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Polycaprolactone (PCL) and chitosan (CHT) are immiscible polymers. However, biodegradable porous
scaffolds of both polymers were obtained by combining different techniques based on the synthesis of
semi-interpenetrating polymer networks (SemilPNs) and melt processing. SemilPNs were prepared
through simultaneous precipitation of the polymer blend (PCL/CHT) and subsequent crosslinking of
chitosan with tripolyphosphate (weight fractions of CHT up to 30 wt.%). High porosity PCL/CHT scaffolds

with open pore structure and good interconnectivity were obtained. Mechanical properties, evaluated by
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dynamic-mechanical analysis, decrease as porosity increases. The physical interactions between func-
tional groups of CHT and carbonyl groups of PCL were assessed by FTIR, the shifting of the main relax-
ation of PCL towards high temperatures as the fraction of CHT increases as well as the evolution of the
thermal properties of the system.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Tissue engineering approach requires scaffolds to provide a short-
term three-dimensional substrate to cell growth, adhesion and
proliferation as well as enabling the transport of cell nutrients and
wastes, and providing suitable mechanical properties after implan-
tation. A variety of natural and synthetic polymeric materials are
being tested as scaffolds for regenerative medicine and tissue repair.
Synthetic polyesters like polycaprolactone (PCL) have become
a versatile material in cardiovascular, bone, cartilage tissue engi-
neering, pharmaceutical controlled release systems, and in biode-
gradable packaging [1-5]. PCL is thermoplastic aliphatic polyester
which can be easily processed into complicated three-dimensional
architectures using conventional technologies due to its low melting
point, and low viscosity. Mechanical properties and degradation
mechanism of PCL can be altered by chemical modification. Many
efforts have been devoted to the exploration of the chemical modi-
fication of e-caprolactone to synthesize a monomer that can be
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copolymerized with other hydrophilic comonomers [6]. On the other
hand, blending techniques were widely used to modify physical and
chemical properties of aliphatic polyesters. Blending polymeric
materials like PCL with biodegradable natural biopolymers such as
starch, cellulose, chitosan and chitin have been explored in the past
[7-11]; the production of biodegradable polymers using these
renewable resources is nowadays increasing [12]. For tissue engi-
neering applications, itis expected that the homogeneous blending of
a hydrophilic polymer with the hydrophobous PCL chains improves
water diffusion to the proximities of PCL chains, thus accelerating
their hydrolytic degradation. An increase of PCL wettability is also
desired when three-dimensional scaffolds are prepared to make cell
seeding and nutrients diffusion in cell culture easier. In this work,
chitosan (CHT) was employed as the hydrophilic, biodegradable
component. CHT is a polymer derived of the partial deacetylation of
chitin, a natural polymer that has become an important material in
several fields including medicine, chemical industry and tissue
engineering, due to its easy processing into films and scaffolds [13].

PCL and CHT are immiscible [9,13]; thus their blends are difficult to
achieve due to the lack of common solvents and the impossibility of
melt processing of CHT. Even though several blending processes have
been proposed in the literature, it is difficult to produce three-
dimensional (3D) scaffolds out of these blends. Sarasam et al
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corroborated this feature, demonstrating that stable scaffolds of PCL
and CHT mixture could not be obtained using processing techniques
like freeze extraction, freeze gelation and freeze drying [14].

In this study we propose to prepare porous materials from blends
of PCL and CHT, through the creation of a semi-interpenetrating
polymer network (semilPN), as a novel method to obtain CHT/PCL
biodegradable porous scaffolds. SemilPN consists of two polymeric
materials, one of them in the form of a polymer network and the
other one, uncrosslinked, occupying the same volume. The network
structure of the former entraps the linear chains of the second
component hindering their diffusion and enabling the formation of
a homogeneous dispersion of the two immiscible polymers that
otherwise would phase separate with large phase domains and poor
mechanical properties [15].

PCL/CHT semilPN system was prepared through the physical
crosslinking of chitosan with sodium tripolyphosphate (TPP)
entrapping PCL chains. Afterwards, porous scaffolds were prepared
by melt processing and leaching out techniques. Morphology and
properties of the system obtained are investigated.

2. Experimental section

Chitosan (CHT) from crab shells (practical grade), with a degree
of deacetylation of 85% and molecular weight of 155 kDa was
purchased from Sigma-Aldrich. Poly(e-caprolactone) (PCL) and
poly(ethylene oxide) (PEO), with molecular weight 48 and 100 kDa
respectively were supplied by Polyscience. All the other reagents
are analytical grade and were used without further purification.

2.1. Preparation of PCL/CHT semilPNs

Chitosan and poly(e-caprolactone) were dissolved in aqueous
solution of acetic acid (1% v/v) and glacial acetic acid respectively
and then, both solutions were mixed in adequate proportions to
obtain PCL/CHT semilPNs containing 10, 20 and 30 wt.% of CHT,
after precipitation, in excess 0.3% (w/v) sodium tripolyphosphate
solution with vigorous stirring. Chitosan is polycationic when dis-
solved in acid and presents -NH3 sites. Sodium tripolyphosphate
dissolved in water dissociates to give both hydroxyl and phosphoric
ions. Since the crosslinking of chitosan would be dependant on the
availability of the cationic sites and negatively charged species to
form a physical network. In this sense, when a solution of both
polymers is added to a sodium tripolyphosphate solution, cross-
linking of chitosan makes possible the entrapping of PCL chains
within the chitosan network (see Fig. 1). The semilPNs obtained in
form of white powder were then suspended in a 0.1 M sodium
hydroxide solution, to neutralize and then washed with abundant
distilled water to reach pH 7. Finally, the samples were dried in
vacuum to constant weight.

2.2. Preparation of PCL/CHT porous scaffolds

PCL/CHT scaffolds with varying porosity were prepared from
semilPNs using 0 wt.% (without any porogen), 30 wt.%, 45 wt.% or
55wt.% of PEO, as porogen. PCL/CHT semilPNs with different
compositions (10, 20 and 30 wt.% CHT) were carefully triturated
into powders, and mixed with sieved PEO particles (size range:
106-150 pm) and each mixture was loaded into a circular mould
(30 mm diameter and 1.5 mm thickness). Afterwards, the mould
was placed in an oven at 90 °C for 1 h allowing both PCL and PEO to
melt. Subsequent cooling of the mould gives rise to PCL and PEO
crystallization which sinters semilPN particles and porogen PEO
particles producing co-continuous phases. Then, the PCL/CHT
scaffolds were immersed in water for 3 days at room temperature
in a shaking plate, in order to completely remove the porogen from

[ PCL chains

% CHT physical network

Fig. 1. Sketch of the spatial distribution in PCL/CHT semilPNs. Physical crosslinking of
CHT is achieved by sodium tripolyphosphate leaving PCL chains within the CHT
network.

the scaffolds. Water was changed twice a day. Besides, films of neat
PCL prepared by solvent casting technique and CHT networks
crosslinked with sodium tripolyphosphate were used to compare
with the obtained results for PCL/CHT semilPNs.

2.3. Fourier transform infrared spectroscopy (FTIR)

FTIR spectra of semilPNs were recorded on a Thermo Nicolet
Nexus FTIR, controlled by OMNIC software, using the Smart Diffuse
Reflectance method. The samples were used in powder and the
reference was dried KBr. The spectra were obtained by accumu-
lating 132 scans in the range 600-4000 cm™~! with a resolution of
4cm™.

2.4. Swelling in simulated body fluid (SBF)

Swelling degree of the PCL/CHT scaffolds was gravimetrically
measured in simulated body fluid (SBF, solution with an ion
concentration nearly equal to that of human blood plasma and a pH
of 7.4), prepared for this study according to the method described in
Ref. [16]. Dry cylindrical samples, 5 mm diameter and approx.1 mm
thickness, were immersed in SBF at 37 °C. The weight of the
samples was measured after different time periods up to 9 days,
when equilibrium was reached. Before each weighting, the samples
were removed from SBF and the excess of liquid on the surface was
wiped off with a filter paper. Each reported value is the average of
three replicate samples. The swelling degree is expressed as the
amount of SBF per unit mass of dry polymer:

w = MspF (1)

mdrypolymer
2.5. Density and porosity measurements

The PCL/CHT scaffolds were cut into a cylindrical piece (5 mm
diameter and 1 mm thickness) and dried under vacuum for 24 h.
The apparent density of PCL/CHT scaffolds (p;affo,d) was calculated
from the dried weight and volume of a scaffold as measured
geometrically. The porosity (P) of PCL/CHT scaffolds was deter-
mined to be,

PpCL/CHT — Py,
P(E) — ( / scaﬁ‘old) 100 )
PpcL/CHT
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Fig. 2. Photographs of neat chitosan (CHT), polycaprolactone (PCL) and PCL/CHT blends poured in a solution containing excess of sodium tripolyphosphate.

where, ppcr/cyr Was the density of PCL/CHT membrane (non-
porous) semilPNs with 10 wt.%, 20 wt.% and 30 wt.% of CHT as
calculated by weighting in n-octane.

2.6. Scanning electron microscopy (SEM)

SEM analysis of the scaffolds was carried out in a scanning
electron Jeol JSM-5410 microscope and performed on both longi-
tudinal and transversal cross-sections (cryogenically fractured) of
the samples. All specimens were coated with a conductive layer of
sputtered gold. The micrographs were taken at an accelerating
voltage of 15 kV in order to ensure a suitable image resolution.

2.7. Differential scanning calorimetry (DSC)

Differential scanning calorimetry (DSC) was performed in
a Pyris 1 apparatus (PerkinElmer). Nitrogen gas was purged
through the DSC cell with a flow rate of 20 ml/min. The tempera-
ture of the equipment was calibrated by using Indium and Zinc. The
melting heat of Indium was used for calibrating the heat flow. After
erasing the effects of any previous thermal history, by heating at
90 °C, the samples were subjected to a cooling scan down to —20 °C
at 10 °C/min, followed by a heating scan from that temperature up
to 90°C at a rate of 10°C/min. The characteristic transition
temperatures have been calculated from the DSC curves.

2.8. Dynamic-mechanical analysis (DMA)

Dynamic-mechanical analysis was performed in a Seiko
DMS210 apparatus at a frequency of 1 Hz in the tension mode (the
static strain was automatically selected by the equipment so that
pure tension is always applied). The stress-strain range was low
enough so as to consider linear viscoelasticity to be valid. The
temperature dependence of the storage modulus and loss angle
was measured in the temperature range from —120 °C to 90 °C at
a rate of 2 °C/min. The samples for these experiments were pris-
matic (ca. 20 x 5 x 1 mm?>).

2.9. Thermogravimetric analysis (TGA)

Thermal stability measurements were performed using a TA-
Instrument Model SDT-Q600 system. TGA test was performed in
alumina crucibles where samples (5-10 mg weight) were placed on
the balance and the temperature rose from 30 to 750 °C at a heating
rate of 10 °C/min. The mass of the sample pan was continuously
monitored as a function of temperature. TGA experiment was
carried out in nitrogen environment using a flow rate 50 ml/min in
order to avoid termoxidative degradation.

3. Results
3.1. PCL and CHT miscibility and their interactions in the semilPNs

One of the first questions which arises when characterizing the
semilPNs obtained is whether the interpenetration between PCL
chains and CHT network yields a homogeneous blend in which PCL
and CHT chains are mixed at molecular level or phase separation
takes place in some extent as it happens in a PCL/CHT polymer
blends [9,10]. To answer this question, DSC, DMA, FTIR, and TGA
measurements were performed on the semilPN samples prepared
without any porogen.

When neat chitosan, polycaprolactone and PCL/chitosan blends
were poured in sodium tripolyphosphate solution, the neat chito-
san became a physical network as it is evident from Fig. 2 that
shows a gel with (transparent) water around. However, PCL
precipitates in contact with water and a turbid solution appears.
Crosslinking CHT in the presence of PCL allows one to entrap PCL
chains within the CHT semilPN for 20 and 30 wt.% of CHT (trans-
parent solutions in Fig. 2). Nevertheless, only a part of PCL chains
can be retained for the 10 wt.% system, giving rise to a system that
consists of PLC chains entrapped within the CHT network (the gel)
and non-incorporated PCL that is the reason for the turbid
appearance of the solution (Fig. 2).

The influence of the amount of CHT on the PCL/CHT semilPN on
the thermal properties of PCL was studied by DSC. The crystallization
thermograms, recorded on cooling at 10 °C/min are shown in Fig. 3.

4 Jig°C

Normalized Heat Flow (J/g°C)

. ; . ; .
0 20 40 60
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Fig. 3. Cooling thermograms for neat PCL and PCL/CHT semilPNs. PCL (<), 10 wt.%
(0O), 20 wt.% (A) and 30 wt.% CHT (o).
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Table 1
Thermal properties of the semilPNs. Crystallization enthalpy AH., melting enthalpy
AHjy, melting temperature Ty, crystallization temperature T, and crystallinity x..

PCL/CHT semilPNs T, (°C)  AH.(J/g) AH;(J/g) Tn(°C) T.(°C)  xc(%)
PCL 615 578 65.4 57.0 32,5 46.9
10 wt.% CHT 612 456 46.9 56.7 29.9 374
20 wt.% CHT —585 379 41.0 56.4 28.8 36.8
30 wt.% CHT 557 328 351 56.6 30.0 36.0

The main feature observed is the significant shift towards lower
temperatures of the exothermal peak due to PCL crystallization in
the semilPNs with respect to pure PCL sample. The glass transition
region broadens in the semilPNs with respect to neat PCL (results
not shown). The absolute values of glass transition temperature Ty
(measured from second heating scan) and other characteristic
parameters of the cooling and heating thermograms (crystalliza-
tion point T, and melting point Ty, determined as the minimum of
the exothermal peak measured on cooling and the maximum of the
endothermic melting peaks respectively, crystallization enthalpy
AH., melting enthalpy AHj, both determined per gram of sample,
and the degree of crystallinity x.) are listed in Table 1.

The fraction of PCL that crystallize in the semilPNs was calcu-
lated as

L 3)
WpCLAH})

where, AH; is the melting enthalpy associated to the PCL peak in

the DSC thermograms, AH? = 139.5]/g represents the melting

enthalpy of the single crystal [17] and wpc; is the weight fraction of

PCL in the semilPN.

The temperature dependence of the storage modulus E, and loss
tangent for PCL/CHT semilPNs (prepared without any PEO porogen)
measured at a frequency of 1 Hz using DMA are represented in
Fig. 4. Dynamic-mechanical analysis is a very sensitive technique
for the study of the glass transition in complex systems. In this case,
the main dynamic-mechanical relaxation of the amorphous PCL
phase, associated to its glass transition, is clearly displayed as
a broad peak around —40 °C in the loss tangent, and a slight fall of
the elastic modulus (Fig. 4).

The shift of the glass transition temperature (or the temperature
of the loss tangent peak at the « relaxation, T,) with respect to those
appearing in the pure component is a well accepted criterion for
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Fig. 4. Storage modulus and loss tangent for semilPNs prepared without porogen and
neat PCL. PCL (<), 10 wt.% ([OJ), 20 wt.% (A) and 30 wt.% CHT (o).

Table 2

Equilibrium swelling degree (Eq. (1) in the text) and porosity of the PCL/CHT scaf-
folds. The swelling degree was measured on samples prepared without any porogen
(0 wt.% PEO).

PCL/CHT Swelling  Porosity (%)

o degree,w (% PEO 30 wt%PEO 45wt%PEO 55 wt% PEO
10wt% CHT 022 21 34 51 58

20 Wt% CHT 037 33 32 54 61

30 Wt% CHT 0.58 25 37 60 64

miscibility and interphase interaction between the components of
a polymer blend or composite. In our semilPNs the main « relaxa-
tion shifts towards higher temperatures: the maximum of the loss
tangent peak shifted from —44 °C in the sample with 10 wt.% to
—30°C in the semilPNs with 30 wt.% of CHT and the transition is
very broad covering a temperature interval of 50 °C, and decreases
its intensity as the CHT content in the sample increases. The elastic
modulus measured at low temperatures, when the amorphous part
of PCL is in the glassy state, is around 1 GPa, as expected for
a semicrystalline polymer. At higher temperatures, the sudden drop
of the elastic modulus at approx. 50 °C is due to the melting of PCL.

The basis of the procedure used to fabricate the scaffolds is the fact
that PCL melting and recrystallization creates permanent links
between the particles of the PCL/CHT semilPNs. Even if no porogen is
added, the air occupying the free space between the PCL/CHT parti-
cles originates certain porosity, between 20 and 30% (see Table 2).
Consequently, an interpretation of the absolute values of the elastic
modulus is difficult since it depends not only on the content of the
stiff CHT component and its connectivity in the semilPN but also on
the porosity of the sample. Thus, the storage modulus of the sample
containing 10 wt.% CHT is higher than those of the samples con-
taining 20 or 30 wt.% when the contrary should be expected.
Nevertheless as shown in Table 2 the porosity of the former is smaller
than in scaffolds with higher CHT content.

The FTIR spectra of neat PCL, CHT and for all PCL/CHT semilPNs
are shown in Fig. 5. A characteristic band at 3450 cm ™! is attributed
to -NH; and -OH groups stretching vibration and the band for
amide [ at 1655 cm™! is seen in the infrared spectrum of chitosan.
Whereas the FTIR spectra of PCL show distinctive band centred at
1725 cm™~! attributable to the carbonyl group stretching vibration
in PCL structure. FTIR spectra of PCL/CHT semilPNs exhibit notice-
able changes compared with those of each neat component
(Fig. 5A). The band of carbonyl group of PCL is shifted to higher
wavenumbers (from 1725 in neat PCL to 1748 cm™~') and a shoulder
appeared at about 1710 cm~! as CHT content in the semilPNs
increases. The shoulder band is attributable to the hydrogen-
bonded carbonyl groups with hydrogen-donating groups (-OH and
—-NH,) of chitosan (see Fig. 5B). Senda et al. [18,19] observed similar
results in their studies of polycaprolactone/chitin and chitosan
blends. In addition, the band at 1640 cm~! (attributed to NH3
formation) together with the band at 1200 cm™! (attributed to
P=0 groups of sodium tripolyphosphate used as crosslinked agent)
more distinguishable in IR spectra of 30 wt.% CHT is indicative that
semilPNs are formed.

Fig. 6 shows the weight trace, TG, obtained in the TGA experi-
ments for neat PCL, CHT and PCL/CHT semilPNs at a heating rate of
10 °C/min in nitrogen atmosphere.

In addition Fig. 7 shows the derivative of the TGA trace for pure
PCL and CHT and the 30 wt.% CHT semilPN, the rest of curves have
not been shown for the sake of clarity. PCL thermograms exhibit
one stage of degradation from 283 to 448 °C with a maximum
degradation temperature (from DTG) at 386 °C which is ascribed to
chain scissions [20], called stage IV in Fig. 7. On the other hand, DTG
curve of CHT displays three different stages, I, Ill and V. The first one
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Fig. 5. SDR-FTIR spectra of PCL/CHT semilPNs with different compositions, 10 wt.%
(0),20 wt.% (A ) and 30 wt.% CHT (o) (A) and possible interaction between functional
groups of PCL and CHT (B).

is located between 60 °C and 140 °C with a peak at 110 °C and is
usually associated with a loss of water [21]. The second stage starts
at 240 °C and reaches the maximum at 298 °C and the last weight
lost stage has a peak at 550 °C. The two latter steps are attributed to
a complex process including dehydration of the saccharide rings,
depolymerisation and decomposition of the acetylated and
deacetylated units of the polymer [22,23].
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Fig. 6. TG thermograms obtained for neat chitosan, polycaprolactone and PCL/CHT
semilPNs. PCL (<), 10 wt.% (), 20 wt.% (A ), 30 wt.% CHT (o) and CHT (V).
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Fig. 7. DTG thermograms obtained for PCL (grey diamonds), CHT (grey triangles) and
the semilPN containing 30% CHT (open circles). The sum of the PCL and CHT ther-
mograms multiplied by 0.7 and 0.3 respectively is also shown (solid black line).

The TG/DTG curves of PCL/CHT semilPNs (Figs. 6 and 7) show the
main features of the pure components but, there are two clear
distinctive features: on the one hand a new peak appear in the DTG
curve with a maximum around 220 °C in the sample containing
30 wt.% CHT (peak II in Fig. 7). In the same temperature interval
a shoulder also appears in the other semilPNs but it is not resolved as
a peak (results not shown); on the other hand the high temperature
CHT degradation extremely broadens as is clearly shown in TG and
DTG peaks. The comparison of the experimental thermogram of
30 wt.% CHT chitosan semilPN with the result of the sum of the
thermograms of the pure components multiplied by their weight
fraction in the semilPN (black solid line in Fig. 6) shows that whereas
peak I and III approximately agree with the corresponding weight
loss of the CHT phase, peak IV is clearly less intense than what could
correspond to PCL degradation. A quantification of the weight loss
shows that the area under peak IV accounts only for around 60% of
the PCL contained by the sample. Thus one may induce that the loss
weight corresponding to stage Il appearing in the semilPNs corre-
sponds to PCL chains that due to the interaction with CHT units
degrades at lower temperatures than in pure PCL.

3.2. Morphological characterization

A sinterization process is used to fabricate the PCL/CHT scaffolds
from semilPNs. Even if no porogen is added, the air occupying the
free space between the PCL/CHT particles originates certain
porosity, between 20 and 30% (see Table 2). Interestingly enough,
despite the reduced porosity, pores are well interconnected, as
shown in Fig. 8A-C for samples containing 10, 20 or 30 wt.% CHT.

This porosity is too small for most of the tissue engineering
applications, so scaffolds were prepared adding a certain amount of
PEO microspheres as porogen. When the amount of PEO mixed with
PCL/CHT particles was up to 55% by weight, the thermal treatment
that melts both PEO and PCL and recrystallises them is able to join
the PCL/CHT microparticles in such a way that the elimination of the
porogen produces a consistent macroporous PCL/CHT scaffold, as
shown in Fig. 8D-F (note the different magnification of these
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Fig. 8. SEM microphotographs of PCL/CHT scaffolds. (A, D) 10 wt.% CHT; (B, E) 20 wt.% CHT and (C, F) 30 wt.% CHT. A, B and C were prepared without any porogen. D, E and F after

leaching out 55% of PEO particulates.

microphotographs with respect to those of the samples prepared
without porogen). Still an open pore structure with well inter-
connected pores was obtained. The spherical shape of the PEO
microparticles is lost in the melting and recrystallization processes
and the shape of the pores is quite irregular. As listed in Table 2, the
porosity of the scaffold continuously increases with the amount of
porogen used in the fabrication process reaching values up to
60-65%, depending on the CHT content, when 55% by weight of PEO
was used. Higher amounts of PEO yielded to scaffolds without
mechanical integrity because when temperature is increased to
90 °C, the PCL/CHT particles remain dispersed in the PEO molten
phase and do not adhere to each other during cooling.

The micromorphology of the PCL/CHT scaffolds (prepared
without any porogen) can be observed in SEM pictures obtained at
higher magnification (Fig. 9). The surface presents a characteristic
microporosity and spherical CHT inclusions, around 1-2 um,
appear clearly at the surface of the macro-pores. This morphology
was already found in PCL/CHT blends [9] obtained by precipitation
form aqueous acetic acid co-solutions of PCL and CHT.

Dynamic swelling studies were performed in SBF for 6 days at
37 °C and the gain of weight was monitored as a function of time.

As can be expected, the swelling degree increases with the amount
of hydrophilic - chitosan - component in the system (Table 2).

4. Discussion

In a previous work PCL/CHT blends were prepared by casting
from a solution [10]. It was proved that with that procedure
a continuous CHT phase is obtained for CHT contents of the blend
higher than 20 wt.%. In fact the sample containing 20 wt.% CHT
maintained its geometrical integrity after extracting the poly-
caprolactone in chloroform. In this work, the procedure for
blending chitosan and polycaprolactone is quite different. When
the solution of CHT in aqueous 1 M acetic acid and that of PCL in
glacial acetic acid are mixed transparent and apparently homoge-
neous solutions were obtained. After that, the polymer solutions
were precipitated in an excess of sodium tripolyphosphate solution
bath under strong agitation crosslinks chitosan favouring the
entrapping of polycaprolactone chains in the chitosan network. The
process yields a grounded material. Even if it is expected that a part
of the PCL chains are interpenetrated with the chitosan network
forming a semilPN, the experimental results show that the system

Fig. 9. SEM microphotographs of the microporosity in PCL/CHT scaffolds (prepared without any porogen). (A) 10 wt.% CHT; (B) 20 wt.% CHT and (C) 30 wt.% CHT.
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is not completely homogeneous (as proved by the appearance of
the glass transition of PCL and their ability to crystallize) and,
mainly for low CHT contents a phase of pure semicrystalline PCL
must coexist with the CHT phase.

After grounding the precipitate, a sheet with mechanical
integrity can be produced just by melting and recrystallizing PCL. In
this way the blend or semilPN particles are joined in the contact
points by the growth of new PCL crystals. The procedure gives as
a result a porous material (Fig. 8) whose porosity ranges between
20 and 30% depending on the chitosan content. The elastic modulus
of this material is quite high at low temperatures, when the
amorphous part of PCL is in the glassy state, between 1 and 3 GPa
(Fig. 4) depending on the CHT content and on the porosity of the
sample. These high values prove that the semilPN particles are well
adhered to each other forming a continuous material. The modulus
drops around —50 °C when the glass transition of PCL takes place,
but it reaches higher values that neat PCL showing the reinforcing
effect of the chitosan network. Of course, when PCL melts, around
60 °C, the sample flows because the joining points between the
semilPN particles are lost.

It is interesting to note that the crystallinity of PCL in the
samples (crystallized from the melt) is significantly smaller than in
pure PCL. This means that a part (around 20% according to the data
of Table 1) of the PCL chains is not able to participate in the crys-
talline structure probably because they are dispersed inside the
chitosan network. This behaviour is in agreement with the results
obtained by Honma et al. [18], that was attributed to the hydrogen
bond interactions between functional groups present in CHT
structure (-NH; and OH) and carbonyl groups present in PCL. Such
interactions occur in the amorphous phase, so the crystallization of
PCL is suppressed. The displacement of some absorption IR peaks in
the blends with respect to the pure PCL or CHT also proves that
a significant part of the polymer chains of both components is
mixed at distances in the order of magnitude of the molecular sizes.
The shift of the high temperature TGA peak of chitosan (stage IV of
the degradation) towards higher temperatures and its change of
shape in the semilPNs with respect to the pure CHT, as well as the
degradation of part of the PCL chains at much lower temperatures
than in pure PCL also support this conclusion. Another interesting
feature is that the crystallization DSC peak (Fig. 3) is shifted in the
blends towards lower temperatures with respect to pure PCL. This
means that the surfaces of chitosan domains do not act as nucle-
ation points for PCL crystallization as it was found in the blends
obtained by casting from the solution in Ref. [9].

The pore structure of these samples, shown in the SEM micro-
photographs of Fig. 8, seems to be adequate for cell ingrowth, with
interconnected pores with sizes in the order of 100 um. Never-
theless, porosity in between 20 and 30% is clearly insufficient for
tissue engineering applications. Macroporous scaffolds can be
obtained with these materials by adding a porogen during the
sintering of the PCL/chitosan particles. Poly(ethylene oxide), PEO,
particles have been used to do that in this work. The melting point
of PEO is very close to that of PCL. PCL/chitosan particles were dry
mixed with PEO particles and heated to 90 °C to melt both PCL and
PEO. When the sample is cooled again, recrystallization of both
materials produces co-continuous phases: one of them consisting
of the sintered PCL/chitosan semilPN and the other one of PEO.
Then PEO phase was dissolved in water leaving an additional
volume fraction of interconnected pores in agreement with the
fraction of PEO added previously. Table 2 shows the dependence of
the porosity of the scaffolds on the weight fraction of porogen
added during the sintering process.

The dynamic-mechanical properties of the scaffolds (prepared
without any porogen) reflect the influence of both composition and
porosity of the system. Even if higher values of the modulus are

expected as the fraction of CHT in the sample increases, the
different porosities obtained in the preparation process (Table 2)
lead to higher modulus for the sample 10 wt.% CHT (Fig. 4). The shift
of the main, « relaxation of PCL towards higher temperatures with
increasing amounts of CHT is another feature showing the inter-
action between the two phases which suggests that the confor-
mational motions of the amorphous PCL chains are affected by the
nearby CHT chains. Above 50 °C, melting of PCL starts and the
elastic modulus falls steeply. Since the scaffold is prepared starting
with semilPN microparticles which are sintered by thermal treat-
ments which include melting and recrystallization of the PCL
phase, the mechanical integrity of the scaffold is only assured by
the continuity of the PCL phase which disappears when it melts.

5. Conclusions

Apparently homogeneous co-solutions were obtained mixing PCL
solution in 1 M acetic acid with chitosan solutions in pure acetic acid
for CHT/PCL weight ratios up to 30/70. Then, a poly(e-caprolactone)/
chitosan semilPN was successfully prepared by simultaneous
precipitation and chitosan crosslinking with tripolyphosphate. High
porosity semilPN scaffolds with good mechanical properties were
prepared. Phase separation takes place in the semilPN but the
displacement of some IR absorption peaks in the blends (in
comparison to those of pure components), the lower value of PCL
crystalline fraction in the semilPNs, the change in the temperature of
the main dynamic-mechanical relaxation with increase in chitosan
content and the shift in the TGA peaks with respect to the pure
components might point towards the fact that, there might be an
interaction between PCL and CHT chains situated at distances in the
order of molecular dimensions.
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