubility between the organic solvent and the anti-
solvent will favour the phase inversion process because a higher
affinity of the solvent to the carbon dioxide will cause the phase
separation and the precipitation of the polymer with a porous struc-
ture. Lower solvent affinity, i.e., higher square solubility parameter
difference, will result in a decrease in the porosity and pore size of
the scaffolds.

The results obtained are different from what is reported in the
literature, however due to the nature of the systems studied and
the conditions in which the experiments were performed it is not
possible to make a straightforward comparison between what is
reported in Refs. [22-24] and the taken conclusions. Major dif-
ferences arise from the fact we are producing a 3D matrix from
chitosan, a semicrystalline polymer that can potentially crystallize
during the phase inversion, which may increase the complexity of
the process.

The complexity of the mechanisms involved in the process is
associated with the interactions between the components of the

100 T 750
—
801 T600
é 60 T 450 S
2 g
%) 7
2 401 T300 o
g g
= =8
20+ T 150
—_—
0 T T 0
0 50 100 150

square of solubility parameter difference

Fig. 5. Effect of square solubility parameter difference on the scaffold porosity (M)
and pore size (0O).

ternary mixture, i.e., polymer-solvent, polymer-non-solvent and
solvent-non-solvent interactions [40].

A better understanding of the mechanisms involved in the pro-
cess requires the knowledge of the ternary phase diagram of the
components in the system.

The boundary between the homogeneous phase and the
liquid-liquid (L-L) demixing gap is often called binodal and it corre-
sponds to the cloud point curve of the polymer. Usually the region of
L-L demixing is subdivided into a region of spinodal demixing. The
area in between corresponds to two different metastable regions
where nucleation and growth take place.

According to the theory of Flory—-Huggins the size and location of
the demixing gap, as well of the critical point, depends on the molar
volumes of the components present in the system and their inter-
actions [1,41]. Flory-Huggins interaction parameter is commonly
used to measure the polymer/solvent compatibility. Nonetheless
it can also be used to evaluate the compatibility between sol-
vent/nonsolvent and polymer/nonsolvent. Interaction parameters
(Xij) can be calculated based on Eq. (2):

(8 — &)
RT

where Vp, is the molar volume, R is the universal gas constant
and T is temperature. For our ternary system x;, corresponds to
the interaction parameter between non-solvent/solvent, x 3 is the
interaction parameter between non-solvent/polymer and x; 3 the
interaction parameter solvent/polymer.

We can estimate the following inequalities, for the Flory-
Huggins interaction parameters, between non-solvent-solvent and
solvent-polymer, based on the solubility parameters (Table 4): x1 »
FA > X122 AA> X122 HFIP and X2.3 FA< X23 AA< X23 HFIP.

The influence of these parameters has been summarized in a
review paper by Feijen and co-workers[42].In a first approximation
differences in molar volumes are negligible compared to the influ-
ence of the interaction parameters. Regarding the Flory-Huggins
parameter, x1 3 determines not only the surface area of the demix-
ing gap, but also the point of intersection of the demixing gap with
the polymer/non-solvent axis. When x; 3 is high this intersection
is located at very high polymer concentrations. On the other hand,
high x,3 values indicate low mutual affinity between the organic
solvent and the polymer, which consequently leads to an increase
in the demixing gap. The affinity between solvent/non-solvent,
quantified by the term y;, is directly proportional to the mag-
nitude of the gap. Therefore, low interaction parameters strongly
increase the demixing gap. From these assumptions we can pre-
dict the ternary phase diagram for all the three solvents studied
(Fig. 6).

The formation mechanisms that govern the morphology of the
membranes, namely pore size and porosity involve both equi-
librium thermodynamics and kinetics [43,44]. The equilibrium

Xij = Vi (2)
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Fig. 6. Schematic representation of the ternary phase diagram of the components
involved in the phase inversion process.

phase diagram represents the thermodynamically favoured pro-
cesses that might occur during phase separation, nonetheless it
is the kinetics that will determine to what extent the thermody-
namically favoured phase transition will take place. Furthermore,
non-equilibrium processes may play an important role during the
membrane formation. The morphology of the matrixes prepared
can be characterized as cellular structures, nodules, bicontinuous
structures, unconnected particles or macrovoids [45].

The majority of the matrixes are prepared by controlled phase
separation of polymer solutions in two phases: one with a high
polymer concentration and one with a low polymer concentra-
tion. A proposed mechanism of membranes formation indicates
that a porous cellular structure is obtained if L-L demixing occurs
by nucleation and growth of the droplets of a polymer lean phase
[26].

The correlation between theory and matrix morphology can
also be based on mass transfer models. Reuvers and co-workers
[46-48] demonstrated that the mass transfer processes associated
with porous development in scaffolds can be divided into delayed
demixing and instantaneous demixing. The delay period is the time
in which the composition of the mixture remains the same and
it represents one of the most important parameters in the theory
of phase inversion processes. During the process, the non-solvent
concentration in the polymer solution gradually increases until the
demixing gap is entered. A larger metastable region, i.e. a larger
demixing gap, is associated to a higher delay time. In addition, a
qualitative generalized interpretation indicated that by increas-
ing the interaction parameter between solvent/non-solvent xi o,
i.e,, when the mutual affinity between solvent and non-solvent
decreases, an increase in the delay time will be observed [42].
This can help us to understand the chitosan structures obtained
in this work. The precipitation from a formic acid solution lead to
a dense matrix with low porosity, indicating that a scaffold with
close pore structure has been formed. On the other hand, scaf-
folds produced from HFIP solution presented macrovoids, which
correspond to very elongated pores over the entire thickness of
the scaffolds. Macrovoids are usually related with instantaneous
demixing, therefore, low ;. The mutual affinity of HFIP and car-
bon dioxide is the greatest among the three solvents tested, as it
could be confirmed by the square difference of the Hildebrand sol-
ubility parameters and by the smaller demixing gap in the ternary
phase diagram. For this reason, there is a rapid diffusion of carbon
dioxide into the polymeric solution and rapid precipitation occurs.
The appearance of a dense layer on top of the matrix is also an
indication of the fast precipitation mechanism.

Regarding the precipitation from an acetic acid solution it falls in
between these two categories. In this case a bicontinuous structure
was obtained. This system is characterized by a homogeneous pore
size distribution with pores presenting an average size of ~100 wm,
in addition surfaces appear very rough which can enhance the

transport properties within the structure and could also encourage
cell attachment and proliferation, when aiming tissue engineer-
ing applications. These matrixes are also characterized by a highly
interconnected porous structure. Having in mind the particular
application of tissue engineering and the fact that ideal scaffolds
for bone tissue engineering require three-dimensionally intercon-
nected porous structures, so nutrients and oxygen can be accessible
to the cells together with the elimination of cell wastes, chitosan
structures prepared from acetic acid solutions by supercritical
assisted phase inversion are potential candidates for this purpose.

4. Conclusions

Supercritical fluid assisted phase inversion process was used
to prepare chitosan scaffolds from organic solutions. The role of
the organic solvent on the morphology of the matrixes obtained
was discussed only a few times in the literature, when phase
inversion technique is used. In this work we present some ther-
modynamics insights on the importance of the selection of the
most appropriate non-solvent/solvent/polymer systems in order
to be able to produce a material with the desired characteris-
tics. 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 chi-
tosan 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. The knowledge of solubility parameter and the inter-
action coefficients non-solvent/solvent, non-solvent/polymer and
solvent/polymer help understanding the morphology of the scaf-
folds.
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