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Abstract Films and sponges were prepared from a solu-
tion of Poly(e-caprolactone) (PCL) in tetrahydrofuran
(THF). The porosity, crystallinity, and mechanical prop-
erties of the samples were studied. Porosity of around 15%
was obtained for the films produced by evaporation of THF
at room temperature. A much more porous structure
(50-70%) was found for the sponges obtained by cooling
the solution at —30 °C and subsequently eliminating the
solvent by freeze drying. The porosity of the samples was
also observed by scanning electron microscopy (SEM).
The crystallinity of the samples was studied by the calo-
rimetric technique (DSC) before and after the compression
scans. The mechanical properties of the different samples
were determined by compression test, and were compared
to those corresponding to the PCL in bulk. The compres-
sion scans did not affect the crystallinity of the samples.
The variations observed in the results of the different scans
were attributed to the differences in porosities and
crystallinity.

Introduction

Poly(e-caprolactone) (PCL) is a biocompatible and
semicrystalline polymer, proposed for a wide variety of
biomedical applications. It is a biodegradable polymer
having a melting point T,, of ~60 °C and a glass transition
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temperature (T,) of ~—60 °C [1]. At present, it is regarded
as a soft and hard-tissue compatible material for biomedi-
cal applications, including resorbable sutures, drug deliv-
ery systems [2-5], and scaffold for tissue engineering
[6-10]. Its low rate of hydrolytic degradation [11, 12]
makes this polymer useful for long term applications [13,
14]. PCL has previously been shown to support cell
attachment and proliferation and has been investigated as
matrix material for cell culture: fibroblast [9, 15], osteo-
blast [16], chondrogenesis of messenchymal stem cells
[17], for craniofacial reconstruction [18, 19] and nerve
guides [20].

Several techniques, such as porogen leaching [21-23]
foaming [24], fiber processing [25], microfabrication
technique PAM (pressure-activated microsyringe) [26],
gravity spun [15] and 3D microprinting [27] have been
developed to produce polymer porous scaffolds for tissue
engineering, many of which yield different porous
structures with varying degrees of porosity, different pore
size, pore shape and interconnection between pores, as
well as different mechanical properties of the scaffolds.
Phase separation is a common technique used to fabricate
porous scaffold with interconnective pores [28]. Surface
properties play an important role in cell adhesion and
proliferation. Tang et al. [29] have studied the effect of
surface topography on the ability of fibroblast to adhere
and proliferate on a film surface. The mechanical
strength and stiffness should ideally approach those of
the tissue it is to replace while maintaining an inter-
connected pore network for cell migration and nutrient
transport [27]. These requirements result in conflicting
design goals. Hollister et al. [30] have developed an
image-based optimization scheme for the design and
fabrication of scaffolds. If the seeded polymer is biode-
gradable, once introduced into a patient it will gradually
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resorb, leaving behind a matrix of connective tissue and
cells with the appropriate structural and mechanical
properties [31].

In this work, two series of film and sponge PCL samples
were prepared by the phase separation method. Both type
of sample show very different morphology, porosity and
mechanical properties. Four consecutive compression
scans were performed on each sample. The mechanical
results obtained were correlated with the porosity and
crystallinity of the samples.

Experimental
Materials

Poly(caprolactone) [Polysciences (M, 43,000-50,000)] in
the form of pellets was used without further purification.
The solvent, tetrahydrofuran from Aldrich (THF), was used
as received.

Preparation of PCL samples

The PCL film was produced by using a solvent casting
technique. Around 6 g of PCL pellets were dissolved in 54,
24, 14 g of THF, obtaining solutions with concentrations of
10%, 20% and 30% w/w, respectively. For concentrations
higher than 10%, the solution was warmed in an oven at
38 °C to aid in dissolving the pellets. The solution was
poured into a glass Petri dish (diameter 90 mm), which was
covered with a lid (diameter 100 mm) and placed in a fume
hood at room temperature for slow evaporation. The solid
samples were dried in vacuum to constant weight. The film
samples obtained presented a flat white surface. The
thickness of the resulting films ranged from 0.9 mm to
1.2 mm.

The sponges were obtained by the liquid phase separa-
tion method. Different amounts of PCL pellets were dis-
solved in THF to get approximately 15 g of homogeneous
solutions at concentrations of 10%, 20%, 30%, 40% w/w.
The solution was poured into a test tube that was immersed
in a bath at —30 °C for about 2 h, the time required for the
solution to become viscous. The test tube was then con-
nected to a vacuum pump (Packtel, Alcatel) at a pressure of
10 bar to allow the THF solvent to evaporate, while
maintaining the frozen porous structure. Depending on the
amount of solvent, this process took between 8 h and 20 h.
A white, uniform, cylindrical material was obtained (visual
assessment). The samples prepared from the 10% solution
tended to fragment easily on handling. The sponges
prepared from the 20%, 30%, and 40% solutions were
consistent and could be cut into slices for subsequent
measurements.
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For the sake of comparison, bulk samples were obtained
by melting the PCL pellets onto glass plates to get a film of
approximately 0.8 mm thick

Characterization
Morphology and porosity

The samples were fractured in liquid nitrogen using a razor
blade and then sputter coated with gold. The morphology
of the porous samples was observed with JEOL JSM-5410
microscope equipped with an Oxford CT 1,500 cryounit.

The porosity of samples, ¢, was estimated from the
apparent volume, Vr, and the PCL volume V), defined
from the actual amount of polymer, m, and its mean
density, p(p = 1.14 g/em?)

7VT—VM7VT_%
Vi Vg

¢

The porosity was evaluated for the whole samples
(100 mm diameter disk for the film samples, and cylinders
of around 1 cm diameter, and 10 cm length for the spon-
ges).

Differential scanning calorimetry (DSC) measurements

Melting temperature of the samples was measured by using
a Pirys (Perkin Elmer) DSC calibrated with indium. The
measurements were carried out at a scan rate of 10 °C/min
between —40 °C and 120 °C. The weight of the samples
was around 15 mg for all the samples except for the DSC
measurements of the samples submitted to the compression
test, which were around 5 mg. The melting point was
determined at the maximum of the melting endotherm.
Crystallinity was calculated assuming proportionality to
the experimental heat of fusion using the reported heat of
fusion of 139.5 J/g for the 100% crystalline PCL [11].
After this heating scan the sample was cooled down to
—40 °C at a rate of —10 °C/min and reheated again to
120 °C at a rate of 10 °C/min. The data of all three scans
were collected for subsequent analysis.

Mechanical test

The mechanical properties were measured using a
Microtest machine 15 N load cell and a crosshead speed
of 1 um/s. The uncertainties were 0.01 N for the force
and 0.001 mm for the displacement. In the case of film
and bulk samples, the specimens were cylindrical
(2.25 mm in diameter and the thickness corresponding to
each sample). The sponge samples presented difficulties
for cutting into regular slabs. Two parallel cuts were
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Table 1 Porosity of the sponge samples

Sponges: PCL/THF (%) Porosity (£10%)

40 50
30 60
20 70
10 -

made and the cross section was measured by image
analysis, obtaining values between 15 mm? and 20 mm?.
The compressive modulus was calculated as the slope of
the linear portion of the stress-strain curve in the range
between 2 MPa and 3 MPa, with an estimated uncer-
tainty of +3 MPa. The value of the initial length was that
corresponding to the initial length of each scan. To
examine the elastic recovery, four consecutive scans
were performed. Each scan went from a position in
which there was no contact between the upper plate and
the sample to a position in which the load force was
15 N. Data on the position of the mobile plate and the
load force were collected every second. During the four
consecutive scans the sample was not subjected to
manipulation. The initial length of the sample in each
scan was determined by the position in which the same
force was detected like during the first scan. The plastic
deformation was defined as the difference between the
initial length of the sample and the length at the
beginning of the scan i-th: Al =1y — ;.

Fig. 1 SEM microphotographs
of the PCL sponges, (a)
obtained from the 10% solution
in THF, (b) from the 20%
solution, and (¢) from the 30%
solution. (d) Spheres surface
morphology of the 30% sponge

Results
Morphology and porosity

The estimation of porosity gave values around 15% for all
the film samples, whatever the initial concentration of the
solution. SEM microphotographs (not shown) presented
differences in the morphology of the samples depending on
concentration, though this had no influence on porosity. The
solution concentration had greater importance in the case of
the sponges. At —30 °C the solution became so viscous that
the structure was maintained during the solvent extraction.
As shown in Table 1, the porosity increased with increasing
amounts of solvent (in fact, it was proportional to the
amount of THF); the measured porosity was 50% for the
sample obtained from the 40% PCL/THF solution, 60% for
the 30%, and 70% for 20% PCL/THF solution. In the
sample from the 10% PCL/THF solution, it was not possible
to determine the apparent volume of the sample since it
converted to powder. As we have said, the measurements
were performed for the whole sample; when small portions
were measured, differences in porosity were found. The
estimated uncertainty calculated from the standard devia-
tion of 5 measurements is of the order of 10%.

Figure la—c shows SEM microphotographs of the PCL
sponges obtained from the 10%, 20%, and 30% PCL/THF
solution; in all cases the resulting morphology was similar,
with changes in the size of the micro-spheres and their
connectivity. The size of the micro-spheres decreases with
the PCL concentration, ranging from 150 um average-
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Fig. 2 DSC thermograms for PCL film obtained from the 10%
solution in THF

diameter in the case of 10% sponge to 30 um in the 30%
sponge. While the 10% sponge is made of isolated spheres,
they became interconnected when the PCL proportion in-
creases, giving rise to a more compact structure. The
spheres present a porous microstructure (Fig. 1d) of around
5 pm in size.

Thermal properties

The melting point obtained for the bulk PCL sample is of
the same order as that reported in the literature
(59.1 £ 0.5) °C [32]; the position and area of the melting
peak in the second heating scan is the same as in the first.
The results for the film and sponge samples are similar to
those given in Fig. 2. The melting temperature measured in
the first scan (number 1) is always higher than that obtained
in the second heating scan (number 3), after crystallization.
The position and area of the second heating scan measured
in the film and sponge samples are similar to that corre-
sponding to the bulk sample.

Table 2 shows the results of melting temperature and
crystallinity for the three kinds of samples. Those prepared
from the PCL solution in THF present a greater crystal-

linity than the bulk samples. Sponges and films prepared
from PCL/THF solutions of different concentrations pres-
ent similar melting temperature values. The crystallinity in
the film samples decreases when there is an increase in the
concentration of PCL in the PCL/THF solution. On the
other hand, the crystallinity of the sponges increases with
the PCL concentration.

The crystallinity was also measured after the compres-
sion scans. The results obtained were of the same order as
the corresponding values before the compression test. The
estimated error is 3%, due to the smaller size of the
samples.

Mechanical properties

Figures 3-5 show the stress-strain curves obtained for the
bulk sample, the film sample obtained from the 10% PCL/
THF solution and the sponge from the 40% PCL/THF
solution. The results obtained for the film samples are
similar to those shown in Fig. 4 and the results corre-
sponding to the sponge from the 30% PCL/THF solution
are similar to those shown in Fig. 5. Sponges made from
solutions with 10% and 20% concentrations tended to
fragment when handled and it was therefore impossible to
perform a compression test on these samples.

In all the measurements corresponding to bulk and film
samples, some general features can be observed: (a) the
curve presents two linear regions with a transition zone
between them; (b) the unitary deformation at the end of the
first scan is always greater than that corresponding to the
same stress in the successive scans; (c¢) the results for these
posterior scans are very similar for each sample. These two
last features can also be observed in the sponge measure-
ments. Table 2 shows the results obtained for the maxi-
mum deformation in the first and fourth scans.

The length measured at the beginning of each scan gives
us the measurement of the length recovery in the preceding

Table 2 Melting point, degree of crystallization, maximum strain and Young’s modulus measured in the first and fourth compression scans, and

plastic deformation after first scan for the different types of sample

Sample (T, £0.5)°C  (x£1) (%) Max. strain  Max. strain ~ Young’s modulus ~ Young’s modulus  Plastic deformation
first scan fourth scan first scan fourth scan after first scan
(%) (£1) (%) (£1) (MPa) (£3) (MPa) (3) (%) (£1)

Bulk 59.1 61 18 12 34 68 6

10% Film 66.1 69.1 9 6 72 95 4

20% Film 66.4 67 21 10 43 90 12

30% Film 66.4 66 22 10 33 85 10

20% Sponge  64.5 69.7 - - - - -

30% Sponge  62.4 76.4 50 10 - 13 50

40% Sponge  64.4 76.9 52 14 - 13 46

The percentage represents the PCL concentration in the PCL/THF solution
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scan. There is a change between the initial length and the
length measured after the first scan, but there is no change
after the second and third scans, in comparison with the
length after the first scan. This length change can be seen in
Table 2. As the measurements were carried out at room
temperature around 20 °C (80 °C above glass transition
temperature), no subsequent relaxation could be expected.
The compressive moduli for the bulk and film samples
were calculated as the slope of the linear portion of the
stress-strain curve in the range between 2 MPa and 3 MPa.
Two values were calculated for each sample, correspond-
ing to the first and the fourth scan. The value of the initial
length is considered as that corresponding to each scan.
The results for Young’s modulus are shown in Table 2.
The results for the stress-strain curve corresponding to
the 40% sponges shown in Fig. 5 are qualitatively different
from the bulk and film results (Figs. 3 and 4 respectively).
The cross section of the sponges was greater than that
corresponding to bulk and film samples, giving rise to a
lower maximum stress for the same load. The curve pre-
sents a plateau zone, corresponding to the collapse of the
elastoplastic pores [33]. The compressive modulus corre-
sponding to the fourth scan was calculated as the slope of
the linear portion in the range between 0.4 MPa and
0.6 MPa. As the compressive modulus for the sponges
were calculated in a different stress range than the bulk and
film samples, they are not comparable. We did not obtain

Strain

the compression moduli for the first scan due to the plateau
of the curves.

Discussion

The higher crystallinity of the film and sponges samples
obtained from the THF solution, compared to the bulk
sample, can be explained by the rearrangement of the
chains in the solution. Concerning the film samples,
nucleation and growth of the crystalline phase occurs
throughout the THF evaporation process. As the THF
evaporates, the viscosity of the solution increases and
therefore the mobility of the PCL chains diminish. As
shown in Table 2, the crystallinity decreases when
increasing the initial PCL concentration in the solution, as
would be expected from the fact that the PCL chains have
less mobility and less time to organize the crystalline
structure. At a constant temperature, the crystallization
process depends on the PCL concentration, which changes
from the initial concentration to 100% when all the solvent
evaporates. On the other hand, although sponges were also
obtained from the TFH solution, it became a viscous fluid
when the temperature decreased. The nucleation and
growth of the crystalline phase takes place in the first step
when the sample is quenched to —30 °C and the presence of
the solvent allows the rearrangement of the PCL chains
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and, in this case, higher concentration in the PCL/THF
solution produces higher crystallinity. At the low concen-
tration limit, the PCL molecules are dispersed and their low
mobility does not facilitate the crystallization process.
Phase separation produces independent spheres with a
lower degree of crystallization. When the PCL concentra-
tion is higher, highly crystalline interconnected spheres can
be produced.

According to the 4th scan results, there is a correlation
between Young’s modulus and crystallinity in all the film
samples (Table 2), as expected [34]. The higher crystal-
linity of the films versus the bulk samples causes its
greatest Young’s modulus, measured in the fourth scan. As
we have said above, we can not compare the sponge
samples’ moduli with the film and bulk samples since they
were calculated in different stress ranges.

There is a plastic deformation between the first and the
successive scans in all the samples studied (Table 2) that
could be explained both by the semicrystalline character-
istic of PCL and by the porosity of the samples.

The corresponding differences between the first and
second compression scans observed in all the film samples
can be explained as an effect of the densification produced
by the collapse of the pores, due to elastoplastic defor-
mation; densification also produces a rise in the measured
Young’s modulus (see Table 2). The whole plastic defor-
mation is produced in the first scan, which explains why the
second to fourth scans are very similar. To understand what
happens in the successive compression scans let us focus
our attention on the 10% PCL film sample (Fig. 4 and
Table 2). The plastic deformation after the first scan is 4%,
and the measured porosity 15%, which means that only 4/
15 of the pore collapse corresponds to plastic deformation,
while the other 11/15 of the deformation (elastic defor-
mation) is recoverable.

In the case of the bulk samples (non-porous samples) the
plastic deformation is of 6% (Table 2) and a possible
explanation for this behavior would be to assume a lateral
expansion of the sample, which involves a diameter aug-
mentation from 2.25 mm to 2.32 mm. This change in the
diameter is very small and therefore not possible to mea-
sure. This assumption could justify the whole plastic
deformation, which affects only the amorphous phase of
the sample, that is above the glass transition temperature
(Ty) and therefore in the rubber-like state. As a conse-
quence, in successive scans the rise in Young’s modulus
(34-68 MPa) should be due to the performance of the
crystalline phase.

One would therefore not expect plastic lateral expansion
of the film samples when the pores are not yet collapsed (the
maximum strain in the first scan for the 10% film sample is
9% and the estimated porosity was around 15%). Thus,
when the sample is under compression the pores are being
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“squashed”, with a constant cross section of the sample.
However, in the 20% and 30% PCL film samples, the plastic
deformation was 12% and 10%, respectively, its Young’s
modulus measured in the first scan being lower than that
corresponding to the 10% film sample. This could be cor-
related with the different crystallinity (Table 2) and the
porosity of the samples [33] and would mean that the
porosity of the sample from the 10% solution should be
lower than the porosity of the samples obtained from the
20% and 30% solutions. This result seems to contradict the
estimation of the porosity obtained from the measurement
of the apparent volume, which gives the same value for all
the film samples. But it is necessary to take into account the
fact that samples may not be homogeneous. As we have said
above, the porosity calculated from the apparent volume is
the mean porosity of the whole sample, while the results
obtained from the compression measurements are calcu-
lated for a small portion of the sample (2.25 mm disk).

In the case of sponge samples, the main feature is the
presence of a plateau zone, corresponding to the elasto-
plastic collapse of the pores. The 40% PCL sponge in
Fig. 5 suffers a 46% plastic deformation (Table 2), very
close to the porosity measured 50% (Table 1). This would
mean that, in this type of sample, all the pore collapse is
unrecoverable. A similar result is obtained for the 30%
sponge sample, with a plastic deformation of 50%
(Table 2), after the first scan and a measured porosity of
60% (Table 1).

Conclusions

Films and sponges were prepared from a solution of Poly
(e-caprolactone) (PCL) in tetrahydrofuran (THF). The
samples obtained by liquid phase separation (sponges) and
by solvent casting technique (film) have higher crystallinity
than the samples obtained by melting the PCL (bulk). The
sponge porosity depends on the PCL concentration in the
PCL/THF solution and ranges from 50% to 70%; the
porosity of the film samples does not depend on the PCL
concentration in the solution. The crystallinity in the film
samples decreases when there is an increase in the PCL
concentration, but the crystallinity of the sponges increases
with PCL concentration.

The compression scans do not affect the crystallinity of
the samples. The corresponding differences observed in the
porous samples could be explained as an effect of the
densification that produces the pore collapse, due to elas-
toplastic deformation. The unit strain at the end of the first
scan is always greater than that corresponding to the same
stress in the successive scans. This behavior could be
correlated with a lateral expansion in the bulk sample and
with plastic densification in the case of porous samples.
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From the mechanical characterization it can be con-
cluded that these porous PCL samples have the potential
for applications in bone and cartilage tissue engineering.
Future research projects include obtaining suitable surface
chemistry for cell attachment, proliferation, and differen-
tiation, with controllable degradation and resorption rates
to match tissue replacement.
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