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In tissue engineering, the use of supercritical CO2 foaming is a valuable and widespread choice to design and
fabricate porous bioactive scaﬀolds for cells culture and new tissue formation in three dimensions. Nevertheless,
the control of scaﬀold pores size, shape and spatial distribution with foaming technique remains, to date, a
critical limiting step. To mimic the biomimetic structure of tissues like bone, blood vessels and nerve tissues, we
developed a novel supercritical CO2-foaming approach for the preparation of dual-scale, dual-shape porous
polymeric scaﬀolds with pre-deﬁned arrays of micro-channels within a foamed porosity. The scaﬀolds were
prepared by foaming the polymer inside polytetraﬂuoroethylene moulds having precisely designed arrays of
pillars and obtained by computer-aided micromachining technique. Polycaprolactone was chosen as model
polymer for scaﬀolds fabrication and the eﬀect of mould patterning and scCO2 foaming conditions on scaﬀolds
morphology, structural properties and biocompatibility was addressed and discussed.
The results reported in this study demonstrated that the proposed approach enabled the preparation of
polycaprolactone scaﬀolds with dual-scale, dual-shape porosity. In particular, by saturating the polymer with
CO2 at 38 °C, 10 MPa and 1 h and by selecting 2 s as the venting time, scaﬀolds with ordered arrays of aligned
channels, diameters ranging from 500 to 1000 μm, were obtained. Furthermore, the channels spatial distribution
was controlled by deﬁning mould patterning while the size of foamed pores was modulated by saturation and
foaming temperatures and venting time control. The prepared scaﬀolds evidenced overall porosity up to 95%,
with 100% interconnectivity and compression moduli in the 4 to 5 MPa range. Finally, preliminary in vitro cell
culture tests evidenced that the scaﬀolds were biocompatible and that the micro-channels promoted and guided
cells adhesion and colonization into the scaﬀolds core.

1. Introduction
Current challenges of tissue engineering (TE) strategies are the design and manufacturing of porous scaﬀolds towards bioengineered tissues and organs [1]. The large knowledge accumulated over the past
decades on materials design, processing and characterization of cell/
scaﬀold interactions enables to fabricate porous scaﬀolds replicating
some of the most important functions of native extracellular matrix
(ECM). These include a porous structure suitable for cells adhesion and
colonization [2–4], core implant vascularization [5] and the formation
of a strong bonding at scaﬀold/tissue interfaces [6]. Mechanical properties adequate to satisfy the requirements of structural integrity once
implanted in host tissue [7]. Loading and release of biochemical signals
⁎

following a precise dose and time intervals to stimulate cells adhesion,
proliferation and migration, promote ECM biosynthesis and, ultimately,
guide tissue growth and morphogenesis [8].
From a morphological and structural point of view, constructing
aligned architectures to mimic native ECM organization it is a challenge
demanding a physical guidance for cells patterning, migration and
biosynthesis. Indeed, tissues like nerve, muscle, tendon, ligament, blood
vessel, bone, and teeth, have tubular or ﬁbrous bundle architectures
and anisotropic properties very hard to mimic [9]. Aligned electrospun
meshes are well suited for neural tissue engineering due to the anisotropic properties of aligned nanoﬁbres. This characteristic may provide
spatial guidance for neurite outgrowth and axonal elongation in vitro
[10]. It was reported that electrospun tubular scaﬀolds with
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hydrophobic polyester widely used in the biomedical ﬁeld to prepare
porous scaﬀolds and drug delivery carriers [29,30]. The developed
approach is based on (1) the fabrication of polytetraﬂuoroethylene
(PTFE) moulds with pre-deﬁned arrays of vertical pillars by computeraided machining process; (2) the ﬁlling of PTFE moulds with PCL followed by scCO2 foaming; (3) the removal of the foams from the moulds.
Scaﬀolds were optimized by studying the eﬀect of mould pattern design
and scCO2 operating conditions on samples morphology, structure and
biocompatibility. In particular, pillars size was selected in the
500–1000 μm range [20] while star-shape and square-shape pillar arrays were chosen to assess the eﬀect of pillars density and spacing on
PCL foaming. This last step was carried out at temperatures in the
31.6–45 °C range, pressure of 10 and 15 MPa and venting time of 2, 4
and 480 s.

circumferentially aligned nanoﬁbres can be used for guiding smooth
muscle cells to grow into functional, small-diameter vascular grafts
[11]. However, electrospun meshes and ﬂat substrates are often unable
to replicate the three dimensional (3D) environment required for
growth the majority of biological tissues and, therefore there is the need
for replicating such aligned structures inside 3D scaﬀolds with suitable
resolution and patterning.
Some examples of porous 3D scaﬀolds with oriented pores (e.g.
micro-channels) are poly(L-lactic acid) (PLLA) and poly(D,L-lactic acidcoglycolic acid) (PLGA) scaﬀolds prepared by phase separation under
uniaxial temperature gradient [9]; poly(ε-caprolactone) (PCL) scaﬀolds
obtained by solid phase extrusion of co-continuous blends followed by
selective polymer leaching [12]; porous biocompatible hydrogels and
thermoplastic polymers prepared by ﬁbre templating [13,14] and biodegradable thermoplastic and/or hydrogel scaﬀolds with aligned pores
obtained by bottom-up processes using computer aided design techniques [15,16].
The foaming process with subcritical or supercritical CO2 (scCO2)
diﬀers from abovementioned techniques as it minimizes the use of organic solvents, operates at low temperatures and enables to process a
wide variety of polymers for biomedical use, spanning from biodegradable polyesters to natural polymers such as polysaccharides and
proteins at temperatures even lower than 40 °C [17–24]. These features
are extremely important in the biomedical engineering ﬁeld as organic
solvents and high temperatures may be detrimental for the successful
loading of cells and bioactive agents inside the scaﬀolds [20,22]. Furthermore, the modulation of pressure and temperature proﬁles during
scCO2 saturation and foaming steps makes possible preparing porous
scaﬀolds with morphological and structural features suitable for a large
variety of tissues and drug delivery purposes [17,20,21,23]. Nevertheless, technological limitations of scCO2 foaming have until now
impaired the achievement of porous scaﬀolds characterized by ordered
arrays of micro-channels by using foaming technique alone. On the
contrary, some combined methods to form aligned porosities in 3-D
foamed structures have been utilized: (i) foaming of co-continuous
blends following the selective removal of a polymeric phase [25]; (ii)
combining foaming and ﬁbre/pins templating approaches [26–28]; (iii)
mechanical machining of the foamed scaﬀolds by using computer
controlled drill apparatus [26]. Of the cited methods, the methods (i)
and (ii) required porogen agent removal by soaking the foams in water
or other selective solvents for several days. This additional step may
provoke the undesired release of drugs and bioactive molecules out
from the scaﬀolds and may not ensure the complete removal of the
porogen from the scaﬀolds after leaching. Most importantly, achieving
a precise spatial distribution and alignment, at the micrometric size
scale, of the resulting micro-channels by these two methods is extremely diﬃcult. Besides, method (iii) takes advantage of the computercontrolled foams drilling to precisely design and engineer micro-channels size, spacing and distribution into the scaﬀolds. However, this
method is mainly limited to stiﬀ polymeric scaﬀolds, as samples are
micro-machined at room temperature. Furthermore, the drilling step
may damage the foamed porosity in the region close to the channels
and produces polymer debris that have to be removed from the scaffolds. It is noteworthy that micro-channels connecting upper and lower
surfaces of scCO2-foamed synthetic scaﬀolds may also promote cells
and tissue inﬁltration inside scaﬀolds interior and may avoid the rapid
formation of tissue capsule on the outer edge and the presence of necrotic core [25,26]. Furthermore, dual-scale porous scaﬀolds characterized by hundreds of microns channels interconnected with tens of
microns pores are useful to ensure 3D cells colonization/biosynthesis
and ﬂuid transport, respectively [25].
In this work, it is proposed a novel mould patterning approach for
the fabrication of scCO2-foamed PCL scaﬀolds incorporating ordered
arrays of aligned micro-channels for the enhancement and guidance of
cell colonization into the scaﬀolds core and suitable to be used for the
regeneration of tissues with micro-tubular architectures. PCL is a

2. Experimental
2.1. Materials
Polycaprolactone (PCL, Mw = 45 kDa) and dimethyl carbonate
(DMC) were purchased from Sigma-Aldrich (Italy). The polytetraﬂuoroethylene (PTFE) substrates used in this study, 10 mm, were
purchased from RS (Milano, Italy). CO2 with purity grade of 99.99%
(Air liquide, Italy) was used as blowing agent for foaming experiments.
2.2. Patterned moulds preparation
PTFE moulds with cylindrical holes (d = 10 mm and h = 3 mm),
ordered arrays of vertical pillars with diﬀerent diameter and spatial
distribution were prepared by micromilling technique. Micromilling is a
microfabricating process that uses rotating cutting tools to remove
polymer from a rigid substrate based on in-silico deﬁned designs [31].
As shown in Fig. 1, ﬁve diﬀerent patterned moulds with ordered arrays
of vertical pillars with diﬀerent diameters and spacing were designed.
In particular, we prepared moulds with star-shape array of 500 μm
pillars (St-P5), square-shape arrays of low spacing 500 μm pillars (Sq-LP5), square-shape array of high spacing 500 μm pillars (Sq-H-P5),
square-shape array of high spacing 800 μm pillars (Sq-H-P8) and squareshape array of high spacing 1000 μm pillars (Sq-H-P10). A mould
without pillars (N-P) was also prepared as reference. The moulds were
prepared by using a micromilling machine (Minitech Machinery Corporation, Norcross, GA, USA) equipped with two-ﬂute end mills (Performance Micro Tool, Janesville, WI, USA) with diameters of 0.635 and
2.032 mm and working at 1000 rpm spindle rate and 20 mm/s feed
rate.
2.3. Moulds ﬁlling and scCO2 foamed PCL scaﬀolds fabrication
The scheme of the process used for the preparation of PCL scaﬀolds
is shown in Fig. 2. The polymeric solution (25% w/v) was prepared by
dissolving PCL in DMC at 50 °C under vigorous magnetic stirring.
Subsequently, 250 μL of solution were poured in each mould and the
moulds were placed in the oven at 80 °C overnight to evaporate the
solvent. It is important to note that in the ﬁrst step of the evaporation
process the hoven was opened several times for few seconds to remove
the solvent vapours with the aid of a chemical hood and consequently
to reduce the DMC residue inside the polymer. The so formed PCL ﬁlm
was 300 μm thick. Foaming experiments were carried out using a batch
foaming process with scCO2 in a thermoregulated and pressurized cylinder (Fig. 2), described elsewhere [32]. The moulds containing the
samples were placed inside the high pressure vessel and the latter was
immediately ﬁlled with CO2 at the desired temperature and pressure. In
particular, as shown in Fig. 3, tests were carried out at saturation
temperature (TSAT) in the 31.5–65 °C range and at saturation pressures
of 10 or15 MPa. After 1 h of saturation time samples processed at TSAT
in the 31.5–45 °C range were foamed at a foaming temperature (TFOAM)
2

Materials Science & Engineering C 109 (2020) 110518

A. Salerno, et al.

Fig. 1. Scheme of the mould patterns used for PCL scaﬀolds preparation.

Essential Medium Eagle (MEM, M2279-500, Sigma Aldrich), 20% of
FBS (Sigma Aldrich F7524), 2% of Non-Essential Aminoacids (EuroClone ECB3054D), 1% of L-Glutamine (Lonza 17-605E) and 1% of penicillin/streptomycin (Microtech L0022-100). The medium was
changed every two days until reaching 90% conﬂuence. Cells were
washed three times with Dulbecco's Phosphate Buﬀered Saline (PBS,
D8537-500, Sigma Aldrich) (PBS, Sigma-Aldrich, Italy), and incubated
with trypsin-ethylenediaminetetraacetic acid (EDTA) (0.25% trypsin,
1 mM EDTA; Microtech, Italy) for 5 min at 37 °C. The scaﬀolds were
sterilized in absolute ethanol for 12 h at RT. After this step, samples
were washed by soaking in excess of sterile PBS for 72 h at RT and by
changing the washing media once per day. The scaﬀolds were subsequently placed into ultra-low cells attachment 24-well culture plate
(Corning Inc., Corning, NY), one scaﬀold/well, washed with penicillin/
streptomycin solution and treated with UV light for 30 min on each side
to ensure their complete sterilization. Then, 500 μL of MEM were added
to each well and the scaﬀolds maintained in these conditions for 24 h at
37 °C and 5% CO2, by changing the media twice. To enhance cells
seeding, scaﬀolds were partially dried under the biological hood for
30 min before statically seeding with 190.000 cells, suspended in 40 μL
medium. The cell/scaﬀold constructs were incubated at 37 °C and 5%
CO2 for 2 h to promote cells attachment and then 500 μL of culture
medium were added to each well and the cell/scaﬀold constructs incubated at 37 °C and 5% CO2 for 14 days by changing culture media
once per day.
The number of viable HDFs on scaﬀolds was quantiﬁed with Alamar
blue assay (InvitrogenTM, Italy). At day 1, 7, 10 and 14 of seeding, the
cell/scaﬀold constructs were removed from the culture plates and washed with 2 mL PBS. After that, the medium (2 mL), containing 10% v/v
of AlmarBlue, was added to each well and the constructs were then
incubated for 4 h at 37 °C and 5% CO2. Finally, 200 μL of each solution
were place into 96-well culture plate (Costar, Italy) and analysed by a
spectrophotometer (Perkin Elmer, Italy) at wavelengths 570 nm and
600 nm following Alamar blue provider instructions. The number of
viable cells was assessed by comparing ﬂuorescence values with those
of the calibration curve obtained by the correlation between a known
cell number into the 12-well culture plates and the correspondent
ﬂuorescence value. Four samples were analysed for each scaﬀolds type.
Cell morphology and colonization were investigated by using confocal laser scanning microscopy (CLSM) and SEM analyses. For CLSM
analysis, at 1 and 10 days of culture, the cell/scaﬀold constructs were
washed with PBS solution and ﬁxed with paraformaldehyde (4% v/v)
for 2 h at 4 °C. Samples were then washed three times with PBS solution

equals to the TSAT. Conversely, for samples processed at the TSAT equals
to 65 °C, the system was cooled down to 38 °C (TFOAM) prior to depressurization. Cooling step from TSAT to TFOAM lasted 30 min ca. Finally, samples foaming was achieved by quenching the pressure to the
ambient and selecting three diﬀerent venting times (tV), equal to 2, 4 or
480 s. Venting was controlled by a pressure release system consisting of
a pneumatically actuated ball valve connected to a discharge capillary
with appropriate length and diameter [32]. Fig. 3 shows operating
conditions used for foaming experiments along with optical images of
resulting PCL foams.
2.4. Scaﬀolds microstructural characterization
The morphology of the scaﬀolds was analysed by scanning electron
microscope (SEM, NanoSEM 450 and Quanta 200, FEI, Thermo Fisher).
Scaﬀolds were cross-sectioned with a razor blade, gold sputtered and
analysed at an accelerating voltage of 10 kV.
X-ray computed tomography (MicroCT, Bruker Skyscan 1172,
Milan, Italy) was used to assess the overall porosity and microstructural
properties of the scaﬀolds. Measurements were performed at a voltage
of 40 kV, 250 μA current and 3.5 μm pixel size. The transmission images
were reconstructed using Skyscan NRecon software and further analysed by CTAn software package to evaluate scaﬀolds porosity, mean
pore size, pore size distribution, pores walls thickness and pores interconnectivity. The as obtained porosity results were compared with
the results of the overall porosity of the scaﬀolds without macrochannels determined from their mass and volume measurements, as
described in [19]. MicroCT equipment was also used to assess the static
compression properties of the scaﬀolds. The scaﬀolds, measuring
10 mm in diameter and 2 mm thick, were tested by using a Skyscan
material testing stage equipped with a load cell of 220 N and at a
crosshead speed of 0.4 mm/min. The elastic modulus (E) was determined in the linear portion of the stress-strain curve. By using MicroCT equipment it was also possible to characterize the morphology of
the samples as a function of the strain levels. Five samples were tested
for each scaﬀolds type.
2.5. In vitro cell/scaﬀold interaction
Human Dermal Fibroblasts (HDFs) from healthy breast biopsies [33]
were used to assess the biocompatibility of the scaﬀolds. The cells,
passage 7, were grown in 150 cm2 polystyrene tissue culture ﬂasks
(Corning Inc., Corning, NY) in enriched MEM composed of Minimum
3
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Fig. 2. Scheme of the process for the preparation of the PCL scaﬀolds by the solid-state foaming into patterned moulds: (A) PTFE patterned moulds; (B) mould ﬁlling
by PCL solution (25 w/v%, 250 μL); (C) solvent evaporation by thermal treatment (80 °C, ambient pressure, overnight); (D) solid state foaming in high pressure
vessel; (E) optical image of foamed samples inside the moulds.

cell/scaﬀold constructs were washed three times with PBS and characterized by CLSM (Leica TCS SP5 II, Italy) using 4× and 10× objectives to assess HDFs morphology and 3D distribution. For SEM analysis,
at 14 days of culture, the cell/scaﬀold constructs were washed with PBS
solution and ﬁxed with paraformaldehyde (4% v/v) for 2 h at 4 °C.
Samples were then washed three times with PBS solution, frozen in
liquid nitrogen and freeze-dried for 24 h before SEM analysis.

and incubated with Triton 0.2% v/v for 5 min at RT. Subsequently, the
samples were washed three times with PBS and incubated with blocking
buﬀer containing 3% w/v bovine serum albumin (BSA) and 3% v/v
fetal bovin serum (FBS) in PBS for 1 h at RT. Actin was stained with
Phalloidin-488 (1:200 diluted in blocking buﬀer) for 40 min at RT.
Samples were washed with PBS three times and nucleus was stained
with DRAQ5 (1:1000 diluted in PBS) for 20 min at RT. The as obtained
4
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Fig. 3. Processing conditions used for PCL scaﬀolds preparation, their eﬀect on N-P samples density and porosity as assessed by displacement method and resulting
optical images of selected samples.
Table 1
Eﬀect of processing conditions and mould patterning on the pore structure features of PCL scaﬀolds as assessed by MicroCT analysis.
Test #

4
TSAT = 38 °C
TFOAM = 38 °C
P = 10 MPa
tV = 2 s
5
TSAT = 42 °C
TFOAM = 42 °C
P = 10 MPa
tV = 2 s
6
TSAT = 45 °C
TFOAM = 45 °C
P = 10 MPa
tV = 2 s
7
TSAT = 65 °C
TFOAM = 38 °C
P = 10 MPa
tV = 2 s
8
TSAT = 38 °C
TFOAM = 38 °C
P = 15 MPa
tV = 2 s
9
TSAT = 38 °C
TFOAM = 38 °C
P = 10 MPa
tV = 4 s
10
TSAT = 38 °C
TFOAM = 38 °C
P = 10 MPa
tV = 480 s

Mould pattern

Overall porosity [%]

Foamed structure properties
Porosity [%]

Closed porosity [%]

Pore walls [μm]
2.3
3.7
3.5
4.0
1.9
1.8
5.0
4.9

μm
μm
μm
μm
μm
μm
μm
μm

44.2
65.3
57.3
61.5
62.3
49.3
78.4
70.4

±
±
±
±
±
±
±
±

11.3 μm
17.3 μm
12.6 μm
9.9 μm
12.8 μm
13.4 μm
19.0 μm
20.5 μm

N-P
St-P5
Sq-L-P5
Sq-H-P5
Sq-H-P8
Sq-H-P10
N-P
Sq-H-P5

85.1
85.2
86.3
85.8
86.6
90.0
89.8
91.6

85.1
84.1
85.0
85.2
85.7
85.4
89.8
91.2

/
1*10−3
5*10−2
1*10−3
/
7*10−4
/
/

21.3
27.9
23.3
22.6
26.4
21.4
16.7
15.2

N-P
Sq-H-P5

92.6
93.1

92.6
93.0

/
/

15.3 ± 4.9 μm
14.8 ± 4.8 μm

79.7 ± 22.2 μm
76.8 ± 18.4 μm

N-P
Sq-H-P5

95.1
94.9

95.1
94.5

/
/

14.7 ± 4.9 μm
14.4 ± 4.9 μm

103.3 ± 30.0 μm
91.2 ± 25.7 μm

N-P
Sq-H-P5

86.4
86.6

86.4
85.6

/
/

28.3 ± 3.2 μm
28.4 ± 4.1 μm

47.9 ± 13.3 μm
47.4 ± 14.7 μm

N-P
Sq-H-P5

87.6
88.4

87.6
88.1

/
/

21.3 ± 1.3 μm
21.6 ± 2.5 μm

51.9 ± 12.3 μm
55.4 ± 16.7 μm

N-P
Sq-H-P5

77.7
80.5

77.7
80.5

5*10−2
3*10−2

33.9 ± 10.6 μm
33.2 ± 10.7 μm

170.8 ± 90.4 μm
168.1 ± 82.1 μm

5

±
±
±
±
±
±
±
±

Mean pore size [μm]
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Fig. 4. MicroCT reconstruction and pore size distribution of the PCL scaﬀolds prepared at 38 °C, 10 MPa and tV equals to 2 s (test #4) as a function of mould
patterning.

no pillars (N-P), a mould with a star-shape array of pillars with 500 μm
diameter providing heterogeneous pillars spacing (St-P5), a mould with
a square-shape array of pillars with 500 μm diameter and pillars spacing of 750 μm (Sq-L-P5) and three moulds with a square-shape array of
pillars with diameter/spacing of 500/1300 μm (Sq-H-P5), 800/975 μm
(Sq-H-P8) and 1000/815 μm (Sq-H-P10). For all of the patterned
moulds, cylindrical pillars were manufactured to obtain micro-channels
with circular section. A computer-aided micromachining technique was
employed as an eﬀective and reproducible method to fabricate pillartemplating structures inside the casting moulds. Diﬀerent micromachining conditions for PTFE moulds fabrication, namely spindle
speed in the 1.000–10.000 rpm range and feed rate in the 20–60 mm/
min range, were tested to optimize moulds surface ﬁnish. Optimal
working conditions were 1.000 rpm spindle speed and 20 mm/min feed
rate as they avoided the formation of undesired burr around the pillars.
Uniform mould ﬁlling is an important requisite of the proposed
approach as the presence of voids and defect in the resulting PCL ﬁlms
would result in porous scaﬀolds with irregular morphology and structure. To do so PCL was ﬁrst dissolved in DMC at 25% weight of polymer
with respect to solvent volume and 250 μL of the resulting solution
were dropped into the diﬀerent moulds. The solvent was subsequently
evaporated at a temperature higher than PCL melting (e.g. 80 °C) and at
ambient pressure to avoid the formation of voids inside the ﬁnal
polymeric ﬁlms. Indeed, chosen conditions avoided PCL crystallization
during DMC evaporation and resulted in a uniform PCL deposition at
the bottom of the moulds (Fig. 2). More importantly, DMC is a non-toxic

Cells colonization into the scaﬀolds pores was assessed by histological analysis of the cross-section of the cell/scaﬀold construct at
14 days of culture. The samples were ﬁxed with 4% paraformaldehyde
for 20 min at RT, rinsed twice with PBS buﬀer, embedded in OCT Killik
(Bio Optica) and frozen at −80 °C overnight. The samples were then
cryostat sectioned, transversal to the seeding surface, to obtain 30 μmthick slices. The sections were stained using hematoxylin–eosin (Bio
Optica) solutions following standard procedure and analysed by an
optical microscope (BX53, Olympus,).
2.6. Statistical analysis
The statistical signiﬁcance of the results was assessed by one-way
analysis of variance (ANOVA) and Tukey post-hoc test at the signiﬁcance level p < 0.05.
3. Results and discussion
3.1. Scaﬀolds architecture and structural properties
In this work it is proposed a new method for generating aligned
micro-channels within a porous PCL structure for biomedical application. The used method combined patterned PTFE moulds (Fig. 1), solution casting and scCO2 foaming process (Fig. 2) to produce polymeric
scaﬀolds with appropriate morphological and microstructural properties. As shown in Fig. 1, the chosen patterned moulds are: a mould with
6
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Fig. 5. Low magniﬁcation SEM images of the cross section, parallel to the channels axis, of PCL scaﬀolds prepared at 38 °C, 10 MPa and tV equals to 2 s (test #4).

Fig. 6. High magniﬁcation SEM images of the cross section, parallel to the channels axis, of PCL scaﬀolds prepared at 38 °C, 10 MPa and tV equals to 2 s (test #4).

scCO2, while operating pressure and temperature used were almost in
the 10–30 MPa range and 35–55 °C range, respectively
[18,20,21,36–38]. As shown in Fig. 3, in this work foaming conditions
were optimized by studying the eﬀect of TSAT, in the 31.5–65 °C range,
TFOAM in the 31.5–45 °C range, CO2 pressures of 10 or 15 MPa and
venting time of 2, 4 or 480 s, on PCL scaﬀolds morphology and structure. It is important to point out that keeping the processing

green alternative to conventional solvents for PCL processing [34], it
has a relatively high vapour pressure and is miscible with scCO2 [35],
therefore limiting the undesired presence of toxic solvent residue inside
the ﬁnal scaﬀolds.
Several works reported the eﬀect of temperature and pressure on
PCL foaming with CO2 at TSAT lower or higher than polymer melting,
for tissue engineering scaﬀolds development. Most of the works used

7
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Fig. 7. MicroCT reconstruction and pore size distribution of PCL scaﬀolds prepared by using N-P and Sq-H-P5 moulds and varying saturation temperature (TSAT) and
foaming temperature (TFOAM).

example, at 10 MPa pressure of CO2, melting occurred in the 38–40 °C
range for 87–120 kDa molecular weight PCL. Nevertheless, in a more
recent study, Markočič and co-workers reported that 80 kDa PCL
melted at a temperature as low as 35 °C when processed at 10 MPa CO2
pressure [43]. The authors attributed the discrepancy between experimental and literature data to possible diﬀerences in polymer molecular
weight distribution and crystallinity. Fanovich and Jaeger visually observed the melting of 2-mm thick PCL sheet (molecular weight equals to
74 kDa) at 35 °C and 15 MPa, at early time point (30 min) [37]. The
results of our study were in agreement with literature data as evidenced
a signiﬁcant porosity increase when the temperatures increased from
33 °C (69.2%) to 35 °C (81.1%) (Fig. 3), suggesting enhance PCL
melting. It is noteworthy that, mould patterning aﬀected also the shape
of the top portion of the samples. Indeed, as shown in the optical images
of PCL scaﬀolds reported in Fig. 3, patterned samples do not have the
typical dome-shape observed for N-P samples, while they evidenced
foamed regions corresponding to the inter-pillars area and non-foamed
regions corresponding to the top of the pillars, were no PCL is present.
This eﬀect produced the daisy-ﬂower shape of St-P samples due to the
high pillars' density in the centre and radial pillars distribution towards
mould edge.
The morphological and structural analyses of the scaﬀolds were
carried out by means of SEM and MicroCT, and the results were reported in Figs. 4–10 and Table 1. The reconstructed 3D images of PCL
scaﬀolds prepared at 38 °C, 10 MPa and 2 s venting time as a function of
mould patterning are shown in Fig. 4 along with the pores size distribution of foamed regions. MicroCT enabled the visualization of the
distribution of the macro-channels inside the foamed porosity and the
observation of the dual-scale porosity of the scaﬀolds. In particular,
circular micro-channels were obtained by the pillars templating and
their spatial distribution replicated well the conﬁguration of the in-silico deﬁned patterns of Fig. 1. Furthermore, by varying the diameter of

temperature for PCL processing lower than 40 °C is necessary when
bioactive molecules, such as growth factors, are loaded inside the
scaﬀolds matrix before foaming step [39]. Optical images of scaﬀolds
(see Fig. 3) reported the eﬀect of mould patterning and processing
temperature on PCL foams prepared at 10 MPa pressure and 2 s venting
time. As shown, samples processed at temperature close to the critical
point of CO2 (31.5, Test #1) evidenced low foaming, as also corroborated by the 36.7% porosity reported for P-N samples. Increasing the
temperature up to 35 °C was necessary to obtain adequate polymer
foaming, as evidenced by porosity values higher than 80%. The temperature of 45 °C produced the highest porosity value (85.8%, Table 1)
for samples processed at TSAT lower than PCL melting. Conversely, N-P
PCL ﬁlms processed at TSAT of 65 °C and TFOAM of 38 °C have 8% higher
porosity (93.8%) than the corresponding counterpart saturated and
foamed at 38 °C (85.5%). The interaction of scCO2 and semi-crystalline
PCL was studied in detail in recent literature in order to assess polymer
melting point depression as a function of CO2 pressure. Special attention was devoted to optimize foaming process as, when processed at
temperatures below the melting point of the PCL-CO2 system, the
stiﬀness of the polymeric matrix may be too high and may inhibits pore
growth and the achievement of highly porous scaﬀolds. In particular, it
was elucidated that the melting temperature of PCL decreases ﬁrst
when CO2 pressure increases, because CO2 sorption enhances polymer
chain mobility and, subsequently reaches a constant value for a wide
range of pressure due to the counterbalanced eﬀect of the hydrostatic
pressure [40–44]. Lian and co-workers studied the CO2-induced melting
point depression of low molecular weight PCL (4 kDa) for pressures up
to 27.6 MPa and reported that, at 9.7 MPa, the melting temperature of
PCL decreased down to 35.8 °C from 60° at ambient pressure [40]. The
results reported in the studies of Takahashi et al. [41] and Karimi et al.
[42], showed that, increasing PCL's molecular weight the melting point
temperature increased due to decreased polymeric chain mobility. For
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Fig. 8. Low and high magniﬁcation SEM images of the cross section, parallel to the channels axis, of PCL scaﬀolds prepared by using N-P and Sq-H-P5 moulds and
varying TSAT and TFOAM.

exceed the limit above which pillars can bend and deform during machining and/or foaming. The size, height and spacing of the pillars
together with the machining parameters chosen are material-dependent
choice. Furthermore, drill diameter dictates the minimum pillars spacing as well as the maximum pillar height because micromachining
depth can be no more than three times drill diameter. As a direct
consequence, smaller drill size enabled the reduction of pillar spacing
but limited pillars height. Concomitantly, decreasing pillars diameter
decreases pillars stiﬀness and therefore, in the case of soft materials
such as the PTFE used in this work, it is necessary to reduce pillars
height to preserve their structure.
The morphology of the scaﬀolds prepared at 38 °C, 10 MPa and 2 s
venting time as a function of mould patterning is shown in Figs. 5 and 6.
In agreement with MicroCT images of Fig. 4, the morphological analysis
of patterned scaﬀolds revealed a dual-scale porosity, with aligned
channels passing through a matrix with smaller and rounded foamed
pores. Most importantly, channel spacing and size depended on the
starting mould conﬁguration. In fact, the distance between adjacent
channels increase with the increase of pillar spacing (compare SEM
micrographs of Sq-L-P5 and Sq-H-P5 of Fig. 5), while channel size increased with the increase of pillars diameter (compare SEM micrographs of Sq-H-P5, Sq-H-P8 and Sq-H-P10 of Fig. 5). Morphological
analysis of Fig. 5 also conﬁrmed that foamed pores size was not

fabricated pillars, PCL scaﬀolds of diﬀering channel diameters, in the
500–1000 μm range, were obtained. The chosen scCO2 foaming parameters allowed the formation of uniformly distributed small pores, with
45–60 μm mean pore size and 20 μm pore walls (Table 1), while mould
patterning had minor eﬀect on the characteristics of the foamed porosity. This eﬀect is ascribable to the diﬀerent length scales of fabricated
pillars and foamed pores.
There are several examples of the use of reverse templating technique for the achievement of aligned porosity inside porous scaﬀolds
for applications such as bone, blood vessel and nerve regeneration.
Flynn and co-workers used a ﬁbre dissolution approach to create
longitudinally oriented channels within poly(2-hydroxyethyl methacrylate) (pHEMA) hydrogels for neural tissue engineering applications
[45]. As also observed in this work, the authors controlled the diameter
and number of channels by regulating the size and amount of the used
ﬁbres, to obtain scaﬀolds with small (100–200 μm) and large
(300–400 μm range) channels. Nevertheless, there is still diﬃculty of
regulating channel size and spatial distribution with micrometric accuracy that may be an important scaﬀolds design aspect for TE applications. Our approach addressed this issue by using the micromilling for
mould patterning as this technique used computer aided processing
with spatial resolution down to the micrometre size scale. It is however
important to point out that the aspect ratio of the pillars must not
9
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Fig. 9. MicroCT reconstruction and pore size distribution of PCL scaﬀolds prepared by using N-P and Sq-H-P5 moulds at 38 °C and by varying saturation pressure and
tV .

foaming experiments carried out by cooling down the polymer/CO2
solution from the melt produced foams whose structures were unaﬀected by the crystalline structure of the starting polymeric sample
[47]. Furthermore, as shown in Fig. 8, foaming was enhanced because
of the lower stiﬀness of the polymeric matrix. Interestingly, pores
morphology strongly depended on the crystallization of PCL during
depressurization that, in turns depended on TFOAM. As a direct consequence, the pore walls evidenced a ﬁbrous structure oriented in the
direction of matrix stretching during pore growth (Fig. 8). The eﬀect of
TSAT of pores growth was less marked in the case of patterned scaﬀolds
(Sq-H-P5 and Sq-H-P8, Figs. 7 and 8) due to the constraint of the rigid
pillars.
In order to modulate the morphology and structure of patterned
scaﬀolds, PCL scaﬀolds were also prepared by increasing the pressure
up to 15 MPa and tV up to 4 and 480 s. As shown in Figs. 9 and 10 and
in Table 1, minor changes were observed in the morphological and
structural features of the scaﬀolds, namely overall porosity and pore
size distribution, with the increase of pressure to 15 MPa and venting
time to 4 s. Conversely, the tV = 480 s decreased scaﬀolds porosity
down to 77% (N-P) and 80% (Sq-H-P5) and produced a drastic change
on scaﬀolds morphology and pore size. In particular, for these samples
we observed the formation of a heterogeneous porosity characterized
by large pores in the scaﬀold's region in contact with the mould and
smaller pores in the centre of the scaﬀolds (Fig. 9). This peculiar behaviour was ascribed to lowered CO2 diﬀusion from the saturated
polymer in the regions close to PTFE mould walls during depressurization, ﬁnally resulting in larger pores. The average pores size was ca.
170 μm (Table 1) with larger pores size distribution in comparison with
scaﬀolds produced at 2 and 4 s (Fig. 9). These results were in agreement
with those reported by Salerno and co-workers for the solid-state
foaming of PCL processed at 20 MPa pressure, 37 °C and tV up to 900 s
[48] and by Xu and co-worker for PCL foams processed at 10 MPa, 40 °C

signiﬁcantly aﬀected by mould type. The high magniﬁcation SEM
images of Fig. 6 evidenced that pores produced by the gas foaming step
are interconnected among each other and that the scaﬀolds with dualscale porosity also ensure foamed pores connection with the microchannels. It is noteworthy that the porous walls of the micro-channels
have a ﬁbrous morphology and that these micrometric ﬁbres are
aligned along channel axis. This feature was observed for all of the
patterned scaﬀolds prepared in this work and it is ascribable to the
orientation of the polymer due to shearing at the pillars interface occurring during the foam growth. The interconnectivity of the scaﬀolds
pores was in agreement with MicroCT results reported in Table 1. This
aspect is of particular relevance, especially considering the hydrophobicity of PCL scaﬀolds, as pores interconnectivity is necessary to
promote cells colonization and ﬂuids transport in the entire scaﬀolds
volume [25].
The eﬀect of TSAT and TFOAM on scaﬀolds is highlighted in Figs. 7
and 8 and Table 1. As previously observed for samples prepared at
temperatures lower than 40 °C (#1 to #3), the increase of TSAT and
TFOAM to 42 °C (#5) and 45 °C (#6) enabled the overall porosity increase up to 91%/92.6% (gravimetric/MicroCT measurements) and
mean pore size up to 80 μm for N-P scaﬀolds. Once again, higher TSAT
decreases scCO2 solubility inside PCL but this eﬀect can be counterbalanced by possible enhancement of PCL melting during scCO2 sorption. Concomitantly, higher TFOAM reduced material viscosity and enhanced pores growth during depressurization [46]. As expected, when
TSAT was higher than the melting point of the raw PCL (65 °C, #7), the
morphology of PCL scaﬀolds foamed at TFOAM = 38 °C was signiﬁcantly
diﬀerent from the samples processed at TSAT = TFOAM = 38 °C (#2).
Indeed, at TSAT = 65 °C the N-P scaﬀold's porosity increased up to
93.1%/95.1% (gravimetric/MicroCT) (Figs. 3 and 7) and the mean
pores size increased up to 103 μm (Table 1). A similar trend was also
observed for Sq-H-P5 scaﬀold. As reported in literature, the batch
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Fig. 10. Low and high magniﬁcation SEM images of the cross section of PCL scaﬀolds prepared by using N-P and Sq-H-P5 moulds at 38 °C, 10 MPa and tV equals to
4 s.

3.2. In vitro cell/scaﬀold interaction

and tV up to 300 s [49]. The increase of the venting time decreased the
supersaturation level of the system and reduced the driving force for
pores nucleation. As a direct consequence, the pores density decreased
and neighbouring pores have enough space to grow without constraint
[49].
Fig. 11 reported the values of E measured by MicroCT testing the
diﬀerent scaﬀolds under compression in the micro-channels axial direction, along with 3D reconstruction of selected samples subjected to
elastic and plastic deformation. Average E value of N-P scaﬀold was
2.00 ± 0.74 MPa. This value was in agreement with the value of E,
equal to 2.97 ± 0.7 MPa, reported by Duarte and co-workers for CO2foamed PCL scaﬀolds with 73% porosity and 164 μm mean pore size
prepared by CO2 foaming [17]. Interestingly, all of the tested scaﬀolds
with macro-channels evidenced up to 200% increase of E. This eﬀect
was also observed by Silva and co-workers for hydroxyapatite scaﬀolds
prepared by slip casting-gas foaming technique and ascribed to the strut
strengthening along channel perimeter [26]. The capability of the
macro-channelled scaﬀolds to maintain the architecture of the porous
network even at high strain was highlighted in Figs. 11A and B, where
3D reconstruction of the PCL scaﬀolds was done after 10% (elastic) and
50% (plastic) strain. As shown, even after high plastic strain, the scaffold evidenced slight reduction of macro-channels section, the preservation of their circular shape, together with compaction of the
foamed pores.

To assess the biocompatibility of the scaﬀolds and to study the eﬀect
of the porous structure on cells viability, proliferation and colonization,
HDFs were statically seeded onto the surface of N-P, Sq-H-P5 and Sq-HP8 scaﬀolds fabricated at TSAT = TFOAM = 38 °C, 10 MPa and tV = 2 s
and the cell/scaﬀold constructs cultured in vitro for 14 days. Alamar
Blue was used to evaluate the number of viable cells onto the diﬀerent
types of scaﬀolds as a function of culture time and the results are reported in Fig. 12. At day one from seeding, approx. 6 × 104 cells adhered onto the pores of all of the scaﬀolds, which is around 30% seeded
cells. This rather low adhesion value was in agreement with the value
reported in a previous work for mesenchymal stem cells statically
seeded onto the surface of PCL scaﬀolds characterized by rounded pores
and prepared by gas foaming/porogen leaching [26]. Cells adhesion
onto the scaﬀolds depends on diﬀerent factors, mainly cell/material
interaction and seeding procedure. As reported by other studies, static
seeding may result in low cell adhesion due to the diﬃculty of the cell
suspension to enter the pores. This eﬀect is more evident for scaﬀolds
made of hydrophobic material, such as PCL, as the seeding suspension
can ﬂow outside of the sample edges, despite the low amount (40 μL) of
cell suspension volume used. The number of viable cells increased
signiﬁcantly from day 1 to day 10, and this increase was higher for SqH-P8 scaﬀold (10 times, Fig. 12) than N-P one. The number of viable
cells remained almost constant from day 10 to day 14, probably due to
the almost full cellular colonization on scaﬀolds surfaces.
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Fig. 12. Alamar blue results showing the number of viable HDFs cultured onto
N-P, Sq-H-P5 and Sq-H-P8 patterned PCL scaﬀolds prepared at 38 °C, 10 MPa
and 2 s tV (test #4).

Actin cytoskeleton and nucleus staining was carried out to assess
cell morphology and 3D colonization into the scaﬀolds. As reported in
Fig. 13, HDFs adhered to the scaﬀold surfaces and displayed a ﬂat and
elongated morphology already at day 1 from seeding. More interestingly, by the analysis of the penetration depth of the cells inside the
scaﬀolds it was possible to observe that the macro-channels enhanced
the colonization of the cells into the scaﬀolds core, and cells penetration
increased from 200 μm for N-P scaﬀold to 800 μm for Sq-H-P5 and Sq-HP8 scaﬀolds. With the increase of the culture time up to 10 days, the
surface area covered by the cells increased (Fig. 14) while HDFs
maintained the elongated morphology already observed at day 1.
Moreover, as observed at day 1, also at day 10 the macro-channels
enhanced cells colonization into the depth of the PCL scaﬀolds and cells
entered almost completely into the scaﬀold thickness. In a recent work,
Thomas and his collaborators fabricated multiple channels bridges in
polylactic-co-glycolic acid scaﬀolds for spinal cord injury by combining
gas foaming/particulate leaching and by using metallic pins for channels formation [14]. The channels had mean diameters of the order of
230 μm and enhanced the inﬁltration of ﬁbroblasts, macrophages,
Schwann cells, and endothelial cells after implantation. More interestingly, cells inside the channels remained viable up to 6 weeks after
implantation and their morphology was stretched and aligned along
channel axis [14].
The CLSM results were conﬁrmed by the H&E staining of the crosssections of the cell/scaﬀold constructs and SEM images of the seeding
surface at 14 days of culture reported in Figs. 15 and 16, respectively. H
&E staining demonstrated that cells seeded onto the N-P scaﬀold colonized and proliferated onto the seeding surface and invaded to a limited
extent, 300 μm approximately, the smaller foamed pores of the scaﬀolds
(black arrows of Fig. 15). Conversely, the patterned scaﬀolds promoted
HDFs penetration and proliferation into the channels (black arrows of
Fig. 15). The SEM images of the seeding surface of the scaﬀolds showed
that cells created a dense sheet onto the scaﬀolds surface and, in the
case of the patterned scaﬀolds, entered inside the micro-channels as
evidenced by the decrease of the channels diameter (Fig. 16). In some
cases the cells sheet extend to the top portion of the channels occluding
the pores (not shown).
The design of porous scaﬀolds with biomimetic morphology and
pore structure features is still a critical aspect for adequate cells penetration and migration and subsequent new tissue development in threedimensions. There are several literature works demonstrating that cells
penetrated the scaﬀolds containing aligned channels more extensively
than scaﬀolds without channels and, that this eﬀect is dependent on

Fig. 11. (A) eﬀect of mould patterning on the mechanical properties of PCL
scaﬀolds prepared at 38 °C, 10 MPa and 2 s tV (test #4) as assessed by MicroCT
analysis. MicroCT images of the 3D structure of Sq-H-P5 patterned scaﬀolds at
(B) 10% and (C) 50% strain showing the elastic and plastic behaviour,
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Fig. 13. CLSM images showing the morphology and spatial distribution of HDFs onto the seeding surface and the core of selected PCL scaﬀolds at 1 day of culture.
The red circles evidenced the portion of the scaﬀolds with the macro-channels. (For interpretation of the references to colour in this ﬁgure legend, the reader is
referred to the web version of this article.)

obtained by this combined approach also have the important feature of
the micro-scale ﬁbrous morphology of the channels walls. Indeed, there
are several literature investigations about the eﬀect of ﬁbrous scaﬀolds
patterning on cells morphology and migration [52–56]. Yang and coworkers prepared polylactic acid (PLLA) micro-nanoﬁbrous scaﬀolds by
electrospinning for neural tissue engineering and showed that neural
cells and its neurite outgrowth elongated along the direction of PLLA
ﬁbres [53]. The importance of aligned ﬁbres on cells behaviour was
also demonstrated in the case of ﬁbroblast cells. For instance, Chaurey
and co-workers showed that ﬁbroblasts aligned along the alignment of
polylactic-co-glycolic nano-ﬁbres [54]. This improvement in cell guidance was attributed to molecular scale directional adhesion cues for
cell receptors, which occurred due to ﬁbres orientation and, concomitant ﬁbres polarization parallel to the alignment axis during electrospinning. Furthermore, Mi and et al. [55] demonstrated that ﬁbres
alignment dictated ﬁbroblasts migration while Lee et al. [56] showed

channels size [26,27,50,51]. Rose and co-workers reported that human
osteosarcoma cells coverage in channels area of hydroxyapatite scaffolds increased with the increase of channels size and the maximum
value was obtained for 421 μm channels diameter [51]. Furthermore, in
their work the authors also suggested that 82 μm represented the
minimum channel diameter for adequate cell coverage within the
scaﬀold. Our results corroborated literature evidence about the beneﬁcial eﬀect of a dual-scale porosity on cellular behaviour and provided
useful technological advances for the design and fabrication of biomimetic scaﬀolds for the regeneration of anisotropic tissues, like bone,
muscle, nerve and blood vessels. Indeed, the proposed approach demonstrated the possibility to control micro-channels patterning, size
and distribution by controlling mould conﬁguration (Fig. 1); concomitantly, the characteristics of the foamed pores can be ﬁnely
modulated by adequately choosing temperatures and tv during scCO2
processing (Figs. 4–10). It is worth noting that the patterned scaﬀolds
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Fig. 14. CLSM images showing the morphology and spatial distribution of HDFs onto the seeding surface and the core of PCL scaﬀolds at 10 days of culture. The red
circles evidenced the portion of the scaﬀolds with the macro-channels. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the
web version of this article.)

enhanced extracellular matrix (ECM) deposition as ﬁbroblasts cultured
onto aligned ﬁbres developed spindle shaped, oriented morphology,
which was similar to the ligament ﬁbroblasts, that naturally produced
more ECM [56]. These consideration may allow wondering about a
possible synergistic eﬀect of micro-channels size and pore walls morphology towards enhancing cells migration and colonization into PCL
scaﬀolds.

and channels spacing and spatial distribution replicating well the in
silico design were obtained. The size of foamed pores was modulated in
the 40–170 μm by the careful control of operating temperature, in the
38–65 °C range, and tV of 2 and 480 s. Furthermore, increasing venting
time resulted in a graded pore structure with a radial increase of pores
size from the centre towards the edge of the scaﬀolds that may be
beneﬁcial for certain applications. Minor eﬀects were conversely observed with the increase of saturation pressure from 10 to 15 MPa.
Chosen conditions for scaﬀolds preparation were 38 °C, 10 MPa pressure for 1 h and tV = 2 s. The micro-channels slightly increased scaffolds porosity, which was in the 80–95% range, while enhanced their
elastic compression moduli in the axial direction > 200%. The scaﬀolds
were biocompatible as they allowed HDFs adhesion and proliferation,
while the micro-channels promoted cells inﬁltration into the scaﬀolds
core.

4. Conclusions
This work reported the fabrication of dual-scaled porous PCL scaffolds by combining mould patterning and scCO2 foaming for tissue
engineering purposes. The proposed approach enabled the controlled
design and fabrication, at the micrometric size scale, of arrays of
aligned channels inside smaller rounded pores obtained by the foaming
process. Scaﬀolds with channels diameters of 500, 800 and 1000 μm,
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Fig. 15. H&E staining of the cross-sections of cell/scaﬀold constructs at 14 days of in vitro culture.
The black arrows indicate the HDFs into the pores and onto the channels of the scaﬀolds.

Fig. 16. SEM images showing the seeding surface of the cee/scaﬀold constructs after 14 days of in vitro culture.
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