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a  b  s  t  r  a  c  t

The  potential  of  supercritical  carbon  dioxide  (scCO2) processing  of  polycaprolactone  (PCL)  and
polycaprolactone-hydroxyapatite  (PCL-HA)  composites  for obtaining  functional  porous  scaffolds  at  mod-
erate temperatures  (35–40 ◦C)  was  analyzed  and  quantified.  The  effect  of scCO2 sorption  kinetics  on
the  swelling,  foam  morphology  and thermal  behavior  of  the  PCL  and PCL-HA  composites  was studied.
Sorption  isotherms  were  determined  using  magnetic  suspension  balance  at 10–30  MPa  and  35–40 ◦C.
Influence  of  the  pressure,  HA amount  (10–20%)  and procedure  for  HA  powder  preparation  on  the  sorp-
tion  kinetics  was  discussed.  Supercritical  solvent  impregnation  (SSI)  of  PCL  and  PCL-HA  with  thymol  was
investigated  as  environmentally  friendly  way  to produce  functional  scaffolds  with  controlled  microstruc-
ture.  Moderately  high  pressures  (13–17  MPa)  and  10%  of HA  were  proven  to be  favorable  for  creation  of
the  PCL  scaffolds  with  satisfying  foam  microstructure  (mean  pore  size  ∼200–300  �m),  filler  distribu-
elting point depression
hymol impregnation

tion  and  thymol  impregnation  yields  (12–18%).  This was  due  to  the  satisfactory  high scCO2 solubility
(0.25–0.30  g/g)  and  mass  transfer  rate  (∼10−10 m2/s)  in  the  polymer  phase  as  well  as its great  plasticizing
effect  (−�Tm = 26.4–27.4 ◦C). Higher  saturation  of  the  polymer  phase  with  scCO2 (0.30–0.55  g/g), filler
amount  (20%)  and  thymol  solubility  in  scCO2 (>5.5  g/kg)  at pressures  above  20 MPa  resulted  in decreased
mass  transfer  rate  and  SSI  efficiency.

©  2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Bone defects in the oral cavity resulting from trauma, chronic
nfection, congenital defects, or surgical resection require clini-
al intervention, most frequently using autologous bone grafting
echniques [1]. As consequence, the supply of this graft tissue is a
ritical limitation in dental field [2]. Tissue engineering approaches
sing scaffolds alone or in combination with a bioactive agent
ave the potential to address existing challenges in managing
one loss and increase clinical options for controllable regen-
ration of intraoral osseous tissues [1,3,4]. Accordingly, lots of
ttention has been focused on development of new materials

nd technologies for scaffolds fabrication [5,6]. Semi-crystalline
oly(�-caprolactone) (PCL) has been attractive for fabrication
f long term degradable implants with tailorable degradation

∗ Corresponding author. Tel.: +381 11 3303 709.
E-mail address: jasnai@tmf.bg.ac.rs (J. Ivanovic).

ttp://dx.doi.org/10.1016/j.supflu.2015.07.001
896-8446/© 2015 Elsevier B.V. All rights reserved.
kinetics due to its biocompatibility, formability, inexpensive pro-
duction and FDA approval [7]. Mechanical properties and lack of
bioactivity of the PCL in terms of osteoconductivity and osteoinduc-
tivity are improved by its supplementation with bioceramics such
as hydroxyapatite [HA: Ca10(PO4)6(OH)2] [2,8]. Therewith, HA is
the major inorganic component of teeth, and has been used exten-
sively in dental pulp capping [9]. Fabrication of PCL-HA composites
holds a great potential for producing load-bearing parts [10–14].

Main limitations of the conventional techniques for scaffold fab-
rication (solvent casting with particulate leaching, compression
moulding, freeze drying, heat sintering, injection moulding, etc.)
include use of large amounts of organic solvents, exposure to high
temperatures and difficulty to obtain simultaneously macro, micro-
and nanostructural characteristics [5,8]. The unique physical prop-
erties of supercritical carbon dioxide (scCO2) provide interesting

possibilities for creation of porous 3D scaffolds for the tissue engi-
neering regarding environmental benefits and tuneable properties
[5,15]. Predictive knowledge of scCO2 solubility and mass trans-
fer in polymer phase as well as the associated dilation and phase

dx.doi.org/10.1016/j.supflu.2015.07.001
http://www.sciencedirect.com/science/journal/08968446
http://www.elsevier.com/locate/supflu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.supflu.2015.07.001&domain=pdf
mailto:jasnai@tmf.bg.ac.rs
dx.doi.org/10.1016/j.supflu.2015.07.001


ritical

t
i
a
a
c
[
d
d
i
b
t
i
[
s
b
B
b
c

t
s
m
h
t
b
s
m
o
r
a
s
t
c
4
s
4
P
(
T
(
a

m
i
fi
[
t
P
s
c
i
d
A
c
s
o
a
m
S
l
a

t
d
b
a

with the CCD camera enabled visual monitoring and quantification
J. Ivanovic et al. / J. of Superc

ransitions of the polymer matrix have been of a vital importance
n designing supercritical-based generation of new morphologies
nd porous scaffolds [16–18]. Solubility and diffusivity of scCO2
re significantly affected by the nature of the components, gas
oncentration and operating pressure and temperature conditions
19,20]. While scCO2 solubility, as maximum amount of the gas
issolved in the polymer without causing phase separation [21],
etermines the extent of the plasticization effect on the polymer,

ts diffusivity affects the bubble nucleation and growth phenomena,
oth influencing final density of the foam [20,22]. It is well known
hat compressed CO2 plasticizes semi-crystalline polymers includ-
ng PCL decreasing their melting point peak toward lower values
15,16,18,23,24]. This phenomenon allows different modifications
uch as incorporation of additives, formation of foams, polymer
lend preparations, polymer bulk graft-modification, etc. [25].
esides, it is especially advantageous for processing of thermola-
ile polymers as well as for reducing energy requirements in the
ase of polymers with higher melting points [26,27].

Over the last two decades a tremendous progress has been made
oward improved understanding of the properties of CO2/polymer
olutions in terms of measurement techniques [28] and develop-
ent of theory or models for specific properties [18,29]. There

ave been several reports on the measurements of scCO2 sorp-
ion in PCL using quartz spring microbalance [22,30], external
alance method [31], variable volume cell [16] and magnetic
uspension balance (MSB) [17,20]. The main advantages of the
agnetic suspension balance over listed methods are high res-

lution and accuracy of gravimetric measurements in the huge
ange of applicability due to the physically separated microbal-
nce from the measuring atmosphere by means of a magnetic
uspension coupling [32]. There are scanty data on scCO2 sorp-
ion kinetics of PCL measured with MSB  [17,20]. Solubility of
ompressed CO2 in PCL investigated at lower pressures of up to
.2 MPa  and 80–100 ◦C reached up to 0.055 gCO2

/gPCL [17]. In the
ame study [17], CO2 diffusion coefficients were in the range of
–5 × 10−10 m2/s. Reportedly, higher values for scCO2 solubility in
CL (0.126 − 0.400 gCO2

/gPCL) were determined at higher pressures
10-30 MPa) and temperatures of 30-80 ◦C by using MSB  [20,33].
he scCO2 diffusion coefficients in these studies [20,33] were higher
∼10−9 × 10−7 m2/s). To the best of our knowledge there are no
vailable data on scCO2 sorption kinetics of PCL-HA.

Gas induced melting temperature depression of PCL was esti-
ated by optical measurements in a wavelength range from near

nfrared to visible light, using capillaries, thin polymer discs or
lms in high pressure view cells or autoclaves for the analysis
16,18,24,34]. Some authors used differential scanning calorime-
ry (DSC) at ambient pressure to scan foamed samples of PCL or
CL-HA after treatment with scCO2 or previously scCO2 saturated
amples to estimate melting point change [16,20,35–37]. In these
ases, the pressure in the system may  not remain constant dur-
ng the scan due to the gas desorption, and thus it is not possible to
efine the thermodynamic state of the system unambiguously [38].
lternative methods such as high pressure differential scanning
alorimetry (HP-DSC) and calorimetric analysis in a pressurized
canning transitiometer enable accurate and direct measurements
f thermal properties of polymers in presence of compressed fluids
t pressures up to 45 MPa  [15,26,39–42]. The advantage of these
ethods is that the sample and referent crucibles are pressurized.

ince the polymer is in equilibrium with the gas phase, prob-
ems due to gas desorption encountered with conventional DSC are
voided [41].

Fatal bacterial infections in humans and animals caused by mul-
iresistant pathogenic bacteria have led to increased interest in

eveloping new polymer systems exhibiting antimicrobial activity
y a surface modification and/or chemical deposition of synthetic
ntibiotics [43–47]. Thymol has been recently proven as promising
 Fluids 107 (2016) 486–498 487

natural antimicrobial [48–50] and antioxidant agent [51,52] with
high efficiency in the treatment of inflammatory processes and
wound healing [53]. It was  proven that thymol efficiently inhibit
growth of oral pathogens in the mouth and may  reduce dental
caries [54,55], whereby thymol based varnishes has been proven to
delay bacterial colonization and the development of biofilm [56].
ScCO2 has proved to be a good solvent for thymol [57] and due to
its high diffusion ability in organic matter it can be efficiently used
for thymol incorporation into different polymer matrices [57–62].
In the available literature there are no data on supercritical solvent
impregnation (SSI) of PCL and PCL-HA with thymol.

The present study was  aimed to investigate the influence of
pressure (scCO2 density) and filler (HA) percentage on the scCO2
sorption kinetics of the PCL and PCL-HA composites. Sorption
behavior of the PCL and PCL-HA was  correlated to their swelling
kinetics, scaffold microstructure, thermal properties and SSI with
thymol at moderate temperature (35–40 ◦C).

2. Materials and methods

2.1. Materials and composite preparation

Granules of the PCL (Mn = 70,000–90,000, CAS 24980-41-4)
purchased from Sigma Aldrich (Steinheim, Germany) were used
for the experiments. The density of PCL given by manufacturer
was 1.145 g/cm3. Commercial carbon dioxide (99.8% purity)
was supplied by Yara GmbH (Brunsbüttel, Germany). Powder of
hydroxyapatite (HA) was  obtained by a precipitation method as
described elsewhere [63]. Starting materials were analytical grade:
CaCO3 (99%, PA Cicarelli) as the Ca source and H3PO4 (85%, Merck,
Country) as the P source. The CaCO3 was thermally treated in an
oven (Indef, model 332 p-full) at 1473 K for 2 h to obtain CaO. The
solid CaO was first dispersed in ammonium hydroxide (pH = 12)
and subjected to conventional mechanical stirring. Subsequently,
H3PO4 0.5 mol/L was slowly added dropwise into the same beaker
at 2 mL/min until reaching the molar ratio of Ca/P = 1.67 with
conventional mechanical stirring (M)  or ultrasonic irradiation
treatment (S). After this step, the reaction mixture was kept at an
ageing step during 48 h. Finally, the precipitate was  centrifuged
and freeze-dried. Two  types of filler particles were obtained: HA
(M)  (mean particle size of 10 �m;  specific surface area of 15 m2/g)
and HA (S) (mean particle size of 5 �m;  specific surface area of
33 m2/g) [63]. Nano-HA powder, HA (N) (mean particle size <1 �m;
specific surface area of 70 m2/g [63]) was obtained by the López
Macipe [64]. The obtained HA powders were added to the solution
of PCL/acetone (1:10) and dispersed with the Ultra Turrax T25 (IKA,
Germany) at 20,000 rpm during 10 min. The nominal content of
HA added to PCL/acetone solution was 10% or 20% with respect to
the PCL weight. The solvent was evaporated at room temperature
under a fume hood. The obtained composite films were pelletized
and used for the scCO2 processing.

2.2. Swelling and sorption measurements

The setup used for investigation of scCO2 sorption and swelling
kinetics of the PCL and PCL-HA is given in Fig. 1. The experiments
were carried out in the pressure range of 10–30 MPa  and at 35 ◦C
or 40 ◦C. The main part of the setup (Fig. 1) is the magnetic sus-
pension balance (MSB) (Rubotherm GmbH) connected to the high
pressure view cell (Eurotechnica GmbH, Bargteheide, Germany).
Maximum operating pressure and temperature of this system is
35 MPa  and 120 ◦C, respectively. A high pressure view cell provided
of swelling extent of the PCL and PCL-HA in a presence of scCO2.
The volume changes of the samples exposed to scCO2 over 24 h
were monitored by recording the two-dimensional projection of
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Fig. 1. Experimental set-up for the g

he rotationally symmetric sample with time using the IC Capture
.1 software. All the samples used for the swelling measurements
ere disc shaped. The disc’s diameter was same as diameter of the

lass container (13 ± 0.5 mm = const.). The initial height of the PCL
nd PCL-HA discs was 3.3 ± 0.2 mm  and 2.0 ± 0.2 mm,  respectively.
he change of the sample’s dimension (height, L) due to swelling
as determined by image processing with Image-Pro Plus 6.0.

Relative volume change denoted as swelling extent (Sw) was
alculated using the following equation:

w (%) = Vt − Vo

Vo
× 100 =

(
L

Lo
− 1

)
× 100 (1)

here V0 is the volume of polymer (or composite) at ambient condi-
ions at t = 0, Vt is the volume of swollen polymer (or its composite)
t t > 0 and given pressure and temperature, L and L0 are the lev-
ls of polymer molded in the glass beaker at the time t and given
ressure/temperature and at the ambient conditions, respectively.

The sample placed in the high pressure view cell is coupled to
he balance by means of a contactless magnetic suspension cou-
ling [32]. An electromagnet attached to the bottom of the balance

ifts the so-called suspension magnet, which consists of a perma-
ent magnet, a sensor core and a measuring load decoupling cage.
lass containment with the sample inside is connected to the per-
anent magnet inside the high pressure view chamber which on

ts turn is pressurized with CO2 pre-heated (Fig. 1) to the same tem-
erature as inside of the balance. The magnetic suspension balance

s placed inside a heating air bath. The time dependant mass of
he polymer sample (wt) is detected via a magnetic coupling by a

icrobalance on the outside of the pressure chamber and recorded
y a PC which also controls the magnetic coupling. The recorded
alance readings must be corrected for the change in buoyancy that
ccurs due to swelling according to Eq. (2) [65]. The mass gain (Mt)
nder pressure can be determined by knowing the exact volume of
he sample at a certain time t (Vt), the initial weight of the sample
t atmospheric pressure (w0) and the density of CO2.

t =
(

wt − Vt�CO2

)
− w0 (2)

In order to quantify the mass transfer of the gas within the poly-

er, the apparent diffusion coefficient was determined by fitting

he experimental sorption curves with the one-dimensional Fick’s
aw for non-stationary diffusion by Crank [66] solved for spheri-
al PCL particles using Eq. (3) and for thin PCL-HA composite films
etric measurement of CO2 sorption.

using Eq. (4). The PCL sphere (d = 6 mm)  and PCL-HA films (L = 2 mm)
were used for the foaming tests. Mass of the test samples was
0.127 ± 0.0062 g.

�wCO2 (t)
�wCO2 (t = ∞)

= 1 − 6
�2

∞∑
n=1

1
n2

exp

[
−Dn2�2t

r2

]
(3)

[20]

�wCO2 (t)
�wCO2 (t = ∞)

= 1 − 8
�2

∞∑
n=1

1

(2n + 1)2
exp

[
−D(2n + 1)2�2t

4L2

]

(4)

[67]where r is the sphere radius and L is the thickness of the
film.

2.3. Foam characterization

Foams were obtained by 24 h exposure of the PCL and PCL-HA
samples to scCO2 at 10–30 MPa  and 35 ◦C or 40 ◦C and subsequent
decompression at 0.5 MPa/min [15,20]. Pore morphology of the PCL
and PCL-HA foams was investigated by the field emission scan-
ning electron microscopy (FE-SEM, Mira3 XMU  TESCAN a.s., Brno,
Czech Republic) operated at the accelerating voltage of 10 kV. The
samples of PCL and PCL-HA foams were coated with a thin layer
of Au/Pd (85/15), using a sputter coater (POLARON SC502, Fisons
Instruments, Ipswich, UK) prior to the analysis. Density of the scaf-
folds was  determined by using a Mettler analytical balance (AE100)
with a density kit. Foam density (�foam) was calculated using Eq. (5)
according to the previously described procedure [68].

�foam = �H2O × w1

w1 + w2 − w3
(5)

where w1 is the mass of sample, w2 is the mass of picnometer and
water, w3 is the mass of glass with water and the sample. Density of
water at 23.3 ± 0.5 ◦C is 997.3 ± 0.2 kg/m3. Porosity was  calculated
using the following equation [35]:

ε (%) =
(

1 − �foam

�PCL

)
× 100 (6)
2.4. High pressure-differential calorimetry (HP-DSC)

The scheme of the setup for the high pressure differential scan-
ning calorimetry (HP-DSC) measurements of thermal properties of
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Fig. 2. Setup for the high pressure d

he polycaprolactone (PCL) and polycaprolactone-hydroxyapatite
PCL-HA) composites is presented in Fig. 2. The low tempera-
ure Tian-Calvet differential scanning calorimeter BT2.15 (Setaram,
rance) which has an operating temperature range of 77 K to 473 K
as used for measurements. The BT 2.15 is equipped with an inte-

rated liquid nitrogen cooling loop for operation at sub-ambient
emperatures.

The DSC is coupled with a gas control panel that can withstand
aximum pressures of 20 MPa.
Standard stainless steel vessels (V = 12 cm3, pmax = 0.5 MPa,

max = 220 ◦C) and intermediate bottom stainless steel vessels
V = 8.5 cm3, pmax = 0.5 MPa, tmax = 220 ◦C) were used for the mea-
urements at atmospheric conditions. High pressure crucibles
ade of Inconel 625 (V = 3.6 cm3, pmax = 60 MPa, Tmax = 500 ◦C)
ere used for measurements at higher pressures in the range of

.6–17.0 MPa. The sample was heated at a rate of 0.10 ◦C/min over
 temperature range of room temperature 25 ◦C to 85 ◦C. An empty,
ermetically sealed stainless steel pan was used as a reference.
elting point and enthalpies of indium were used for temper-

ture and heat capacity calibration. Fusion enthalpy (�Hm) was
alculated using Calisto Data Acquisition software (Version 1.071).
he crystallinity (�c) of PCL samples was determined using a heat
f fusion value (�H0

m) of 135.31 J/g [69] for 100% crystalline PCL
ccording to the following equation:

c (%) = �Hm

�H0
m

× 100 (7)

.5. Supercritical solvent impregnation (SSI) of thymol

The SSI of PCL and PCL-HA with thymol was performed in a
igh-pressure view chamber (Eurotechnica GmbH) [57] using a
tatic method previously described elsewhere [60,62]. Thymol was
laced at the bottom of the vessel in a glass container with a fil-
er on its top to avoid possible splashing during decompression.
olymers were placed in a porous basket above the thymol. The
cCO2 was introduced from the top of the previously heated ves-

el and the pressure was elevated. The experiments were carried
ut at pressures of 10, 13, 17, 20 and 30 MPa, and at temperatures
f 35 ◦C or 40 ◦C. The impregnation time was 2 h. The mass ratio
f PCL or (PCL-HA)/thymol was 1:1. Applied decompression rate
tial scanning calorimetry (HP-DSC).

was 0.5 MPa/min [20]. Impregnated mass of thymol (mT) was  deter-
mined gravimetrically by measuring the impregnated sample. The
impregnation yield (I) of PCL or PCL-HA was calculated from the
following equation:

I (%) = mT

mT + mP
× 100 (8)

where mP is the polymer mass at the beginning of the process.
The efficiency of the SSI of PCL and PCL-HA with thymol was

described with the partition coefficient, Kc [65], the ratio of the
thymol mass concentration in fluid (qCO2

T ) and polymer phase (qPCL
T )

for the given time of impregnation according to Eqs. (9), (10)and
(11), respectively.

Kc = qPCL
T

qCO2
T

(9)

qCO2
T (g/kg) = CCO2

T × 1000
�CO2

(10)

qPCL
T = mT

mP
(11)

Thymol concentration in scCO2 was determined using a static
method in a high-pressure view chamber (Eurotechnica GmbH)
previously described in detail in [57]. Solubility of thymol in scCO2
was experimentally determined at temperatures of 35 ◦C and 40 ◦C,
and pressures ranged from 10 MPa  to 30 MPa  (scCO2 density range
of 630–911 kg/m3) for 2 h.

2.6. Statistics

All the experiments were performed in triplicate. The mean
value and standard deviation were calculated using the OriginPro 8
software (OriginLab Corporation, Northampton, MA, USA). A one-
way ANOVA (analysis of variance) method followed by post hoc

Tukey’s test was  used to evaluate the significant difference among
various treatments with the criterion of p ≤ 0.05. Pearson product
moment correlation is used to assess linear correlation coefficients
(r) among means.
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ig. 3. Effect (a) of the pressure on the neat PCL swelling, and (b) HA amount on
CL-HA swelling.

. Results and discussion

.1. Pressure and filler amount effect on the swelling kinetics and
oam morphology

Optical experiments in the high pressure view cell were car-
ied out prior to the sorption experiments to visualize and quantify
he PCL and PCL-HA relative volume variation (swelling extent, Sw).
welling curves in Fig. 3 represent the change of the Sw regarding
he initial volume of the polymer or composite (V0) within time dur-
ng exposure to scCO2 at 10–30 MPa  and 35 ◦C or 40 ◦C. The swelling
sotherms (Fig. 3) were fitted (Sw = (�V/100)/V0 = 1/(A + 1/Bt))
o estimate A and B coefficients (Table 1) which were used further
or buoyancy correction to determine actual volume and mass of
he adsorbed scCO2 (Vt and wt) given in Eq. (2). The effect of the
ressure (Fig. 3a) and amount of HA (M)  (Fig. 3b) in the PCL on
he swelling extent was analyzed. Pressure increase from 10 MPa
o 30 MPa  strongly influenced volume variation resulting in 40%
igher swelling extent of the pure PCL at 40 ◦C. The biggest change
f the PCL swelling rate within the first 30 min  of the exposure to
cCO2 was observed for the pressure range of 10–17 MPa, while it
ecame insignificant at higher pressures (Fig. 3a). Relative volume’s
ariation observed after 24 h was three times smaller (0.15% per

Pa) at pressures above 17 MPa  than in the lower pressure range

0.51% per MPa).
Swelling extent of the PCL-HA composites determined after

4 h was two times higher in comparison to the pure PCL at same
Fig. 4. Pressure effect on microstructure of the PCL foams obtained at 40 ◦C: (a)
10 MPa, (b) 13 MPa, (c) 17 MPa, (d) 20 MPa, and (e) 30 MPa  (scale bar = 500 �m).

conditions (Fig. 3b). The lower extent of swelling of the compos-
ite with 20% HA in comparison to the one with only 10% could be
due to the increased amount of the filler which doesn’t change its
volume during scCO2 sorption and acts like an obstacle to the mass
transfer and gas sorption [70].

The influence of the pressure (scCO2 density) and HA amount
on the PCL and PCL-HA foam microstructure was analysed by SEM.
Porous microstructure was observed in all the cases (Figs. 4 and 5).
The average pore diameter, foam density and porosity are given
in Table 2. SEM images of the PCL foams obtained at different
pressures are shown in Fig. 4. Positive effect of pressure increase on
the pore morphology was  the most noticeable in the lower pressure
range, from 10 MPa  to 13 MPa. The pressure increase from 10 MPa
to 13 MPa  resulted in creation of the foam with 35% smaller average
pore diameter and more homogenous structure (Fig. 4, Table 2). The
PCL foams obtained at 13 MPa  and higher pressures had a homo-
geneous pore distribution (Fig. 4), satisfactory porosity (72–79%)
[15] and mean pore diameter (∼300 �m)  (Table 2) which is in
accordance with the requirements for scaffolds to be used in tissue
engineering for proper bone ingrowth and vascularization [71].

SEM images of the PCL-HA foams are presented in Fig. 5. The
average pore diameter of PCL-HA foams was smaller (31–72%) in

comparison to the PCL foams obtained at same conditions (Table 2).
This could be due the higher scCO2 uptake of PCL-HA composites
as a consequence of a lower degree of crystallinity, especially in
the case of PCL-HA (10S) and PCL-HA (20M). All the PCL-HA foams
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Table  1
Coefficients for buoyancy correction.

PCL A (–) B (min−1) PCL-HA (M)  A (−) B (min−1)
p  (MPa)/T (◦C) p (MPa)/T (K)/%HA

10/40 0.082 0.30 17/35/10 0.03 0.55
13/40 0.078 0.40 17/35/20 0.035 3.50
17/40 0.063 0.42 30/40/10 0.025 0.65
20/40 0.059 0.45 30/40/20 0.0275 4.00
30/40 0.047 0.47

Table 2
Foam properties: mean pore diameter (davg), foam density (�foam) and porosity (ε).

p (MPa) T (◦C) HA (%) davg (�m) �foam (kg/m3) ε (%)

PCL
10 40 0 462 ± 190a 369.1 ± 25.2a 67.8 ± 2.2a

13 40 0 294 ± 62a,b 244.6 ± 34.2b 78.6 ± 3.0b

17 40 0 310 ± 100a,b 285.1 ± 23.9b 75.1 ± 2.1b

20 40 0 326 ± 90a,b 259.5 ± 16.7a 77.3 ± 1.5a

30 40 0 297 ± 37a,b 324.2 ± 17.3a,b 71.7 ± 1.5a,b

PCL-HA (M)
17 35 0 296 ± 78a,b 275.5 ± 1.5b 75.9 ± 0.09b

17 35 10 204 ± 75b 295.6 ± 26.1a,b 74.2 ± 2.3a,b

30 40 10 144 ± 23b 282.7 ± 4.7a,b 75.3 ± 0.4a,b

17 35 20 135 ± 33b 324.4 ± 8.1a,b 71.7 ± 0.7a,b

30 40 20 187 ± 43b 323.0 ± 1.8a,b 71.8 ± 0.2a,b

PCL-HA (N)
17 35 10 176 ± 31b 306.5 ± 4.4a,b 73.2 ± 0.4a,b

30 40 10 148 ± 26b 286.5 ± 28.6a,b 75.0 ± 2.5a,b

PCL-HA (S)
17 35 10 84 ± 25b,c 288.1 ± 67.1a,b 74.8 ± 5.9a,b
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sorption kinetics was investigated at moderately high (17 MPa) and
high pressure (30 MPa). Sorption isotherms are presented in Fig. 7.
ScCO2 solubility in PCL-HA composites and corresponding diffusion

Table 3
ScCO2 solubility (q∞

CO2
) and diffusion coefficients (D) for PCL.

p (MPa) q∞
CO2

(
gCO2

/gp

)
D (m2/s)10

10 0.208 ± 0.0014 1.15 ± 0.050
13  0.247 ± 0.00066 2.10 ± 0.10
17  0.305 ± 0.00060 2.45 ± 0.050
30 40 10 

alues represent the means ± standard deviation; n = 3. Means with different super

10–20% of HA) had homogenous pore distribution. Foams of PCL-
A (10S) and PCL-HA (20M) composites obtained at lower pressure

17 MPa) had smaller pores then those produced at 30 MPa. At
igher pressures and high saturation of the polymer with gas, the
xcess of the filler particles or their weak interaction with poly-
er  matrix along with the increased contribution of hydrostatic

ressure (free volume in the polymer is decreased) could be an
dditional obstacle to the mass transfer. This could also explain the
educed swelling of PCL-HA with 20% of HA compared to the one
ith 10% of HA at the same pressure (Fig. 3b). Density of the PCL

nd PCL-HA foams was in the range of 245–369 kg/m3. Previously
eported density of PCL and PCL-HA foams with 5% of HA nanopar-
icles obtained by foaming at 10 to 20 MPa  and 37–40 ◦C was in the
ange of 200–530 kg/m3 [35]. Porosity of the obtained foams in this
tudy was in the range of 68–79%. Salerno et al. [14] have recently
eported similar porosities of PCL and PCL-HA foams with 5–10%
f HA micro- and nanoparticles (77–81%) obtained by foaming at
0 MPa  and 40–45 ◦C.

In order to understand and rationalize the effect of pressure
nd filler on the swelling and foam morphology, scCO2 solubility
sorption kinetics) and diffusivity were further investigated.

.2. Sorption kinetics and diffusion coefficients

Experimental results of the scCO2 sorption in the PCL (qCO2 =
CO2 /wPCL) in the pressure range of 10–30 MPa  and constant tem-
erature are presented in Fig. 6. The solubility of scCO2 denoted as
CO2 (t → ∞)  = q∞

CO2
in PCL (Table 3) was positively affected by pres-

ure increase at constant temperature (40 ◦C). Accordingly, the best
cCO2 solubility in PCL was observed at 30 MPa  (0.392 gCO2

/gp). The
ighest sorption rate was observed at pressure of 17 MPa  and higher
n the first 20–30 min. This was in accordance with the previous
bservation of plasticizing profile of PCL in high pressure view cell
t moderate temperatures 35–40 ◦C [20]. The mentioned study [20]
howed that PCL sample was completely plasticized after 30 min
121 ± 41b 306.3 ± 57.6a,b 73.3 ± 5.0a,b

s in the same column are significantly different at 0.05 level.

at 17 MPa  without shape deformation, while at higher pressures
(20 MPa) its shape is changed after 20 min. Corresponding diffusion
coefficients (D) determined by fitting the experimental sorption
isotherms with one-dimensional Fick’s second law are given in
Table 3.

Pressure increase up to 20 MPa  had a positive effect on the diffu-
sion of scCO2 in PCL. The decreasing diffusion coefficient at higher
pressures (30 MPa, Table 3) can be explained as follows. The varia-
tion of the diffusion coefficient is affected by both, the plasticizing
effect of compressed CO2 and by the hydrostatic effect of pressure.
During scCO2 sorption, the molecules in the polymer–gas system
are rearranged toward a new equilibrium conformation. At lower
pressures, i.e. in the presence of a smaller amount of scCO2 in poly-
mer  (Table 3), the plasticizing effect of scCO2 is reflected in a higher
mobility of the polymer chains which results in increased values of
the diffusion coefficient. However, at high pressures, when there
is a higher concentration of scCO2 in the polymer, the hydrostatic
pressure may  play an important role by reducing the available free
volume and leading to decreased diffusivity [40,72].

The effect of the type or amount of HA powder on the scCO
20  0.330 ± 0.0017 2.85 ± 0.050
30  0.392 ± 0.0063 1.90 ± 0.10

Values represent the means ± standard deviation; n = 3. All the means in each col-
umn  differ significantly at the 0.05 level.
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Fig. 5. SEM images of the PCL and PCL-HA foams obtained at (a) 17 MPa  and 35 ◦C,
and  (b) 30 MPa  and 40 ◦C (scale bar = 500 �m).

Fig. 6. Pressure effect on the scCO2 sorption of the neat PCL at 40 ◦C.

Fig. 7. Influence of HA content and its preparation (particle size) on the CO2 sorption
in  the neat PCL and PCL-HA at (a) 17 MPa and 35 ◦C, and (b) 30 MPa  and 40 ◦C.
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Table  4
ScCO2 solubility (q∞

CO2
) and diffusion coefficients (D) for PCL-HA.

%HA q∞
CO2

(
gCO2

/gp

)
D (m2/s) 1010

p (MPa)/t (◦C) 17/35
0  0.185 ± 0.00046a 1.20 ± 0.10a

10(N) 0.239 ± 0.00040b 0.548 ± 0.26b

10(M) 0.234 ± 0.0019c,b 0.465 ± 0.00010b,a

20(M) 0.227 ± 0.00034c 3.01 ± 0.10c

10(S) 0.295 ± 0.00091d 1.32 ± 0.0010a

p (MPa)/t (◦C) 30/40
0  0.392 ± 0.0062e 1.90 ± 0.10d

10(N) 0.392 ± 0.0039e 0.544 ± 0.34b

10(M) 0.360 ± 0.0018f 0.965 ± 0.00020a,b

20(M) 0.285 ± 0.0020g 3.62 ± 0.18e

10(S) 0.494 ± 0.0016h 6.40 ± 0.37f
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alues represent the means ± standard deviation; n = 3. Means with different super-
cripts in the same column are significantly different at 0.05 level.

oefficients are given in Table 4. PCL-HA composites are heteroge-
eous materials composed of a dispersed phase, the filler, and a
ontinuous phase, the polymer. ScCO2 solubility is affected by the
resence of the filler in two ways, depending on its integration in
he polymer matrix [70]. Intimate contact and even dispersion of
he filler in the matrix (the polymer ‘wets’ the filler particles) may
esult in a decreased free volume in the polymer which is otherwise
vailable to the dissolving gas. Consequently, sorption is decreased.
n the case of uneven dispersion of the filler throughout the matrix,
ir gaps may  appear in the composite structure which may  lead to
ncreased solubility [67,70] and diffusivity [73].

Similar or lower scCO2 solubility and lower values for diffu-
ion coefficients observed for PCL-HA (10N) and PCL-HA (10M)
ndicated better contact of the filler particles and polymer matrix
nd more even dispersion of HA crystallites. For the PCL-HA (10N)
he diffusion coefficient remained constant at increasing pressure
ndicating better contact of the HA (N) powder with the polymer

atrix in comparison to the HA (M)  powder. This might be due
o the smaller mean particle size (1 �m)  and higher specific area
f the HA (N) powder (70 m2/g) in comparison to HA (M)  pow-
er (10 �m;  15 m2/g). On the other side, the highest solubility and
iffusion coefficient of scCO2 were observed for the PCL-HA (S)
nd PCL-HA (20M) samples (Fig. 7) indicated less intimate contact
f the filler particles with polymer matrix. Values for the solubil-
ty and diffusion coefficient of scCO2 in the case of PCL-HA (20M)

ere higher at lower pressure (17 MPa) than at higher pressure
30 MPa) in comparison to the virgin polymer at the same condi-
ions. The following explanation could be given. Higher solubility
t lower pressure might be due to the lower degree of crystallinity
n the case of composite. On the other hand, at higher pressure
he hydrostatic pressure contributes to a slower mass transport
long with increased amount of HA particles that act as addi-
ional obstructions, hindering chain mobility. In order to explain
nd quantify the effect of scCO2 solubility on the thermal behavior
f the tested materials, HP-DSC was applied for in situ deter-
ination of the melting temperature range shift and degree of

rystallinity.

.3. Thermal behavior–melting point depression rate and
rystallinity

The effect of the pressure and HA percentage on the thermal
ehavior of neat PCL and PCL-HA was investigated using HP-DSC.
orresponding HP-DSC curves for the neat PCL are presented in

ig. 8. Thermal properties of PCL and PCL-HA determined by HP-
SC are given in Table 5. Melting temperature (Tm) of the neat
CL at atmospheric conditions was 62.5 ◦C. In this study, a shift
f the PCL melting peak (�Tm) toward lower values increased with
Fig. 8. HP-DSC curves for the PCL exposed to compressed CO2.

the pressure, reaching its maximum at 10 MPa  (−28 ◦C) (Table 5).
The observed rate of depression of melting peak (dTm/dP) for the
pressure range of 0.1–10 MPa  was  −2.86 ± 0.30 ◦C/MPa. Previously
reported rates of melting point depression of the PCL exposed to
scCO2 determined by optical measurements for the same pressure
range, 0.1–10 MPa  was ranged from −2.41 to −2.75 ◦C/MPa [16,18].
Reportedly, solubility of scCO2 in most molten polymers at mod-
erate pressures (1 MPa  < p < 8 MPa) increases rapidly and almost
linearly with pressure increase [18]. Beyond a certain pressure, the
solubility of CO2 increases only by a very small extent even at a
larger pressure increase, resulting in an almost vertical pressure
vs. mol  fraction of CO2 equilibrium line [18,34,74].

The minimum melting temperature has been explained as a con-
sequence of the balanced CO2 dissolution in the polymer phase,
which tends to reduce the melting temperature, and hydrostatic
pressure, which tends to shift melting toward higher tempera-
tures [34]. Reportedly, for PCL the hydrostatic pressure effect starts
to prevail at pressures in the range of 10–20 MPa [34,75]. This
was also evident in this study in accordance to the change of
the melting peak toward higher values at pressures above 10 MPa
(Fig. 8, Table 5). Besides the hydrostatic pressure effect, shif-
ting of the melting peak toward higher values, has been recently
explained by two more phenomena: lamellar thickening due to the
enhanced chain mobility upon dissolution of CO2 in the polymer
which leads to crystallization (at p > 3.6 MPa) [18,31], and the pos-
sible extraction of the low molecular weight fractions (oligomers)
that sometimes act as plasticizers inside the polymer matrix
by CO2 [34].

The presence of 10–20% of HA in the PCL resulted in 5.0–5.5%
higher melting peak shift in comparison to the virgin polymer at
the same pressure (17 MPa) (Table 5). PCL-HA (10N) and PCL-HA
(10M) samples exhibited similar thermal behavior as PCL, includ-
ing melting peak shift, fusion enthalpy and degree of crystallinity
(Fig. 8, Table 5). This supported previous assumptions on good
dispersion of the filler and its intimate contact with the poly-
mer  matrix, especially in the case of PCL-HA (10N) which had
the narrowest melting range (2.27 ◦C). The HP-DSC analysis con-
firmed the previously assumed lower degree of crystallinity of
PCL-HA (10S) and PCL-HA (20M) based on the higher sorption rate
(Fig. 7).

The Clapeyron equation with a modest modification was used
to describe both the slope and the extent of the linearly decreasing

melting peak of the neat PCL. Neglecting the contributions of the
crystalline and polymer-rich fluid phase to the molar volumes and
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Table 5
Thermal properties of PCL and PCL-HA determined by HP-DSC: melting peak shift (�Tm–P), melting enthalpy (�Hm), crystallinity (�c) and melting range (Ti–Tf) of PCL and
PCL-HA exposed to the compressed CO2.

p (MPa) %HA −�Tm (◦C) �Hm (J/g) �c (%) Ti–Tf (◦C)

PCL
0.1 0 0 72.69 57.09 56.30–67.50
4.6  16.97 35.82 26.47 39.96–49.93
5.5  19.28 31.32 23.14 37.33–47.79
9  26.84 47.61 35.18 30.47–41.37
10  28.11 46.01 34.00 28.78–39.46
13  26.94 48.83 36.09 30.59–41.54
17  27.38 53.57 39.59 32.94–41.43

PCL-HA
17  10N 26.66 42.90 31.70 33.6–35.87
17  10M 26.37 41.51 30.68 30.76–38.51
17  10S 27.37 39.40 29.12 30.44–36.33
17  20M 26.88 35.38 26.15 32.03–39.07

−�Tm–P—the difference between melting peak at certain pressure (p > patm) and melting peak at atmospheric pressure; Ti–Tf—melting range (Ti—onset temperature, Tf—offset
t
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emperature).

nthalpies in the PCL–CO2 system, at low pressures, the Clapeyron
quation is reduced to the following equation [18]:

dTm

dP
≈ −Tm2RkH

�Hfus
u

(12)

here R is the universal gas constant, and kH is the Henry’s law
onstant for sorption of a compressed fluid into a molten polymer.
olar heat of fusion of the crystalline polymer unit was  calcu-

ated as �Hfus
u = �H0

m · Mu
w while the compressibility factor (Z) was

ssumed to be near unity [18,69]. A literature value for the heat
f fusion of 100% crystalline PCL (�H0

m) is 135.31 J/g [15,69]. Mu
w

s the molar weight of the Kuhn unit. Graphical presentation of
xperimental results from Table 5 and their fitting are presented in
ig. 9.

It can be seen that the pressure dependence of Tm is practi-
ally linear in the range of 0.1 MPa  to 10 MPa. The slope obtained
y the linear fitting of the experimental data for the neat PCL in
he low pressure area was  −2.86 K/MPa. This is in fair agreement
ith experimental results of Lian et al. [18] (−2.41 K/MPa) and
arimi et al. [16] (−2.75 K/MPa) obtained for PCL in the same pres-

ure range. When there are available experimental data on Tm–P
ependency, Eq. (10) can be used to evaluate the kH value at ambi-
nt conditions. Adopting the literature value for �Hu

fusion [15], and
he Kuhn length for PCL of 92 Da, as suggested by Lian et al. [18],

Fig. 9. Experimental results for Tm–P dependency for PCL-CO2 system: (−) linear fit
of  the low pressure area, (—) line corresponds to CO2 isochor which matches the
molar volume of the crystalline solid (PCL).

able 6
olubility of thymol in CO2 (qCO2

T
), thymol fraction in polymer (qPCL

T
), thymol impregnation yields (I) and partitioning coefficients (Kc).

T (◦C) �CO2

(
kg/m3

)
cT

CO2

(
kg/m3

)
qCO2

T (g/kg)a qPCL
T (kg/kg) I (%) Kc

PCL p (MPa)
10 40 630 2.07 ± 0.13a 3.29 ± 0.00021a 0.310 ± 0.0012a 23.7 ± 0.12a 94.4 ± 0.35a

13 40 744 3.12 ± 0.053b 4.19 ± 0.000071b 0.225 ± 0.00085b 18.4 ± 0.085b 53.8 ± 0.20b

17 40 809 4.30 ± 0.29c 5.31 ± 0.00035c 0.192 ± 0.00088c 15.8 ± 0.088c 36.1 ± 0.16c

20 40 841 4.59 ± 0.21d 5.45 ± 0.00025d 0.173 ± 0.0012d 14.8 ± 0.12d 31.7 ± 0.23d

30 40 911 6.73 ± 0.20e 7.38 ± 0.00022e 0.162 ± 0.0012e 14.0 ± 0.12d 22.0 ± 0.17e

17 35 839 3.81 ± 0.015c 4.55 ± 0.000017f 0.167 ± 0.00075f 14.3 ± 0.075d 36.8 ± 0.16f

PCL-HA (10M)
17 35 839 3.81 ± 0.015c 4.55 ± 0.000017f 0.167 ± 0.0012g 13.3 ± 0.90e,d 36.5 ± 0.25f,c

30 40 911 6.73 ± 0.20e 7.38 ± 0.00022e 0.145 ± 0.00085h 12.7 ± 0.045f,e 19.6 ± 0.12g

PCL-HA (20M)
17 35 839 3.81 ± 0.015c 4.55 ± 0.000017f 0.136 ± 0.0012i 12.0 ± 0.042g,f 29.9 ± 0.26h

30 40 911 6.73 ± 0.20e 7.38 ± 0.00022e 0.124 ± 0.00085j 11.0 ± 0.076g 16.8 ± 0.12i

PCL-HA (10S)
17 35 839 3.81 ± 0.015c 4.55 ± 0.000017f 0.122 ± 0.0012j 12.4 ± 0.82e,f 26.0 ± 0.26j

30 40 911 6.73 ± 0.200e 7.38 ± 0.00022e 0.126 ± 0.00085j 11.2 ± 0.10g 17.3 ± 0.12i

alues represent the means ± standard deviation; n = 3. Means with different superscripts in the same column are significantly different at 0.05 level.
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Fig. 10. Influence of the thymol (T) loading on the pore morphology of PCL and
PCL-HA (10M) samples at (a) 17 MPa and 35 ◦C, and (b) 30 MPa  and 40 ◦C (scale
J. Ivanovic et al. / J. of Superc

he calculated value of kH is 0.0379 (MPa)−1 which is in very good
greement with the reported value of 0.0342 (MPa)−1 obtained by
xtrapolating the results from CO2 sorption in PCL experiments on
igher temperatures [18].

The most important property of the experimental melting point
urve is the location of the abrupt change in the slope. The loca-
ion of this change, so called “kink” point [18], usually represents
he maximum melting point depression of the given compound.
nowing of this temperature is valuable to predict whether a poly-
er  will melt at a sufficiently low temperature to avoid thermal

egradation of the active substance which is incorporated (thymol)
r just to reduce energy for heating. The kink point is correlated
ith equivalence of molar volumes of the pure crystal and the pure
iluent:

S
u = VV

CO2
= ZRTm

P
(13)

here VS
u and VV

CO2
are molar volumes of the pure crystal (cor-

esponding Kuhn unit) and pure diluent, respectively. When the
xperimental data on the Tm–P dependency exist, even for the low
ressures only, the “kink point” can be estimated from the inter-
ection of the diluent isochor from Eq. (11) with the experimental
inear regime or its extrapolation (Fig. 9). Plotting the Tm–P experi-

ental data and fitting the isochor slope to the experimental value
f the kink point for the PCL obtained in this study (10 MPa), VS

u for
he neat PCL can be estimated (2.55 × 10−4 m3/mol). Accordingly,
he molecular weight corresponding to the Kuhn unit was  calcu-
ated (306 Da). The molecular weight of the Kuhn unit corresponds
o the Kuhn length which is often used to describe the behavior of
he polymers or their blends [76].

.4. The efficiency of SSI with thymol

Thymol incorporation into the PCL and selected PCL-HA
omposites by SSI was investigated as a possibility to create
ntibacterial scaffolds in an environmentally friendly way. The
ata on sorption kinetics, foam morphology and thermal behav-

or of the PCL and PCL-HA were considered in choosing adequate
ressure and temperature conditions for the SSI. In this study,
CL-HA (10M) and PCL-HA (20M) were chosen for fabrication of
ntibacterial scaffolds due to the simplicity of the preparation and
atisfactory thermal behavior. Sample PCL-HA (10S) was  taken into
onsideration for comparative analysis due to the highest scCO2
olubility and diffusion coefficient observed on both moderately
igh (17 MPa) and high (30 MPa) pressure. Time of impregnation of

 h was chosen for two reasons. The first one relates to the high-
st sorption rates and previous visual observations on plasticizing
rofile of the PCL at 35–40 ◦C [20]. The other reason is to minimize
egative effects of the higher amount of adsorbed thymol (during

onger time of SSI) on foam morphology like previously reported
62].

Experimental data on solubility of thymol in CO2, thymol frac-
ion in polymer, thymol impregnation yields and partitioning
oefficients are given in Table 6.

Satisfactory high SSI yields (11.0–23.7%) were achieved for all
he samples in the given pressure range. The efficiency of the
SI of PCL and PCL-HA with thymol was quantified with the par-
ition coefficient, Kc (ratio of the thymol concentration in the
olymer and fluid phase). A strong positive correlation was estab-

ished for scCO2 density and thymol concentration in the gas

hase (r = 0.962). On the other hand, there was a strong negative
orrelation between scCO2 density and mass fraction of thymol
oaded into the polymer phase (r = −0.973). Accordingly, the Kc

ecreased with the pressure (scCO2 density). This result indi-
ated a higher affinity of thymol to scCO2 than to thepolymer
bar  = 500 �m).

phase at higher pressures (especially above 17 MPa). Lower solvent
densities are thus suggested as favorable for the SSI process. Simi-
lar phenomena have been recently reported for SSI impregnation of
cellulose acetate with thymol [62] and poly(methylmethacrylate-
co-ethylhexylacrylateco-ethyleneglycoldimethacrylate) with flur-
biprofen [77]. A small variation of temperature (35 ◦C and

40 ◦C) at 17 MPa  seems to have negligible influence on the effi-
ciency of PCL impregnation at 17 MPa  (∼5%) (Table 6). This was
expected given that this temperature difference didn’t affect foam
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orphology (Table 2). According to the mass transfer analysis pre-
ented in Section 3.2, a smaller thymol fraction in the polymer
hase (PCL and PCL-HA) could be also due to the lower diffusion
f the gas at higher pressures (Tables 3 and 4) due to the prevailing
ffect of the hydrostatic pressure.

The efficiency of SSI of composites was 7.0–16.4% lower in
omparison to impregnation of the virgin polymer at the same con-
itions (Table 6). As expected, the difference in the SSI efficiency for
he composites and neat PCL was more noticeable at the lower pres-
ure, 17 MPa  (due to the lower affinity of thymol to the scCO2). The
fficiency of PCL-HA (10M) impregnation with thymol was the most
imilar to neat PCL justifying again the suitability for the further
se of this type of composite in the production of functionalized
caffolds. According to the values of Kc, the increased amount of
ller (20%) had more pronounced effect on the SSI efficiency than
ype of HA powder.

The effect of impregnate on the foam morphology was  ana-
yzed by SEM. Corresponding SEM images for the representative
CL and PCL-HA samples are given in Fig. 10. As can be seen,
CL-HA (10M) seemed to be more suitable for the SSI with thy-
ol  then the neat PCL given that its foam morphology was  less

ffected by the presence of the impregnate, especially at lower
ressure (Fig. 10a). The average pore diameters of the compos-

te foam impregnated with thymol at 17 MPa  (198 ± 73 �m)  and
on-impregnated composite foam obtained at the same pressure
204 ± 75 �m,  Table 2) were practically the same. Unlikely, aver-
ge pore diameter of the PCL foam impregnated with thymol at
7 MPa  was 54% larger (455 ± 95 �m)  than one observed for the
on-impregnated PCL foam at the same pressure (296 ± 78 �m,
able 2). The SSI at higher pressure (30 MPa) had more pronounced
ffect on the PCL-HA (10M) and PCL foam morphology (Fig. 10b).
he SSI at 30 MPa  resulted in 80% larger pores for PCL-HA (10M) and
ven 100% larger pores for PCL (257 ± 144 �m and 621 ± 347 �m,
espectively) than observed for non-impregnated samples at the
ame pressure (Table 2).

According to the presented results, moderately high pressures
13–17 MPa) and the low percentage of HA (10%) are suggested
or production of PCL scaffolds with satisfying foam microstruc-
ure (mean pore diameter of 200–300 �m),  even filler distribution
nd thymol impregnation yields (12–18%). This is due to the sat-
sfactory high scCO2 solubility (0.25–0.30 g/g) and mass transfer
ate (∼10−10 m2/s) in the polymer phase as well as the great plas-
icizing effect (−�Tm = 26.4–27.4 ◦C). At pressures above 20 MPa,

ass transfer rate and SSI efficiency were negatively affected by
igher saturation of the polymer phase with scCO2 (0.30–0.55 g/g),
hymol solubility in scCO2 (>5.5 g/kg) and filler amount (20%).

. Conclusions

In this study the effect of scCO2 in processing of PCL and PCL-HA
s the swelling agent, plasticizer and solvent for thymol loading
as been analyzed and quantified. A high solubility of scCO2 in
CL and PCL-HA and its effect on the melting peak depression
26–28 ◦C) suggest possibility of their processing at mild temper-
tures and moderately high to high pressures (10–30 MPa). The
resence of 10% of HA in PCL was advantageous compared to 20%
f HA in PCL and virgin PCL regarding the swelling, sorption kinet-
cs, foam morphology and efficiency of the SSI with thymol. The
A powder prepared by the precipitation with mechanical stirring
as suggested as favorable due to the simplicity of creation and

atisfactory performances regarding swelling, foam morphology,

hermal behavior and SSI efficiency (10% in the composite). The
igh impregnation yields of thymol were achieved after just 2 h of
oaking for all the samples (11–23.7%). However, moderate to mod-
rately high pressures (13–17 MPa) and presence of 10% of HA were

[
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suggested as favorable for achieving both satisfying impregnation
yields of thymol and morphology of PCL foam. For specific biomed-
ical applications, the effect of the thymol amount on mechanical
properties of the scaffold and kinetics of thymol release should be
further investigated.
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