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Investigation of an integrated supercritical fluid extraction and supercritical solvent impregnation process for
fabrication of microporous polycaprolactone–hydroxyapatite (PCL–HA) scaffolds with antibacterial activity is
presented. The HA content and particle size as well as the operating conditions of the integrated process is opti-
mized regarding the amount of impregnated antibacterial agent (Usnea lethariiformis extract) in the PCL–HAma-
trix, scaffold morphology and antibacterial activity against methicillin resistant Staphylococcus aureus (MRSA)
strains. High pressure differential scanning calorimetry (HP-DSC) assay reveals that an increasing amount of
HA results in decreasing melting temperature as well as crystallinity at an operating pressure of 17 MPa. The
PCL–HA composites with micrometric sizes of the HA particles are convenient for being processed by the inte-
gratedprocess due to the simple preparation, a good interaction between the PCLmatrix andfiller and the advan-
tageous impact on sorption. The scaffold obtained from PCL–HA with 20% of the HA shows the highest
impregnation yield at 17 MPa and 35 °C (5.9%) and subsequently also the best bactericidal effect on the tested
MRSA strains at an initial bacterial inoculum of 2 × 10−4 CFU/mL.

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

Over the past several decades, an increase of the worldwide inci-
dence of bone disorders has led to a great interest in the development
of alternative materials for grafts due to their limitless supply and
their security for the no transmission of diseases [1]. Polymer and
calcium phosphate ceramic composites have been especially attractive
for the scaffold fabrication due to their composition combining
favorable properties of the both phases [2]. Hydroxyapatite (HA),
Ca10(PO4)6(OH)2, is the most frequently used calcium phosphate in
the biomedical composites due to its excellent properties such as
osteoconductivity and bioactivity [3]. These characteristics promote
the use of HA powders in different composite materials with the objec-
tive of increasing the degree of bioactivity and thus enhancing the per-
formance of the developed new materials [4–9]. On the other hand,
polycaprolactone (PCL) is a biodegradable and biocompatible semi-
crystalline polyester that has been widely proposed for fabrication of
scaffolds in the bone tissue engineering (bTE) [10]. Due to their individ-
ual properties, the combination of HA and PCL holds a great potential for
fabrication of bioactive load-bearing scaffolds [4,11–13].
vich), zizovic@tmf.bg.ac.rs
Porous PCL–HA scaffolds are commonly fabricated by the solvent
casting technique [5,14] from a polymer melt [11,15], which involves
usage of porogens (salt particles, paraffinmicrospheres or emulsion par-
ticles), molding and solvent removal by evaporation or lyophilisation.
The main limitation of the conventional techniques for scaffold fabrica-
tion is related with the difficulty to obtain the desired macro, micro-
and nanostructure simultaneously [16]. Also, the residual organic
solvents should be considered. Various techniques using supercritical
carbon dioxide (scCO2) can be employed to exclude or eliminate organic
solvents and enable control of scaffold morphologies thanks to tunable
properties of dense gases and modulability of mass transfer in corre-
sponding systems. Among these techniques are supercritical foaming,
supercritical assisted phase separation, processes based on solvent elim-
ination by scCO2-gel drying, electrospinning and emulsion templating in
scCO2 [16–19].

Further, it is possible to introduce bioactive molecules during poly-
mer processing with the help of scCO2, as a way of functionalizing
these. In order to obtain antibacterial properties, diverse studies focused
on incorporation of antibacterial agents into scaffolds mainly by con-
ventional methods [20,21] and only recently high interest is gained in
bioactive plant extracts that are processed with scCO2 [22–26]. This as-
pect opens a range of possibilities for developing new composite mate-
rials with specific properties.When functionalizing compositematerials
by using scCO2 it is very important to understand and predict the
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transport of CO2 in this new environment, basically because the CO2 acts
as a carrier for active substances. Markočič et al. [27] determined the
solubility and diffusivity of CO2 in heterogeneous systems (PLLA-HA
and PLGAHA composites) that showed high values of both parameters
influenced by the CO2 pressure and the content of the ceramic filler.
The presence of the filler particles changes the overall structure of the
matrix which on its turn takes influence on the sorption procedure by
modifying the path of diffusing molecules. In case of a good contact be-
tween polymer and filler, the solubility of gas in the polymer matrix is
decreased since the filler particles act as obstacles reducing free volume
(the polymer “wets” the filler particles and the solid particles occupy
the free volumeotherwise available to the absorbed gas). In case the fill-
er particles are not perfectly integrated, i.e., not completely wetted or
contacted by the polymer, it may lead to appearance of voids in the
structure providing an enlarged interface available to gas sorption,
which increases solubility and diffusivity [28]. In this sense, the mor-
phology and size of filler particles are relevant features for determining
the interaction between the filler and thematrix, and consequently, the
mass transport of scCO2 differs from the pure polymer. By controlling
the volume fractions and the distribution of the inorganic filler the be-
havior of a composite biomaterial can be varied and tailored.

Actually, the development of porous structures by using supercriti-
cal carbon dioxide is accepted as an interesting processing option for
biomaterials and has been successfully implemented to produce homo-
geneous foamswith controlled pore structures, especially for polymeric
materials [18,29–32]. The concentration of CO2 dissolved in thematerial
is one of the main factors that influence the characteristics of the
obtained foam. Also, by simple variation of the processing parameters
(pressure, temperature, depressurization rate) it is possible to control
the size and distribution of the pores in the obtained material [32].

The aim of this work was to develop PCL–HA composite scaffolds
functionalized with a natural extract giving antibacterial properties to
the new biomaterial. First, the behavior under CO2 pressure of PCL–HA
composites with different particle sizes of HA was analyzed in terms
of melting temperature and crystallinity by using high pressure
differential scanning calorimeter (HP-DSC). Thereafter, a process for
functionalizing PCL–HA composites containing 10 and 20 wt.% HA
was applied. The antibacterial substance for impregnation (Usnea
lethariiformis extract) was extracted from a Patagonian lichen. The
used methodology is described elsewhere [30] as an integrated process
where three steps are integrated in one procedure (extraction–impreg-
nation–formulation) and applied on PCL–HA composites. The influence
of processing conditionswas analyzedwith respect to the impregnation
weight percent, morphology and antibacterial activity of the PCL–HA
scaffolds against methicillin resistant Staphylococcus aureus (MRSA)
strains.

2. Materials and methods

2.1. Materials

Granules of PCL (Mn=70,000–90,000) were purchased from Sigma
Aldrich (Germany) CAS 24980-41-4. Patagonian lichen U. lethariiformis
(voucher specimensNo16644, Herbariumof Institute of Botany and Bo-
tanical Garden Jevremovac, Faculty of Biology, University of Belgrade)
collected in Ushuaia, Tierra del Fuego (Argentinian Republic) in 2011
(GPS −54.544221–67.202307) was used to extract antibacterial sub-
stances using scCO2 for scaffolds impregnation. Commercial carbon di-
oxide (99% purity) supplied by Gamasol (Argentine) was used for all
supercritical processes.

Hydroxyapatite powders were obtained by a precipitation method
as described elsewhere [33]. The starting materials were analytical
grade: CaCO3 (99%, PA Cicarelli) as the Ca source and H3PO4 (85%,
Merck) as the P source. The CaCO3 was thermally treated in an oven
(Indef, model 332 p-full) at 1200 °C 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 amolar ratio of Ca/P= 1.67 with conventional mechanical
stirring (M) or ultrasonic irradiation treatment (S). After this step, the re-
action mixture was kept at an aging step during 48 h. Finally, the precip-
itate was centrifuged and freeze-dried. Two types of filler particles were
obtained: HA(M) (mean particle size of 10 μm; specific surface area of
15 m2/g) and HA(S) (mean particle size of 5 μm; specific surface area of
33m2/g). Nano-HA powder, HA(N) (mean particle size of b1 μm; specific
surface area of 70 m2/g) was obtained by the López Macipe method [34].

2.2. Preparation of PCL–HA composites

The obtained HA powders were added to a solution of PCL/acetone
(1:10) and dispersed with the Ultra Turrax T25 (IKA, Germany) at
20,000 rpm during 10min. The nominal content of HA added to PCL/ac-
etone solution was 10% or 20% with respect to the PCL weight. The sol-
vent was evaporated at room temperature under a fume hood. The
obtained composite films were pelletized and used for analysis in a
high pressure differential scanning calorimetry (HP-DSC) and for
scCO2 processing, both described below.

2.3. High pressure differential scanning calorimetry on PCL and PCL–HA
composites

The low temperature Tian-Calvet differential scanning calorimeter
BT2.15 (Setaram, France) was used for these measurements. The oper-
ating range is−196 °C to 200 °C. The BT 2.15 is equipped with an inte-
grated liquid nitrogen cooling loop for operation at sub-ambient
temperatures. The calorimeter contains two heat fluxmeters consisting
of a series of thermocouples surrounding a cylindrical cavity. These de-
vices are arranged symmetrically around a reference cell and a sample
cell in an aluminum block located in the cavity. The signal delivered
by the power difference of the two flux meters is proportional to the
heat effects occurring in the cells. The DSC is coupled with a gas control
panel that can withstand maximum pressures of 20 MPa.

Standard stainless steel vessels (V = 12 cm3, Pmax = 0.5 MPa,
Tmax = 220 °C) and intermediate bottom stainless steel vessels (V =
8.5 cm3, Pmax = 0.5 MPa, Tmax = 220 °C) were used for the measure-
ments at atmospheric conditions. High pressure vesselsmade of Inconel
625 (V= 3.6 cm3, Pmax = 60 MPa, Tmax = 500 °C) were used for mea-
surements at higher pressures in the range of 5–17 MPa. The sample
was heated at a rate of 0.10 °C/min over a temperature range from
room temperature (22–25 °C) °C to 85 °C. An empty, hermetically sealed
stainless steel panwas used as a reference. Melting point and enthalpies
of indiumwere used for temperature and heat capacity calibration. The
crystallinity of PCL phase in the composite (Xc) was determined using a
heat of fusion value of the PCL–HA composite calculated from a DSC
curve using the Calisto Data Acquisition software (Version 1.071) and
heat of fusion of 100% crystalline PCL (ΔHm

o = 135.31 J/g [35]) accord-
ing to the Eq. (1).

Xc %ð Þ ¼ ΔHm

ΔHo
m
� 100: ð1Þ

2.4. Integrated extraction–impregnation process with scCO2

Theprocess for impregnation of compositeswith antibacterial lichen
extracts after supercritical fluid extraction thereof is shown in Fig. 1.
This laboratory scale unit (HPEA 500, Eurotechnica, Germany) has
been designed for an integrated extraction–impregnation process and
was extended by closing the solvent (supercritical CO2) cycle in a way
that the included extractor (E, 500 mL) and an the adsorption column
(A, 100mL) can be operated at different temperatures and pressures in-
dependently from each other. The extractor vessel is filled with the raw



Fig. 1. Setup for a developed process that integrates extraction, impregnation and foaming steps.

206 M.A. Fanovich et al. / Materials Science and Engineering C 58 (2016) 204–212
material from which a target substance is to be extracted. The adsorp-
tion column is filled with solid to be impregnated by the extract from
the prior extraction step. Electric heating enables heating of the extrac-
tor and adsorption vessel up to temperatures of Tmax = 100 °C. The CO2

is pumped into the extractor until the required pressure is obtained by a
double acting pneumatically driven piston pump. In case of supercritical
extraction of the Usnea lichen, the conditions are set to 30 MPa and
40 °C. Additionally, a view cell (Tmax= 120 °C, Pmax= 50MPa, window
diameter 18 mm) is connected to the extractor outlet and equipped
with a microspectrophotometer (Ocean Optics, model USB4000 Minia-
ture Fiber Optic Spectrometer) for inline detection of changes in solute
concentration. The temperature inside the adsorption vessel containing
PCL is set to 35 °C. A manual back pressure valve TESCOM (BPR) is used
for pressure regulation within the CO2-cycle between the extractor and
adsorption vessels. A CO2 flow meter (Ritter, Germany) is provided to
indicate the consumption of CO2 passing through the system.

The procedure for every test is characterized by two variables of
time, t1 and t2, where t1 is the time of continuous extraction–adsorption
in a single passing mode at given conditions (Extraction: 30 MPa/40 °C
and Adsorption:17 MPa/35 °C or 30 MPa/40 °C) and t2 represents the
time of recycling of the solution at the adsorption conditions through
both extractor and adsorption vessel. The impregnation percentage
was calculated using Eq. (2).

I %ð Þ ¼ me

me þmc
� 100 ð2Þ

Where me is the lichen extract mass incorporated into the sample
and determined by a gravimetric procedure. It represents the mass
change of the composite before and after processing. Initial mass of
the composite is denoted as mc.

2.5. Characterization techniques

Apart from theHigh Pressure Differential Scanning Calorimetry (HP-
DSC) described above, DSC measurements were performed at atmo-
spheric pressure on samples after scCO2 processing with a Shimadzu
DSC-50 thermal analyzer under nitrogen atmosphere at a heating rate
of 10 °C/min, from room temperature to 120 °C. From DSC curves the
crystallinity of PCL phase in the foamed composite (Xc) was determined
using a heat of fusion value (ΔH100) of 135.31 J/g [35] for 100% crystal-
line PCL according to Eq. (1).

Thermogravimetric analysis was carried out with a thermobalance
model TGA 50 (Shimadzu) in the temperature range of 25–1000 °C,
using alumina crucibles, under dynamic air atmosphere (30 mL min−1)
and heating rate of 10 °C·min−1. HA content wt/wt.% in the composites
was determined from the obtained curves.

Density values of the PCL and PCL–HA scaffolds were determined by
using a Sartorius Balance (YDK01) with a density kit. The porosity (P)
represents the “void space” of the scaffold and was calculated from
the density of the scaffold δS = (scaffold weight/scaffold volume) and
the theorical density of the composites (δcomposite) considering δPCL =
1.14 g/cm3 and δHA = 3.16 g/cm3. (Eq. (3)).

P ¼ 1−
δS

δcomposite

� �
� 100 ð3Þ

Raman microspectrometric analyses of composites were performed
on a multichannel Renishaw In Via Reflex microspectrometer. Excita-
tion was provided by the 514 nm line of an Ar laser. To achieve an en-
hanced signal-to-noise ratio, 30–50 scans were accumulated, each of
15 s exposure time with laser power ranging between 30 and 300 mW.

Morphology of the samples was investigated by scanning electron
microscopy (SEM), employing a Jeol JXA-8600microscope after coating
the samples with a thin gold layer. The obtained images were analyzed
by means of the access imaging software tool, ImageJ, in order to de-
scribe morphology and pore diameter of the obtained materials.

2.6. Determination of the antibacterial activity of impregnated PCL scaffolds

The modified broth macrodilution method was used for the investi-
gation of antibacterial activity of impregnated PCL–HA composites and
Cation Adjusted Mueller Hinton Broth (CAMHB, Becton Dickinson)
was used as a standard culture medium. The assays were performed
in sterile 13 × 100 mm glass tubes, by using PCL–HA concentrations of
100–200 mg/mL. The assay was performed by triplicate, during
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incubation time of 24 h, at 37 °C. A standardized inoculum of investigat-
ed strain (MRSA ATCC 43300) was prepared by suspending colonies di-
rectly in CAMHB to the same density as 0.5 McFarland turbidity
standard (approximately 1–3.108 Colony-forming Units/mL [CFU/mL]).
Serial 1:10 dilutions of this suspension were made and inoculum sizes
of 3–4.104 CFU/mL and 2 × 105 CFU/mL were used as initial CFU
numbers in these tests. Controls without PCL–HA and with non-
impregnated PCL were also analyzed. The total number of bacteria
after incubation (CFU/mL)was determined by plate counts for eachmi-
croorganism. The mean value for Log (CFU/mL) was registered for each
sample (P b 0.05).

3. Results and discussion

3.1. Behavior of PCL and PCL–HA composites under CO2 pressure

In presence of compressed carbon dioxide it is well known that the
melting temperature, Tm, of a semicrystalline polymer is usually de-
pressed with respect to its value at atmospheric pressure [19,36].
Fig. 2 shows the effect of pressure on themelting temperature and crys-
tallinity of pure PCL. As expected, the melting temperature is decreased
by CO2 entering the polymer matrix up to a saturation pressure from
where there is no significant influence of the pressure. An almost abrupt
transition from a linear behavior of Tm on pressure to a nearly constant
value becomes apparent. The slope of the linear section depends on the
compressibility of the condensed phases, as well as of the diluent [36].
The “kink” point which refers to the change in the slope and commonly
represents the lowest value of the depressed melting point for the neat
Fig. 2. (a) Depression in the melting temperature of PCL as a function of CO2 pressure de-
termined by HP-DSC data. (b) Crystallinity [χc] of pure PCL at different pressures of CO2.
PCL was at pressure of 10 MPa (Fig. 2a). The obtained values coincide
with literature although due to the optical method used Tm-values of
Lian et al. [36] are slightly higher since only the fully melted state is de-
tected by the light transmission method they applied.

Similar results have been reported by Reigner et al. [37]who applied
HP-DSC at pressures only up to 4.83MPa. Themelting behavior atmod-
erate and high pressure arises from the opposed effects of the solubility
which leads to the decreasingmelting temperature on the onehand and
the hydrostatic pressure which causes Tm to increase on the other [38].
Reportedly, CO2 rapidly dissolves into polymers at moderate pressures
(8–10 MPa), and the solubility of CO2 linearly increases with pressure
[38,39]. The solubility effect is dominant in the moderate pressure
range while the hydrostatic pressure effect becomes significant at
higher pressures when the polymer becomes saturated and the solubil-
ity of CO2 reaches a constant value [39]. After the transition at 10MPa a
slightly increasing Tmwas observed up to 17 MPa (Fig. 2a). This behav-
ior has been explained by several phenomena: lamellar thickening due
to the enhancement of the chainmobility upon dissolution of CO2 in the
polymer [36], changes in the magnitude of the hydrostatic pressure ef-
fect [40] and the possible extraction of the low molecular weight frac-
tions [38].

Another advantage of the used HP-DSC method is the possibility
of determining the change in crystallinity in situ. The effect of the
pressure on crystallinity of PCL determined by HP-DSC in the range of
0.1–17 MPa is shown in Fig. 2b. A linearly decreasing crystallinity
(dχc/dp = −5.93% / MPa) was observed within the pressure range of
0.1–5.5 MPa. At 5.5 MPa a transition is observed beyond which crystal-
linity increases.Mechanisms that govern crystallization and themelting
processes are both related to the chainmobility of the amorphous phase
which surrounds the crystallites.

As a consequence it is expected that the crystallization temperature
decreases linearly with increasing CO2 pressure as long as the compac-
tion effect caused by the hydrostatic pressure remains small enough
[37].

The prepared PCL–HA composites by solvent casting were also ana-
lyzed by HP-DSC for interpreting the diffusion of CO2 into the sample.
DSC curves determined at 17 MPa are shown in Fig. 3 for the 10 wt.%
HA-composites and a DSC curve for pure PCL are included for compari-
son. The composites PCL–HA(N) and PCL–HA(M) show a melting tem-
perature slightly lower than the pure PCL, while the PCL–HA(S) shows
a Tm even lower than these (Table 1). These values reflect that the Tm
cannot be directly associated with the degree of crystallinity at the pro-
cessing conditions but rather with the filler-matrix interaction [31]. Ap-
parently an increase in solubility of CO2 into PCL–HA(S) is expected,
Fig. 3. HP-DSC curves for PCL–HA10 wt.% (particle size influence) at 17 MPa. (N: 1 μm);
(S:5 μm); (M:10 μm).



Table 1
Influence of HA powder (N, M, S) (10–20%) on Tm depression, ΔHm and χc of PCL–HA in
presence of scCO2 at 17 MPa.

Sample HA (%)a Tm [°C] ΔHm [J/g] χc [%] Onset T [°C] Offset T [°C]

PCL 0 36.75 53.57 39.59 32.94 41.43
PCL + HA(N) 10 35.58 42.90 31.70 33.60 35.87
PCL + HA(S) 10 35.13 39.40 29.12 30.44 36.33
PCL + HA(M) 10 35.87 41.51 30.68 30.76 38.51
PCL + HA(M) 20 35.62 35.38 26.15 32.03 39.07

a Nominal content of HA powder respect to the composite mass.
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probably due to filler particle agglomeration on a scale of fewmicrome-
ters (not observed by SEM). The effect of adding HA particles into the
PCL matrix on the degree of crystallinity of PCL is quantified in
Table 1. The presence of HA filler within the PCL matrix obviously de-
creases crystallinity, which is further reduced as the content increases.
Among different particle sizes and procedures there is no significant ef-
fect except for the nano particles, the peak of melting in DSC curves is
the most narrow one reflecting a homogeneous crystalline structure.
As a summary it can say that the crystallinity of PCL–HA decreased in
the following order: PCL–HA(N) N PCL–HA(M) N PCL–HA(S) (Table 1).
Also, crystallinity showed tendency to decrease as the HA amount in-
creases: PCL N PCL–HA(M10) N PCL–HA(M20) (Table 1). This study
shows that a good interaction between PCL matrix and HA particles
with micrometric size can be achieved by a simple preparation method
such as solvent casting. The difficulty of obtaining homogeneous
composites with a very high percentage of HA(N) particles by solvent
casting, and the good interaction between the PCL matrix and
HA(M) particles observed by DSC analysis suggests to use the PCL–
HA(M) composites for the following functionalization process. PCL–
HA(M) samples with 10 wt/wt.% and 20 wt/wt.% HA were chosen for
further processing to obtain the antibacterial scaffolds.
3.2. Impregnation and foaming of PCL–HA(M) composites by integrated
supercritical process

Table 2 shows the processing conditions according to theprocess de-
scribed above, the nominal andmeasuredwt% of HA, thewt% of impreg-
nation (I %) and the density of the obtained PCL–HA(M) foams. For
comparison, scCO2 treated PCL samples without impregnation are also
presented. Variations in P and T of the integrated process appear to af-
fect the final density of the composites. At higher pressure and temper-
ature, a decreasing density of the composites was observed. At these
processing conditions, viscosity of the composite system is reduced
which favors the nucleation and growth of bubbles during depressuri-
zation. The density of the scaffolds can be varied by adapting the CO2

pressure and temperature as well as the filler content.
Table 2
Experimental conditions for integrated process (P, T, t1 and t2), wt.% of HA (nominal and
TGA determined), density and wt.% impregnation (wt% I) on PCL and PCL–HA foams.

Sample wt.%
HAa

wt.%
HAb

Padsorption
[MPa]

Tadsorption
[°C]

Procedure δ
[g/cm3]

wt.% I

M0-17/35 0 0 17 35 [23] 0.38 0
M0-17/35 0 0 17 35 t1: 2 h 0.59 2.8

t2: 1 h
M10-17/35 10 11 17 35 t1: 2 h 0.38 4.1

t2: 1 h
M10-30/40 10 8 30 40 t1: 2 h 0.28 5.7

t2: 0 h
M20-17/35 20 15 17 35 t1: 2 h 0.58 5.9

t2: 1 h
M20-30/40 20 12 30 40 t1: 2 h 0.39 1.7

t2: 0 h

a Nominal content of HA used in the composite preparation.
b HA content determined by TGA in the composite before scCO2 processing.
Table 2 lists the wt% of HA within the prepared composites deter-
mined by TGA analysis. In Fig. 4, the results of the TGA of a 20 wt.% HA
sample are presented from which the actual content in HA is deter-
mined. Pure PCL presents a simple decomposition profile with a single
transition temperature (i.e., 370–450 °C) (no shown). For the compos-
ites, PCL degradeswithin the characteristic temperature range observed
for the pure polymer [41]. The HA content for each composite was de-
termined from the residual mass after calcination at 1000 °C. Some dif-
ferences were found between samples with the same nominal content
of HA. This was associated to the preparation method, where evidently
no good retention of the filler amount into thematrix is achieved, espe-
cially at higher HA contents. The measured density values are in accor-
dance with the content of HA determined by TGA analysis, as an
increased amount of HA enhances the density of the composite.

In Fig. 5 the porosity [P %, (Eq. (3))] is presented for each sample in-
cluding the wt% of impregnation and of HA. It can be observed that
increasing pressure and temperature favor a higher final porosity. How-
ever, the presence of a high content in HA particles obviously is decisive
for generation of a high porosity after decompression. The sample that
contains the maximum amount of HA (15 wt.% HA) reaches the lowest
porosity value, however this porosity is still in a useful range as scaffold
(approx. 60% of porosity).

The wt.% of impregnation was positively affected by increased po-
rosity in the case of the composite with the lower nominal HA content
(10%). On the contrary, the efficiency of impregnation decreased with
increasing porosity in case of the composite containing a higher nomi-
nal amount of the HA (20%).

There seems to be an optimum inHA content that triggers additional
sorption of the previously extracted components andwhich is not clear-
ly related to the parameters of the impregnation process. In any case,
the wt% of impregnation for the studied composites resulted in higher
values than the impregnated amount of extract for PCL materials [26]
by using the same process at comparable conditions of T y P. This higher
efficiency using composite materials can be associated to the interface
created between the filler and the polymeric matrix that allows im-
proved sorption of the solution of CO2 + extract.

The extraction and impregnation procedure including the simulta-
neous extraction (30 MPa/40 °C) and adsorption (17 MPa/35 °C) over
2 h followed by 1 h of homogenizing and flushing the solution through-
out both, extractor and adsorber (rinsing) was applied, since this com-
bination of operating conditions enabled the highest impregnation
value of Usnea extract already in pure PCL [30]. In order to optimize
the process regarding wt.% of impregnation and processing time, the
pressure and temperature within the sorption column were increased
andflushingwas excluded. The increasing pressure and temperature in-
side the adsorber had a positive effect on the impregnation when PCL–
HAwith 10% of HA was applied. On the contrary, in case of the PCL–HA
Fig. 4. TGA curves of M20 sample (PCL +20 wt.% HA) without scCO2 processing.



Fig. 5. Porosity of the obtained composite foams including thewt.% of impregnation and of
HA.
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with a higher amount of HA (20%), an increasing pressure and temper-
ature in the sorption column resulted in a significant decreasing wt% of
impregnation (Table 2). This might be due to a more inhomogeneous
filler distribution.
Fig. 6.Microstructures of the composites of PCL with 10 wt.% of nominal HA (a1: no foamed; a
nominal HA (b1: no foamed; b2: processed at 17 MPa and 35 °C; b3: processed at 30 MPa and
Fig. 6 shows the microstructure of scCO2 treated samples and virgin
composites observed by SEM analyses. In all processed samples, an in-
terconnected porous structure was observed. The samples processed
at 35 °C and 17 MPa showed microstructures with a homogeneous dis-
tribution of macro and micropores (bi-modal distribution of pore size),
which is desirable for a scaffold. The samplesM10-30/40 showed no sig-
nificant macroporosity, although showing a higher value of porosity.

As depicted in Fig. 7 the bands at 963 cm−1 (ν1 PO4), and weak sig-
nals at 609–592–581 cm−1 (ν4 PO4), 487–446–431 cm−1 (ν2 PO4) are
characteristic to the HA [42]. The bands at 1724 cm−1 (ν C = O),
1470–1441–1419 cm−1 (δCH2), 1305–1285 cm−1 (ωCH2), 1110 cm−1

(skeletal stretching) and 912 cm−1 (ν C–COO) result uniquely from
PCL. Both components, PCL as well as HA, contribute to the bands
at 1065 and 1042 cm−1 (ν3 PO4 and PCL skeletal stretching). The
Raman spectrum of pure PCL shows a higher intensity at 1419 and
1285 cm−1, compared to the composites which is attributed to crystal-
line PCL. The ratio of the intensity between the bands at 1305 and
1285 cm−1 was identified as marker of crystallinity [13]. The ratios of
the intensity between the bands prevalently due to HA and PCL (in par-
ticular I963/I1724) increase with respect to the amount of HA in the
composite as expected. Differences in the measured intensities of the
various spectra obtained from the porous samples are attributed to fac-
tors related with the assay (as the intensity variation, or the positioning
of the sample). The trend of the spectra indicates that the polymer in the
2: processed at 17 MPa and 35 °C; a3: processed at 30 MPa bar and 45 °C) and 20 wt.% of
45 °C).



Fig. 7.Raman spectra of obtained composite foams of (a) PCLwith 10wt.% HA and (b) PCL
with 20 wt.% HA. Fig. 8. Growth inhibition for MRSA by functionalized PCL–HA scaffolds with inoculated

sample concentration of (a) 100 mg/mL and (b) 200 mg/mL (vertical bars represent
means of three replicates with standard deviation. Control: culture medium without
sample).
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composite is more amorphous than the PCL starting material, in agree-
ment with the DSC data (Table 2).

The Raman spectrum of usnic acid is presented in Fig. 7. The
four main vibrational signals are situated in the area between
1700–1200 cm−1. The bandof 1694 cm−1 corresponds toνC=Oconju-
gated cyclic ketone group, the band at 1607 cm−1 is due to quadrant
ring stretch, the strong band at 1322 cm−1 is assigned to the ring
stretch, and the band at 1289 cm−1 is attributed to the antisymmetric
ν(COC) aryl alkyl ether mode. Regarding the composition, Raman spec-
tra did not reveal significant presence of the usnic acid in the processed
composites. This means that the content of usnic acid probably is locat-
ed within the polymermatrix or within the interface between the poly-
mer and the inorganic filler but is not detected on the surface of the
sample.

The efficiency of the functionalization of the PCL–HA scaffolds was
further corroborated with testing antibacterial properties of obtained
porous samples. The results of the antibacterial screening of the tested
composites are presented in Fig. 8. In this investigation numbers of
10,000 CFU and 100,000 CFU were chosen as indubitable infectious
dose of MRSA strains no matter whether other factors are present or
not. The infectious dose is the amount of pathogenic organisms that
will cause an infection in susceptible hosts. An antibacterial agent is de-
fined as bactericidal when it exhibits the distinctive endpoint of causing
a 99% reduction in bacterial inoculum within the 24-h period of expo-
sure. Otherwise, it is considered bacteriostatic. The impregnated PCL–
HA scaffolds exhibited a higher antibacterial activity when a low bacte-
rial inoculum level (2 × 104 CFU/mL) was assayed except the M20-30/
40 composite. According to Fig. 8a, the minimumwt.% of impregnation
of 4.1% was needed for a bacteriostatic effect for the lower bacterial in-
oculum level. Only M10-17/35 showed a bacteriostatic effect at both
bacterial inoculum levels (Fig. 8a). The M20-30/40 with the lowest
wt.% of impregnation (1.7%) allowed development of the strain, al-
though the growth was reduced by more than one logarithmic order
with respect to the control.

A bactericidal effect was evidenced only for theM20-17/35 compos-
ite at both used inoculated sample concentrations (100 mg/mL and
200mg/mL) (Fig. 8a and b, respectively). Thiswas expected considering
that M20-17/35 had the higher wt.% of impregnation of the Usnea ex-
tract (5.7 wt.%), and the higher filler retention (15 wt.% of HA) in com-
parison to the M20-30/40 (wt.% of impregnation of 1.7% and retained
12 wt.% of HA). Additionally, this composite showed themicrostructure
characterized by a bi-modal distribution of pore size (Fig. 6).

According to all the presented results, the following procedure for
fabrication of the microporous PCL–HA scaffolds with high wt.% of
Usnea extract impregnation and bacteriostatic and/or bactericidal ef-
fects against MRSA can be defined as suitable:

(a) Preparation of PCL–HA with 20 wt.% of nominal content of HA
powder using solvent casting technique for production of
15 wt.% retained HA in the composite. Proper porosity (approx.
60%) is achieved after exposure to scCO2 at 17 MPa and 35 °C.

(b) Processing conditions: 2 h of extraction (Extractor: 30 MPa/
40 °C; Adsorber: 17 MPa/35 °C) followed by 1 h of rinsing at
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17MPa (both vessels) and depressurization rate at 0.5 MPa/min.
These conditions enabled satisfactory high level of the
U. lethariiformis extract incorporation (5.9%) and antibacterial ef-
fect is attained. The applied depressurization rate provided a bi-
modal distribution of pore size with homogeneous distribution
of the extract in the scaffold.

4. Conclusions

Novel data on in situmelting temperature depression and crystallin-
ity of PCL and PLC–HA under elevated pressures (4.6–17 MPa) were
provided by using the high pressure DSC. The PCL–HA composites
with nano- and micrometric HA particles (10 wt.%) had a somewhat
lower melting range as well as crystallinity in comparison to pure PCL
indicating a homogeneous distribution and good contact of HA inside
the PCL matrix. The PCL–HA composites with micrometric HA particles
were the most appropriate for the designated supercritical extraction
and impregnation process due to the simplicity of preparation and
other satisfactory properties. Especially the scaffold obtained from the
PCL–HA with 20 wt.% of HA was shown to be promising regarding the
quantity of impregnated active substance at 17 MPa and 35 °C (5.9%)
and bactericidal effect on the tested MRSA strains. Also, the composites
with 10 wt.% of HAmight be of interest, as well due to a sufficient level
of impregnation (4.1–5.7 wt.%) and bacteriostatic effect on the selected
MRSA strains. Thus, the integrated extraction–impregnation process has
been validated as suitable for functionalizing PCL–HA scaffolds with
Usnea extract (up to 5.9 wt.%).

The future research will be focused on studying the scCO2 solubility
into PCL based carriers and relevant mass transfer phenomena in order
to optimize this integrated extraction and impregnation process for in-
corporation of other natural bioactive agents.
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