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Abstract: Polycaprolactone (PCL) and polycaprolactone-hydroxyapatite (PCL-HA) scaffolds were
produced by foaming in supercritical carbon dioxide (scCO2) at 20 MPa, as well as in one-step foam-
ing and impregnation process using carvacrol as an antibacterial agent with proven activity against
Gram-positive and Gram-negative bacteria. The experimental design was developed to study the
influence of temperature (40 ◦C and 50 ◦C), HA content (10 and 20 wt.%), and depressurization rate
(one and two-step decompression) on the foams’ morphology, porosity, pore size distribution, and
carvacrol impregnation yield. The characterization of the foams was carried out using scanning elec-
tron microscopy (SEM, SEM-FIB), Gay-Lussac density bottle measurements, and Fourier–transform
infrared (FTIR) analyses. The obtained results demonstrate that processing PCL and PCL-HA scaf-
folds by means of scCO2 foaming enables preparing foams with porosity in the range of 65.55–74.39%
and 61.98–67.13%, at 40 ◦C and 50 ◦C, respectively. The presence of carvacrol led to a lower porosity.
At 40 ◦C and one-step decompression at a slow rate, the porosity of impregnated scaffolds was
higher than at 50 ◦C and two- step fast decompression. However, a narrower pore size distribution
was obtained at the last processing conditions. PCL scaffolds with HA resulted in higher carvacrol
impregnation yields than neat PCL foams. The highest carvacrol loading (10.57%) was observed in
the scaffold with 10 wt.% HA obtained at 50 ◦C.

Keywords: supercritical CO2; polycaprolactone; hydroxyapatite; scaffold; foaming; impregnation;
carvacrol

1. Introduction

Bone fractures are a global public health issue. In the last three decades, the incidence,
prevalence, and years lived with disability increased 33, 70, and 65.3%, respectively, being
women and older people the groups with a particularly higher risk of fractures [1]. Accord-
ing to considerable research, actual clinical treatments for bone repair and regeneration,
autologous and allogeneic transplantations using autografts and allografts, have significant
shortcoming, limitations, and complications [2,3]. Particularly, autografts possess the essen-
tial components to achieve osteoinduction and osteoconduction, but the process involves
harvesting bone from the patient’s iliac crest, which leads to a second operation at the site
of tissue harvest. Meanwhile, autologous bone transplants are very expensive procedures
with surgical risks such as bleeding, inflammation and infection, and also may result in
significant donor site injury, morbidity, deformity, scarring, and chronic pain. Moreover,
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none of the abovementioned approaches possess all of the ideal characteristics such as
reasonable cost, low patient morbidity, easy post-operation access to the intervention, as
well the use of materials with high osteoinductive and angiogenic potentials, biological
safety and long shelf life [4].

In the last decades, polymer scaffold technology for tissue engineering has arisen as
an alternative for the accelerated recovery of damaged bone tissues [4]. In order to have the
ideal porous scaffold, it is important to have an interconnected porous structure, sufficient
mechanical strength, and good cell-scaffold interaction. The main structural parameters
of porous scaffolds for bone regeneration include pore size, pore morphology, and degree
of porosity. Conventional methods for synthesizing highly porous and interconnected
polymer scaffolds include solvent casting-particle leaching, freeze-drying, particle leaching,
thermally induced phase separation, compression molding, injection molding, foaming
extrusion, and electrospinning [5,6]. Moreover, drawbacks of the conventional methods
include the use of large amounts of organic solvents and high temperatures [7]. In the
last years, supercritical fluid technology has emerged as a highly attractive alternative
to the conventional methods used for polymer processing [8,9]. A pure component is
considered a supercritical fluid (SCF) if its temperature and pressure are higher than the
critical values (Figure 1). When the compound’s critical temperature and pressure are
exceeded, the fluid shows specific properties such as the diffusivity and viscosity of a gas
and the densities and solvating properties of liquids [10]. In most of the main applications
of supercritical fluids, carbon dioxide (CO2) is the most used fluid because it is non-toxic,
non-flammable, inexpensive, and is a byproduct in ethanol and ammonia plants production.
Thus, supercritical CO2 (scCO2) is considered a green solvent. Moreover, CO2 has a very
accessible critical point (P > Pc = 7.38 MPa and T > Tc = 304.15 K), which allows to carry
out polymer processing at near-ambient temperature avoiding the thermal degradation of
organic compounds (drugs, antimicrobials, antioxidants, etc.) [11,12].
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Figure 1. Pressure-temperature phase diagram and scheme of the simultaneous supercritical carbon
dioxide (scCO2)-assisted foaming and impregnation of polymers.

One of the most important applications of supercritical fluids corresponds to its
use as a blowing agent for the production of scaffolds using thermoplastic polymers.
Polymer foaming using scCO2 can be carried out either at a lab-scale (batch foaming) for
preliminary studies and at pilot-scale using supercritical continuous extrusion foaming [13].
Regardless of the foam processing method, the principles of the process are the same
and can be explained in three stages. In the first stage, the polymer is saturated with
scCO2 (CO2 absorption degree depends on the chemical affinity between polymer and
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CO2) and using foaming temperatures depending on the glass transition temperature
for amorphous polymers and melting temperature for semicrystalline polymers. Then,
in the second stage, a thermodynamic instability (a sudden increase of temperature or a
rapid decrease of pressure) is introduced into the saturated polymer-scCO2 mixture to
induce cell nucleation due to the separation of phases caused by the reduction of CO2
solubility (CO2 supersaturation in the polymer). Finally, the third stage corresponds to the
cell growth (depending on gas diffusion rate, viscoelastic behavior, etc.) and stabilization
(depending on cell growth stresses and melt-strength) as gas diffuses from the polymer into
the nucleated cells while the foam structure is gradually formed. Finally, the cell structure
is stabilized by cooling [14].

Poly(α–hydroxy acids), such as poly (glycolic acid) (PGA), poly(lactic acid) (PLA the
copolymer PLGA and poly (ε–caprolactone) (PCL) have been the most used polymers for
the design of polymeric scaffolds for tissue regeneration by scCO2-assisted foaming process
because they are approved for clinical use by the US Food and Drug Administration (FDA)
due to biocompatibility and degradation into non-toxic components [15]. Polycaprolactone
is a semicrystalline aliphatic polyester with a low melting point of about 60 ◦C and a glass
transition temperature (Tg) near to −60 ◦C, which make its processing easier [16,17]. PCL
combined advantages for bone regeneration such as biocompatibility and the appropriate
low bio-resorption rate that has favored its use to fabricate bone scaffolds. Nevertheless,
PCL degrades significantly slower than PLA, PGA, and PLGA [18], which makes it less
attractive for general tissue engineering applications but more attractive for long-term
implants and controlled release applications. Therefore, to improve its functional properties
for engineering tissue application, PCL must be blended with other materials. PCL-based
copolymers have recently been synthesized to improve the degradation properties of
PCL [19]. Also, nanotechnology has emerged as an alternative strategy to improve the
functional properties of polymers used for tissue engineering applications. Particularly,
bioactivity, osteo-conductivity, and bonding ability of PCL has been improved by the
addition of hydroxyapatite (HA) nanostructures [7,17,20]. HA promotes bone ingrowth
and is biocompatible because around 65 wt.% of bone is made of HA, Ca10(PO4)6(OH)2 [21].

An additional challenge concerning the design of scaffolds for engineering tissue
applications is the possibility of a bacterial infection in the surgical site, which has led to
an increased interest in developing new scaffolds exhibiting antimicrobial activity [22,23].
The use of naturally occurring compounds with antibacterial activity has emerged as
an alternative approach over synthetic antibiotics to control the spread of pathogenic
organisms. Many natural compounds such as thymol, cinnamaldehyde, and carvacrol
have been investigated for their antimicrobial activity. Carvacrol is a monoterpenoid
phenol and the main component of the essential oil of oregano with a wide variety of
biological properties, including anti-inflammatory, antioxidant, antitumor, antimutagenic,
anti-parasitic, and antimicrobial activities [24–27]. It was reported to have significant
antibacterial activity against both Gram-positive and Gram-negative bacteria, including
methicillin-resistant staphylococci (MRSA) [28]. Additionallly, carvacrol has generally
recognized as safe (GRAS) status by the Food and Drug Administration (FDA) [29]. Under
normal conditions, carvacrol is a liquid with excellent solubility in scCO2, which makes it an
ideal candidate for the design of novel antimicrobial materials by the usage of scCO2 [30].

Besides the possibility of polymer foaming, another advantage of scCO2 is that it can be
the most appropriate environment for impregnating polymers with active substances. The
supercritical solvent impregnation (SSI) involves the dissolution of an active compound in a
supercritical fluid and its contact with a polymer for its functionalization. Since no organic
solvents are used in this process, high purity final products can be obtained [31–33]. SSI is a
complex process that depends on the following parameters: pressure, temperature, rate of
decompression, and interactions between the polymer and scCO2 and between the polymer
and the active component [12]. The polymer swelling due to exposure to scCO2 allows the
easy penetration of the dissolved active compound into the polymer matrix facilitated by
the scCO2-phase surface tension close to zero. Upon the decompression and CO2 transfer
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from a supercritical to a gas state, the solubility of the active component in CO2 drops and
it is trapped inside the polymeric matrix [34,35]. Besides this purely physical deposition
mechanism, the molecular dispersion impregnation mechanism by hydrogen bonding or
other electrostatic interactions between the active substance and the polymer could result in
a high impregnation yield [36]. Described phenomena in scCO2 utilization have motivated
studies combining polymer foaming and impregnation in a one-step CO2-assisted process
(Figure 1) [35]. Ivanovic et al. reported that moderated pressures (13–17 MPa) and HA at
10 wt.% allowed obtaining well-dispersed microcellular composite PCL-HA scaffolds with
mean pore sizes ranging between 200 and 300 µm. Thymol impregnation yields were in
the range of 11 to 23.7 wt.%. Salerno et al. [37] reported that microstructural features of
PCL scaffolds were highly affected by the HA content and temperature used. Particularly,
highly porous PCL scaffolds with a narrow pore size distribution and adequate mechanical
and biodegradability properties for bone tissue engineering applications were produced
using temperatures higher than the melting point of the polymers. These authors reported
PCL scaffolds with porosity values ranging from 55 to 85% and mean pore size from 40 to
250 µm using temperatures ranging between 37 and 40 ◦C and pressures between 10 and
20 MPa [38].

The biological properties of polymer scaffolds for tissue engineering applications
depend on obtaining bimodal and highly interconnected foams. Pore sizes between 1 and
50 µm have been related with the promotion of nutrient and metabolic waste transfer in the
interior parts of the pores, and pores with the size on the order of 100 µm have been associ-
ated with a significant impact on the in vitro cell invasion and differentiation [39–41]. In
this context, a two-step depressurization foaming process has been proposed for the design
of bi-modal and highly interconnected foams suitable as scaffolds for tissue engineering. In
this process, the formation of large pores occurs during the first depressurization step’s
long foaming time; the second depressurization, which is very fast, causes the forma-
tion of small new pores and the further growth of the existing pores. PCL and PCL-HA
nanocomposite scaffolds with bimodal and uniform pore size distributions were fabricated
by quenching molten samples in liquid N2, solubilizing scCO2 in the molten samples at
37 ◦C and 20 MPa, and further releasing the blowing agent in two steps: (1) from 20 to
10 MPa at a slow depressurization rate, and (2) from 10 MPa to the ambient pressure at a
fast depressurization rate [42]. Recently Garcia-Casas et al. [43] investigated scCO2–assisted
foaming and impregnation of PCL with quercetin. Quercetin release profiles showed that
higher times were required to dissolve quercetin, demonstrating the efficacy of using a
PCL scaffold to control the quercetin release kinetics. Campardelli et al. [44] reported that
the release of nimesulide trapped into a PCL scaffold was delayed 3.5 times compared to
the non-trapped drug. Controlled drug release profiles over several days were reported
by Yoganathan et al. [45] from PCL samples impregnated with ibuprofen. The effect of
operating conditions on the impregnation of ibuprofen into PCL was investigated over
two pressure and two temperature levels, 150 and 200 bar, and 35 and 40 ◦C, respectively.
Polycaprolactone with drug-loadings in the range from 2 to 27 wt.% were obtained.

In this framework, this study aimed to develop antibacterial PCL and PCL–HA com-
posite scaffolds by their functionalization with carvacrol. The impregnated PCL scaffolds
were obtained by a one-step scCO2-assisted foaming and impregnation process using
different temperatures, HA contents, and depressurization types. To our knowledge, this is
the first study on the simultaneous supercritical foaming and impregnation of carvacrol in
composite PCL scaffolds to be applied in tissue engineering applications.

2. Materials and Methods
2.1. Chemicals

PCL granules (Mn = 80,000) purchased from Sigma Aldrich (Steinheim, Germany)
were used for the experiments. HA nanoparticles (Sigma Aldrich) with mean sizes lower
than 200 nm were selected to prepare the PCL-HA composites. CO2 (99.99% purity) was



Processes 2022, 10, 482 5 of 20

used as blowing agents for gas foaming experiments. Carvacrol (purity ≥ 98%) was also
supplied by Sigma-Aldrich. Acetone p.a. was purchased from (Stanlab, Lublin, Poland).

2.2. Preparation of PCL-HA Composites by Solvent Casting

Composite PCL-HA films were prepared by solvent casting using acetone. Briefly,
PCL/acetone solution (1:10 w/w) was stirred at 1000 rpm for 1 h using a constant tempera-
ture (40 ◦C) to achieve a full polymer dissolution. Then, HA nanoparticles were added to
the previous former PCL/acetone solution to obtain dry composite films with different HA
contents (0, 10 and 20 wt.%) by solvent removal from a petri dish inside an oven working
at 40 ◦C. A piece of wood was placed below the Petri dish as an insulator. While the oven
provided a fast drying, the wooden insulation at the bottom yielded streams of evaporating
acetone that lifted HA particles and prevented their deposition at the bottom of the dish.
The obtained composite films were cut into small pieces for scCO2 processing.

2.3. scCO2-Assisted Foaming and Impregnation Assays

Figure 2 shows a scheme of the experimental setup used for the scCO2-assisted foam-
ing and impregnation assays. These processes were carried out in a 25 mL volume high-
pressure view chamber (Eurotechnica GmbH, Bargteheide, Germany) with two sapphire
windows. Around 0.4 g of layered square-shaped small pieces of PCL or PCL-HA films
were put in a custom-made mold. In the case of simultaneous foaming and impregnation
process, next to the mold with the polymer, approximately 0.8 g of carvacrol was put
in another glass vessel. The process begins heating the high-pressure chamber using an
electrical heating jacket rolled around the cell to guarantee a uniform temperature along
with the high-pressure cell (40 or 50 ◦C). Then, CO2 was pumped into the chamber from the
gas cylinder through valve V1, and the system was pressurized using a driven gas booster
until it reached 20 MPa.
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Figure 2. Scheme of the experimental setup used for one-step batch foaming and impregnation assays.

The system was kept at a constant temperature and pressure for a predetermined
time: 1.5 h for foaming and 3 h for simultaneous foaming and impregnation. At the
end of the process, valve V2 was opened manually to decompress the system to the
atmospheric pressure. Two different modes of decompression were used: (1) one step
slow decompression with the dP/dt = 0.5 MPa/min; (2) two steps decompression: from
20 MPa to 9 MPa with dP/dt = 0.5 MPa/min, and from 9 MPa to atmospheric pressure,
dP/dt = 20 MPa/min. The process time and polymer and carvacrol quantities were defined
in preliminary experiments (carvacrol was provided in excess). Experimental temperature
and pressure were chosen based on our previous work on PCL impregnation [20,23]. The
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experiments were performed in duplicates or triplicates. Experimetal parameters are
summarized in Table A1 (Appendix A).

2.4. Foam Characterization

Pore morphology of the PCL and PCL-HA foams was investigated by scanning electron
microscopy (Dual Beam SEM/Ga-FIB Microscope FEI Helios NanoLab™ 600i, FEI, FEI,
Thermo Fisher Scientific, Eindhoven, The Netherlands). The microscope works under high
vacuum conditions around 10−4 to 10−7 Pa. To investigate foams’ cross-section, samples
were cooled using CO2 dry ice and cut by scalpel. Then, the samples were attached to an
aluminum stage with copper tape and coated with a layer of gold with a thickness of 10 nm.
Obtained SEM images were analyzed by a Java-based image processing program – ImageJ,
which allowed to measure the pore size of the foams. The density of the scaffolds was
determined by using a BLAUBRAND, Gay-Lussac density bottle (Sigma Aldrich). The
following equation was used to calculate foam density (ρfoam):

ρfoam =
ρH2O × w1

w1 + w2 − w3
(1)

where w1 is the mass of the sample, w2 is the mass of pycnometer and water, w3 is the
mass of glass with water and the sample. The density of water was also measured by
pycnometer since its volume was known (Vpyc = 24.554 cm3). Porosity was calculated using
the following equation:

ε(%) =

(
1 − ρfoam

ρPCL

)
× 100 (2)

Impregnated mass of carvacrol was determined gravimetrically by measuring the
impregnated sample. The impregnation yield (I) of PCL was calculated from Equation (3):

I(%) =
mcarvacrol

mimpregnated sample
× 100 (3)

where mcarvacrol is the mass of impregnated carvacrol calculated as the mass difference of
the sample after and before the impregnation, and mimpregnated sample is the mass of scaffold
at the end of the process.

To confirm the presence of carvacrol on the surface of impregnated samples, FTIR and
X-ray diffraction (XRD) analyses were performed. The IR spectra were recorded in the ATR
mode using a Nicolet iS50 spectrometer (Thermo Fisher Scientific, Waltham, MA, USA)
with a resolution of 4 cm−1 at wavenumbers in the range of 500–4000 cm−1. XRD patterns
were collected at room temperature using the X-ray powder diffractometer MiniFlex600 by
(RIGAKU, Tokyo, Japan). The experiments were carried out at 40 kV, 15 mA, with a filtered
CuKα radiation λ = 1.54056 Å. The diffraction patterns were collected within the 2θ range
of 18–70◦ with a step of 0.02◦. The crystalline phase identification was performed with the
application of Crystallography Open Database (COD).

3. Results and Discussion
3.1. Effect of HA Content, Temperature, and Depressurization Rate on PCL Foams Morphology

PCL films with different HA contents (10 and 20 wt.%) were prepared by solvent
casting, as was described in Section 2.2. Figure 3 shows both sides of a film containing HA
at 10%. As is visible in Figure 3b, the lower side of the film was smooth, indicating that HA
particles were well dispersed and did not precipitate at the bottom during solvent removal.

The different PCL films were submitted to scCO2-assisted foaming as described in
Section 2.3 to evaluate the effect of temperature, HA content, and depressurization type
on the scaffolds’ final morphology. CO2 saturation pressure was fixed at 20 MPa based on
previously published results [45]. Figure 4 shows the images from the view cell during
PCL foaming at 50 ◦C with a two-step decompression.
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decompression.

As can be seen, PCL granules were gradually melted during scCO2 exposure at 50 ◦C
until reaching a molten viscous state. After 1.5 h of scCO2 exposure, a two-step decompres-
sion was performed at two different rates: from 20 to 9 MPa, the decompression rate was
0.5 MPa/min, from 9 MPa to ambient pressure, the decompression rate was 20 MPa/min.
After the fast decompression, the foam was formed (Figure 4). Fanovic et al. [17] and
Ivanovic et al. [20] reported melting temperatures ranging from 35 to 36 ◦C for pure PCL
and PCL-HA composites as a function of HA concentrations (10–20 wt.%) exposed to
scCO2 at 17 MPa. Thus, in our study, the molten polymer state due to scCO2 exposure was
guaranteed for the assays done at both temperatures (40 and 50 ◦C) independent of the HA
content in PCL films (0, 10 or 20 wt.%).
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Table 1 and Figure 5 present the main morphological properties (porosity and density)
and the results on the pore size distribution of the PCL scaffolds as a function of temperature,
HA content, and depressurization type, respectively. These results show that temperature
affected the final density of the PCL scaffolds independently of the HA content and the
depressurization type used. At the lowest used temperature (40 ◦C) the obtained PCL
scaffolds reached the lowest densities (Table 1). This fact could be explained in terms of the
different CO2 sorption in the polymeric structures as a function of the soaking temperature.
Ivanovic et al. [20] reported that at constant pressure, the amount of CO2 sorbed in PCL
decreased as temperature increased due to the decrease in CO2 density. Thus, in our study,
a higher CO2 sorption in PCL was expected using CO2 at 40 ◦C due to its higher density
compared with the density value at 50 ◦C. Thus, at 40 ◦C PCL presented lower viscosity
which favored the nucleation rate. Consequently, at 40 ◦C the porosity of each PCL scaffold
was higher, and therefore, their density was lower.

Table 1. Foam density and porosity of the neat and hydroxyapatite (HA) containing polycaprolactone
(PCL) scaffolds obtained at different temperature and decompression rates.

Sample HA
(wt.%)

T
(◦C)

P
(MPa)

t
(h)

dP
dt

(MPa/min)
ρfoam

(g/cm3)
ε

(%)

PCL50 0 50 20 1.5 0.5; 20 0.3747 67.13
PCL50 0 50 20 1.5 0.5 0.8241 27.71

PCL-HA10-50 10 50 20 1.5 0.5; 20 0.4739 64.68
PCL-HA20-50 20 50 20 1.5 0.5; 20 0.5869 61.98

PCL40 0 40 20 1.5 0.5 0.2919 74.39
PCL40 0 40 20 1.5 0.5; 20 0.3593 64.07

PCL-HA10-40 10 40 20 1.5 0.5 0.3953 70.54
PCL-HA20-40 20 40 20 1.5 0.5 0.5319 65.55

Processes 2022, 10, 482 9 of 22 
 

 

 

Figure 5. Pore size distribution of the PCL scaffolds as a function of temperature, HA content and 

decompression type; neat PCL (a,b), PCL with 10% HA (c), PCL with 20% HA (d). 

At 40 °C, the neat PCL scaffold obtained using a two-step depressurization presented 

a broader pore size distribution with a larger number of small pores than the scaffold 

obtained using a one-step depressurization (Figure 5a,b), including a number of large size 

pores. Given that each depressurization step (slow and fast) encourages the formation of 

pores with different sizes, the two-step decompression generated a PCL foam with a bi-

modal distribution of pore sizes (Figure 6b) [42,46]. Particularly, the slow depressuriza-

tion (0.5 MPa/min) allowed the formation of pores with larger sizes compared to the ones 

obtained with the fast depressurization (20 MPa/min), because it endows longer times for 

pores to grow and coalesce. Moreover, the mean pore size of the neat PCL scaffold de-

creased from 50 to 25 μm when depressurization type was changed from a one-step to a 

two-step depressurization showing that the mean pore size of the neat PCL scaffold was 

mainly determined by the second fast depressurization. The depressurization rate is one 

of the parameters that govern nucleation, where faster depressurization rates lead to 

higher degrees of nucleation [47]. This event facilitates CO2 supersaturation, which im-

proves nucleation and pore growth restriction leading to the formation of pores with 

smaller diameters and foams with higher porosity than the obtained using a slow depres-

surization. Interestingly, in our study, the porosity of the neat PCL scaffold was decreased 

from 74.39 to 64.07% when depressurization was changed from a one-step to a two-step 

depressurization. This result evidenced that the effect of the depressurization rate on the 

nucleation also depends on the amount of CO2 sorbed in the polymer structure, which 

certainly was lower at 9 MPa than at 20 MPa. At 50 °C, the neat PCL scaffolds presented 

the opposite trend and had much higher porosity at a two-step depressurization, as can 

Figure 5. Pore size distribution of the PCL scaffolds as a function of temperature, HA content and
decompression type; neat PCL (a,b), PCL with 10% HA (c), PCL with 20% HA (d).



Processes 2022, 10, 482 9 of 20

Pure cast PCL films were used to evaluate the effect of depressurization type at
different temperatures on the scaffolds’ final morphology. The porosity and pore size
distribution of the neat PCL scaffolds at different depressurization types and temperatures
were reported in Table 1 and Figure 5, respectively. Meanwhile, Figure 6 shows the effect of
decompression type on the morphology of neat PCL scaffolds obtained at 40 and 50 ◦C.
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At 40 ◦C, the neat PCL scaffold obtained using a two-step depressurization presented
a broader pore size distribution with a larger number of small pores than the scaffold
obtained using a one-step depressurization (Figure 5a,b), including a number of large size
pores. Given that each depressurization step (slow and fast) encourages the formation
of pores with different sizes, the two-step decompression generated a PCL foam with a
bimodal distribution of pore sizes (Figure 6b) [42,46]. Particularly, the slow depressurization
(0.5 MPa/min) allowed the formation of pores with larger sizes compared to the ones
obtained with the fast depressurization (20 MPa/min), because it endows longer times
for pores to grow and coalesce. Moreover, the mean pore size of the neat PCL scaffold
decreased from 50 to 25 µm when depressurization type was changed from a one-step to a
two-step depressurization showing that the mean pore size of the neat PCL scaffold was
mainly determined by the second fast depressurization. The depressurization rate is one of
the parameters that govern nucleation, where faster depressurization rates lead to higher
degrees of nucleation [47]. This event facilitates CO2 supersaturation, which improves
nucleation and pore growth restriction leading to the formation of pores with smaller
diameters and foams with higher porosity than the obtained using a slow depressurization.
Interestingly, in our study, the porosity of the neat PCL scaffold was decreased from 74.39 to
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64.07% when depressurization was changed from a one-step to a two-step depressurization.
This result evidenced that the effect of the depressurization rate on the nucleation also
depends on the amount of CO2 sorbed in the polymer structure, which certainly was lower
at 9 MPa than at 20 MPa. At 50 ◦C, the neat PCL scaffolds presented the opposite trend
and had much higher porosity at a two-step depressurization, as can be seen in Table 1
and SEM images shown in Figure 6d. Based on the presented results, in further study with
PCL–HA composites, the one-step decompression was selected for processing at 40 ◦C,
while the two-step decompression was applied in experiments at 50 ◦C.

Figure 7 illustrates the morphology of the scaffolds obtained from PCL films with
different HA contents at 40 ◦C (Figure 7a,c,e) using the one-step decompression and 50 ◦C
(Figure 7b,d,f) using the two-step decompression. From these images, it can be seen
that at the higher temperature the PCL scaffolds presented a slightly narrower pore size
distribution compared with the values for the scaffolds obtained at the lower temperature
(Figure 5c,d). However, PCL scaffolds obtained at 50 ◦C presented collapsed and non-
uniform pores. This phenomenon has been related to the PCL phase coalescing before
the crystallization of the polymeric matrix due to the use of temperatures well above the
melting temperature of PCL [37].

Several studies have reported that parameters such as filler size and concentration
have a strong impact on the morphology, porosity, and size pore distribution of porous
materials [48,49]. In our study, the neat PCL scaffolds reached higher porosity values com-
pared with the obtained for the PCL-HA scaffolds independently of the used temperature.
This effect has been previously reported for PCL-HA composites produced through foam-
ing processes based on different phenomena such as solvent [17] or non-solvent induced
techniques [50]. Particularly, as the HA content increases, the PCL mass for pore formation
decreases. Moreover, the composite system becomes denser as the HA content increases,
which decreases the CO2 mass transfer and its sorption in the composite polymer, which
certainly makes the foaming process more difficult [51]. Thus, at 40 ◦C the highest porosity
value was obtained for the neat PCL scaffold (74.39%). A similar porosity value for PCL
has been previously reported by Ivanovic et al. [20] using similar scCO2-assisted foaming
conditions. At 40 ◦C, the porosity values for the composite PCL–HA10 and PCL–HA20 were
70.54% and 65.55%, respectively (Table 1).

These values were higher than the obtained at 50 ◦C. The effect of temperature on
porosity was explained above. Thus, at 50 ◦C the porosity values for the PCL–HA10
and PCL–HA20 composites were 64.68% and 61.98%, respectively (Table 1). The HA
content certainly influenced the effect of temperature on the pore size distribution of
the scaffolds. The mean pore size of neat PCL and PCL–HA10 scaffolds decreased when
temperature increased, conversely, PCL–HA20 scaffold had an opposite behavior due to
the high content of HA. Meanwhile, closer pore size distributions were obtained as HA
content was increased independent of temperature.

3.2. Effect of HA Content, Temperature, and Depressurization Rate on Carvacrol Loaded PCL
Foams Morphology

PCL scaffolds loaded with carvacrol were obtained by a simultaneous scCO2 as-
sisted foaming and impregnation process as described in Section 2.3 to evaluate the effect
of carvacrol addition on the scaffold’s final morphology. Thus, the simultaneous foam-
ing and impregnation assays were developed considering the same temperature values
(40 and 50 ◦C) and HA contents (0, 10, and 20 wt.%) used to obtain the non-impregnated
scaffolds, but using the previously selected decompression type for each temperature: the
one-step decompression for processing at 40 ◦C, while the two-step decompression for the
experiments at 50 ◦C. The obtained impregnation yields of carvacrol in the different PCL
scaffolds are presented in Table 2.
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Table 2. Foam density, porosity and carvacrol impregnation yield of the impregnated PCL scaffolds
with different HA contents obtained at different temperatures and decompression rates.

Sample HA (%) T (◦C) P (MPa)
dP
dt

(MPa/min)
ρfoam

(g/cm3) ε (%) Impregnation
Yield (wt.%)

PCL50 0 50 20 0.5; 20 0.5926 48.01 7.22
PCL-HA10-50 10 50 20 0.5; 20 0.6835 49.07 10.57
PCL-HA20-50 20 50 20 0.5; 20 0.8077 47.69 10.24

PCL40 0 40 20 0.5 0.3724 67.33 7.71
PCL-HA10-40 10 40 20 0.5 0.4951 63.11 10.41
PCL-HA20-40 20 40 20 0.5 0.7225 53.21 9.27
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To our knowledge, this is the first study on the simultaneous supercritical foaming
and impregnation of carvacrol in composite PCL scaffolds. In addition, there is no previous
information about the supercritical impregnation of carvacrol in PCL-based polymeric
structures. Overall, satisfactory impregnation yields (7.22–10.57 wt.%) were achieved for
all the samples at the studied conditions. Nevertheless, these impregnation yields were
lower than the reported for carvacrol in other polymers such as cellulose acetate films
(31 wt.%) [52] and polyamide membranes (40 wt.%) [53] using similar processing condi-
tions, which evidence the low chemical affinity between carvacrol and PCL. Interestingly,
the reported impregnation yield of thymol (14.8 wt.%) in pure PCL [20] was considerably
higher than the obtained in this study for carvacrol in the pure PCL scaffolds using very
similar processing conditions (7.22–7.71 wt.%), even considering the great chemical similar-
ity between both phenolic compounds. Thymol and carvacrol are position isomers because
their chemical structures only differ in the spatial orientation of the hydroxyl group on the
aromatic ring. Thus, the relative position of the hydroxyl group on the aromatic ring of
carvacrol and thymol may have influenced their different affinities towards PCL. This fact
could also influence the different impregnation yields reported for carvacrol (21.2 wt.%)
and thymol (27.5 wt.%) in PLA films at the same processing conditions [54]. Moreover,
the carvacrol impregnation yield was increased due to the HA addition to PCL at both
combinations of temperature and decompression type (Table 2). This result is very interest-
ing because the reported impregnation yield of thymol in PCL/HA composite scaffolds
decreased as the HA content increased from 10 to 20 wt.% as reported by Ivanovic [20]. In
this way, the different affinities of both phenolic compounds towards HA could also be
related to the relative position of the hydroxyl group on the aromatic ring of carvacrol and
thymol. In this work, the HA content variation (10 and 20 wt.%) seems to have a negligible
influence on the carvacrol impregnation yield (~3.1%) at both combinations of temperature
and decompression type (Table 2).

The PCL-HA10-50 scaffold with the highest impregnation yield was investigated by the
Fourier-Transform Infrared (FTIR) analyses (Figure 8) to confirm the presence of carvacrol.
A spectrum of neat PCL-HA10-50 scaffold was also presented for comparison. Both spectra
show a peak around 2800–3000 cm−1 and a very sharp signal at 1750 cm−1 corresponding
to alkyl chains and ester groups of PCL, respectively [55]. New peaks appeared in the FTIR
spectrum of the impregnated PCL scaffold, which indicated the carvacrol presence. New
peaks in the range of 1580–1620 cm−1 are assigned for stretching C=C bond in the aromatic
ring of carvacrol. The peaks that appeared in the range of 800–810 cm−1 show the presence
of C-H out-of-plane wagging bonds. Moreover, peaks in the range 995–990 cm−1 confirm
1:2:4-Substituion of carvacrol [56].
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Figure 8. Fourier-transform infrared (FTIR) spectra of the PCL-HA10−50 (red) and impregnated with
carvacrol PCL-HA10−50 scaffold (blue): (a) full spectra; (b) part of the spectrum with characteristic
carvacrol’s peaks.

FTIR analysis was also used to confirm the presence of HA in the composite foams.
Spectra of the neat PCL scaffold and scaffold with 20% HA PCL-HA20-50 are presented in
Figure 9. New intensive bands appearing in the spectrum of the composite scaffold at 570
and 600 cm−1, and at 1000–1100 cm−1 originate from PO4

3− group [57].
The presence of HA is also visible in XRD patterns of PCL foam and PCL scaffolds

with 20% of HA obtained at 50 ◦C (Figure 10). The phases detected were both PCL and
hydroxyapatite HA. The characteristic diffraction peaks are marked for the observed phases
(Figure 10). The PCL sample exhibited relatively strong intensity peaks visible at 2 theta
of 21.77◦ and 24.08◦, corresponding to the (110) and (200) Bragg reflections. For samples
with HA, new peaks were observed of lower intensity. However, there were no significant
differences in patterns of samples with 20% HA with and without carvacrol.
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Table 2 shows that the carvacrol impregnation yield was practically independent of the
different temperature and decompression type combinations used in this work. Obviously,
this fact should response to a combined effect of temperature and decompression type
used in both processing conditions. Regarding temperature, this factor could have a
small influence on the amount of carvacrol impregnated in the PCL scaffolds because the
solubility of carvacrol in CO2 at 40 ◦C is only slightly higher than the solubility reported at
50 ◦C using pressures near to 20 MPa [58], which established at both processing conditions a
similar carvacrol concentration gradient. This fact could also be related with the negligible
influence of temperature (35–40 ◦C) at 17 MPa over the impregnation yield reported
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for thymol in PCL [20]. Moreover, the positive effect of the slightly higher carvacrol
concentration gradient at 40 ◦C on the thymol impregnation yield could be counterbalanced
by the higher carvacrol diffusion coefficient at 50 ◦C. Regarding decompression, this is
one of the main factors which governs the impregnation yield. According to theory, for
polymer systems with low affinity towards an impregnating substance the impregnation
yield is generally favored using a fast decompression, unlike for systems with high affinity
to the impregnating substance a slow decompression could induce the higher impregnation
yield [12]. Particularly, slow decompression rates have been related with higher carvacrol
impregnation yield in cellulose acetate [52]. Based on this statement, a significantly higher
carvacrol impregnation yield should have been obtained using the slow decompression
step instead of the fast decompression. Nevertheless, both processing conditions begin
with a slow-step decompression (0.5 MPa/min) from 20 to 9 MPa, which allows us to
hypothesize that carvacrol was mainly incorporated in the PCL structure during the first
slow-step decompression as the molten polymer begins to solidify.

On the other hand, temperature and decompression type influenced the porosity
values of the PCL scaffolds in the same way that was observed for the non-impregnated
scaffolds. Thus, the impregnated PCL foam obtained at 40 ◦C and using the one-step
decompression presented a higher porosity than the obtained using 50 ◦C and the two-step
decompression. Moreover, the porosity of the scaffolds decreased due to the carvacrol
impregnation (Table 2). This fact could be explained in terms of the CO2 sorption decrease
in the PCL structure during the CO2 saturation stage due to the presence of carvacrol in
the supercritical phase. The carvacrol presence reduced the number of CO2 molecules able
to be sorbed in PCL, and the sites in the PCL structure able to interact with them due to
carvacrol absorption, generating a lower nucleation rate than in the experiments done with
pure CO2 (Table 1).

Carvacrol incorporation into the polymer scaffolds at 40 ◦C did not considerably
affect their pore size distribution compared with the non-impregnated PCL scaffolds
(Figures 5 and 11). However, for the samples PCL and PCL-HA20 obtained at 50 ◦C, a
larger fraction of smaller pores was detected in the presence of carvacrol (Figures 5 and 10),
as also visible in SEM images presented in Figures 7 and 12. Moreover, the scaffolds’
porosity decrease seems to be independent of the amount of carvacrol impregnated in
their structures (see Table 2). Impregnated neat PCL scaffolds obtained at 40 ◦C and 50 ◦C
reached similar carvacrol loadings, 7.71 and 7.22 wt.%, but very different porosity values,
67.33 and 48.0%, respectively, showing that PCL porosity was highly governed by the
decompression type. Particularly, the second fast decompression for the simultaneous
impregnation and foaming experiments performed at 50 ◦C could be the main factor
associated with the significant decrease in porosity (Table 2) and mean size pore diameter
(Figure 11) of the impregnated scaffolds with respect to the porosity (Table 1) and mean
pore diameter (Figure 5) of the non-impregnated scaffolds. Interestingly, the scaffolds
obtained at 50 ◦C and the two-step decompression reached porosity values practically
independent of carvacrol and HA content. Although the impregnated PCL-HA scaffolds
presented a higher amount of carvacrol (10.24–10.57 wt.%) than the neat PCL scaffold
(7.22 wt.%) the samples had closed porosity values ranging between 47.69 and 49.07%. This
result reinforces the hypothesis that PCL porosity was mainly controlled by the second fast
decompression. In the opposite way, at 40 ◦C and using the one-step decompression, the
scaffolds’ porosity slightly decreased due to the carvacrol impregnation maintaining the
effect of HA content on scaffolds’ porosity evidenced in the foaming assays done without
carvacrol. Thus, at 40 ◦C and using the slow one-step decompression the lowest porosity
(53.21%) was obtained for the PCL scaffolds with the higher HA content (Table 2). Also,
the average pore size of non-impregnated PCL-HA scaffolds was only slightly decreased
compared to the impregnated scaffolds obtained at the same conditions, 133 µm and
140 µm, respectively. Ivanovic et al. [20] have also reported that the average pore diameters
of the composite foam impregnated with thymol and non-impregnated composite foam
were practically the same (at 40 ◦C, 17 MPa, and decompression rate of 0.5 MPa/min).
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The mechanical properties of scaffolds were screened by measuring the compression
force to induce deformation (Appendix B). These preliminary results (Table A2, Appendix B)
indicate that foams with 20% HA were the most sensitive to compression stress.

4. Conclusions

This work aimed to investigate the foaming and impregnation with carvacrol of PCL
and PCL-HA composites using scCO2. The effect of temperature, decompression type,
and HA content on the morphology and carvacrol impregnation yield was studied. The
scaffolds synthesized at a higher temperature (T = 50 ◦C) and using the two-step fast
decompression presented a narrower pore size distribution. However, a higher porosity
was achieved for the scaffolds obtained at the lower temperature (T = 40 ◦C) and using
the one-step slow decompression rate. At 40 and 50 ◦C, the range of scaffolds’ porosity
was 65.55–74.39% and 61.98–67.13%, respectively. The porosity results for the carvacrol
loaded PCL showed the same trend with the porosity in the range of 53.21–67.33% and
47.69–49.07%, at 40 ◦C and 50 ◦C, respectively. The presence of carvacrol decreased the
scaffolds’ porosity. PCL scaffolds with HA resulted in higher impregnation yields than neat
PCL scaffolds, 9.27–10.57 wt.% and 7.22–7.71 wt.%, respectively. The highest porosity and
carvacrol impregnation yield was achieved for the scaffolds with 10 wt.% of HA (10.57 wt.%)
obtained at 50 ◦C. The study results demonstrated the feasibility of the one-step foaming
and impregnation process for the production of carvacrol-loaded PCL-based scaffolds. The
results also demonstrated that different decompression types were needed to obtain desired
porosity at different temperatures. The two-step fast decompression was required to obtain
a high porosity at 50 ◦C.
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Appendix A

Table A1. Summarized experimental conditions.

Sample HA
(wt.%)

T
(◦C)

P
(MPa)

t
(h)

One-Step
Decompression

(MPa/min)

Two-Step
Decompression

(MPa/min)

FOAMING

PCL50 0 50 20 1.5 0.5; 20
PCL50 0 50 20 1.5 0.5

PCL-HA10-50 10 50 20 1.5 0.5; 20
PCL-HA20-50 20 50 20 1.5 0.5; 20

PCL40 0 40 20 1.5 0.5
PCL40 0 40 20 1.5 0.5; 20

PCL-HA10-40 10 40 20 1.5 0.5
PCL-HA20-40 20 40 20 1.5 0.5

FOAMING AND IMPREGNATION

PCL50 0 50 20 3 0.5; 20
PCL-HA10-50 10 50 20 3 0.5; 20
PCL-HA20-50 20 50 20 3 0.5; 20

PCL40 0 40 20 3 0.5
PCL-HA10-40 10 40 20 3 0.5
PCL-HA20-40 20 40 20 3 0.5

Appendix B

The scaffolds’ mechanical properties were screened by measuring the compression
force that caused foams deformation using IMADA Force Gauge with stand MX2-500N
(IMADA. CO. LTD, Aichi, Japan). The results are presented in Table A2. The data indicated
that samples containing 20% HA were the most sensitive to compression stress.

Table A2. The compression force to start deformation of neat (FNEAT) and impregnated (FIMPREG)
scaffolds.

Sample FNEAT (N) FIMPREG (N)

PCL50 53.2 51.3
PCL-HA10-50 52.4 51.4
PCL-HA20-50 35.6 32.9

PCL40 42.5 46.1
PCL-HA10-40 36.2 38.6
PCL-HA20-40 34.3 29.1
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51. Markočič, E.; Škerget, M.; Knez, Ž. Solubility and Diffusivity of CO2 in Poly(l-Lactide)–Hydroxyapatite and Poly(d,l-Lactide-Co-
Glycolide)–Hydroxyapatite Composite Biomaterials. J. Supercrit. Fluids 2011, 55, 1046–1051. [CrossRef]
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