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Abstract
The use of scaﬀold-based strategies in the regeneration of biological tissues requires that the design of the microarchitecture of the scaﬀold
satisfy key microstructural and biological requirements. Here, we examined the ability of a porous poly(e-caprolactone) (PCL) scaﬀold with
novel bimodal-micron scale (l-bimodal) porous architecture to promote and guide the in vitro adhesion, proliferation and three-dimensional (3-D) colonization of human mesenchymal stem cells (hMSCs). The l-bimodal PCL scaﬀold was prepared by a combination of
gas foaming (GF) and selective polymer extraction (PE) from co-continuous blends. The microarchitectural properties of the scaﬀold, in
particular its morphology, porosity distribution and mechanical compression properties, were analyzed and correlated with the results of
the in vitro cell–scaﬀold interaction study, carried out for 21 days under static conditions. Alamar Blue assay, scanning electron microscopy,
confocal laser scanning microscopy and histological analyses were performed to assess hMSC adhesion, proliferation and 3-D colonization.
The results showed that the combined GF–PE technique allowed the preparation of PCL scaﬀold with a unique multiscaled and highly interconnected microarchitecture that was characterized by mechanical properties suitable for load-bearing applications. Study of the cell–scaffold interaction also demonstrated the ability of the scaﬀold to support hMSC adhesion and proliferation, as well as the possibility to
promote and guide 3-D cell colonization by appropriately designing the microarchitectural features of the scaﬀold.
Ó 2008 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction
Tissue engineering aims at the repair of damaged biological tissues circumventing the limitations of the traditional
medical approaches, such as transplantation, by using a
combination of material, cells and molecular cues [1,2].
One of the most important challenges in tissue engineering
*
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is the appropriate design of open-pore biocompatible and
biodegradable porous scaﬀolds that are able to provide a
temporary substitute for the extracellular matrix. The scaffold must promote cell adhesion, proliferation and biosynthesis, must allow ﬂuid transport, and must sustain the
external mechanical stress until the regeneration of the
functional new tissue is completed [3–5].
Although not all the details of scaﬀold design requirements have been completely deﬁned, a large number of
studies have explored the eﬀects of the topographical features of the scaﬀold on cellular responses [6–9]. These studies demonstrated that the microarchitecture of the scaﬀold
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may guide cell functions by regulating the interaction
between cells, and the diﬀusion of nutrients and metabolic
wastes throughout the three-dimensional (3-D) construct
[6–9]. In particular, the scaﬀold-assisted regeneration of
speciﬁc tissues has been shown to be strongly dependent
on the scaﬀold’s surface-to-volume ratio and pore size
and interconnectivity. Indeed, these microarchitectural features signiﬁcantly inﬂuence cell morphology, cell binding
and phenotypic expression, but also control the extent
and nature of nutrient diﬀusion and tissue ingrowth [6–9].
Furthermore, it has been suggested that the pore dimensions may directly aﬀect some biological events and, as a
result, diﬀerent tissues require optimal pore sizes for their
regeneration [6–8]. Therefore, scaﬀolds with bimodalmicron scale (l-bimodal) porosities may be often necessary
for the regeneration of highly structured biological tissues,
such as bone and cartilage [7].
On the other hand, transport issues, 3-D cell colonization and tissue ingrowth would be inhibited if the pores
are not well interconnected, even if the porosity of the scaffolds is high [9].
For the success of any tissue engineering scaﬀold-based
strategy, the issue of the mechanical function is essential,
and is one of the critical aspects in scaﬀold design. Indeed,
there is often a conﬂict between maximizing surface-to-volume ratio to enhance cell colonization and ﬂuid transport,
and optimizing the mechanical response of the scaﬀold.
This conﬂict often leads to a compromise in the optimal
design solution [10].
To date, many diﬀerent strategies have been developed
to overcome the transport limitations and the lack of tissue
inﬁltration into the interior of the scaﬀold, without aﬀecting its mechanical function.
The use of dynamic cell seeding and cultivation
devices, in particular perfusion bioreactors or spinner
ﬂasks, results in increased proliferation, diﬀerentiation
and distribution of cells into the scaﬀold [11–14]. Nevertheless, without an appropriate scaﬀold microarchitecture, this solution may be unsuitable to ensure the
ingrowth of new tissue and to prevent the development
of a necrotic core caused by diﬀusion constraints into
the interior of the construct.
In this study, a new approach in the design of l-bimodal
porous scaﬀold is presented, and the microstructural properties and biocompatibility of the obtained scaﬀold evaluated. Poly(e-caprolactone) (PCL) was selected for the
preparation of the scaﬀold because of its proved biocompatibility [15–17] and processability properties [18]. As previously reported [19], the PCL scaﬀold was prepared by the
combination of gas foaming (GF) and selective polymer
extraction (PE) from co-continuous blends. In particular,
the l-bimodal porous architecture of the scaﬀold was
designed with a strait porosity of the order of hundreds
of microns (macroporosity), for rapid cell colonization
and tissue ingrowth, with a built-in one order of magnitude
lower porosity (microporosity), that may serve as preferential route for ﬂuid transport.
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The microstructural features and the mechanical function of the scaﬀold were evaluated by scanning electron
microscopy (SEM), porosity distribution analysis and static compression testing. Furthermore, the cell–scaﬀold
interaction was studied using human mesenchymal stem
cells (hMSCs) in vitro culture, for 21 days and under static
conditions. Alamar Blue assay was performed to evaluate
cell proliferation, while cell adhesion and 3-D colonization
were assessed by SEM, confocal laser scanning microscopy
(CLSM) and histological analyses. Finally, the results of
the cell–scaﬀold interaction study were compared with
those obtained by seeding hMSCs into PCL scaﬀolds with
monomodal porosity distribution in order to address
whether diﬀerent scaﬀold microarchitectures may govern
cell adhesion and spatial distribution in 3-D porous
structures.
2. Materials and methods
2.1. Scaﬀold fabrication
As schematically illustrated in Fig. 1, the GF–PE technique is characterized by three diﬀerent steps [19]: (1) 3/2
(w/w) PCL/thermoplastic gelatin (TG) co-continuous
blend was prepared by melt mixing in an internal mixer
(RheomixÒ 600 Haake, Germany) at 60 °C and 80 rpm
for 6 min (Fig. 1A); (2) the PCL/TG blend was subsequently gas foamed with a 4/1 (v/v) N2/CO2 blowing mixture, at a foaming temperature (TF) of 44 °C and with a
pressure drop rate (PDR) of 700 bar s1 (Fig. 1B); (3)
ﬁnally, the TG was selectively extracted from the foamed
blend by soaking the sample in dH2O (Fig. 1C).
2.2. Microstructural characterization
2.2.1. Morphology and porosity
The microstructure of the scaﬀold was analyzed by SEM
(S440, Leica, Germany). The scaﬀold was cross-sectioned,
gold sputtered and analyzed at an accelerating voltage of
20 kV.
The overall porosity was determined from the mass and
the volume of the scaﬀold by using the following equation
[20]:
% porosity ¼ ½1  ðqS=qPCL Þ  100;

ð1Þ

where qS is the apparent density of the scaﬀold calculated
from mass and volume measurements. The mass was measured by using a high accuracy balance (103 g, AB104-S,
Mettler Toledo, Italy), while the volume was determined
by geometrical calculation. The overall porosity data represents the mean value of ﬁve diﬀerent porosity measurements.
Image analysis (Image JÒ) was used to assess the volume
fraction of the two diﬀerent scaled porosities by means of
area fraction measurements [21,22]. In particular, the area
fraction of the TG foamed phase provided the macroporosity volume fraction, while the diﬀerence between the mean
overall porosity and the macroporosity amount yielded the
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Fig. 1. Correspondence between the processing step and the microstructural evolution of PCL/TG system: (a) SEM micrograph of 3/2 (w/w) PCL/TG cocontinuous blend after the selective extraction of the TG; (b) SEM micrograph of PCL/TG blend foamed with 4/1 (v/v) N2/CO2 blowing mixture, at TF = 44°C
and PDR = 700 bar/s; (c) SEM micrograph of l-bimodal PCL scaﬀold prepared by the selective extraction of the TG from the foamed PCL/TG blend.

microporosity volume fraction. Image analysis was also
used to evaluate the mean pore size of the microporosity,
based on the ASTM D3576 method.
2.2.2. Mechanical properties
Static compression testing was used to evaluate the
mechanical response of the PCL scaﬀold. Five disc-shaped
scaﬀolds (d = 10 mm and h = 3 mm) were tested on an
Instron machine (4204, Instron, Italy) at a cross head of
1 mm min1 and with a 1 kN loading cell. The elastic compression modulus was determined as the slope of the initial
linear portion of the stress vs. strain curve, while the compression yield strength was calculated with the modulus
slope at an oﬀset of 1% strain.

removed from the culture plates at days 1, 7, 14 and 21,
washed with PBS (Sigma–Aldrich, Italy), and placed into
24 well culture plates. For each construct, 2 ml of DMEM
medium without Phenol Red (HyClone, UK) containing
10% (v/v) Alamar Blue (AbD Serotec Ltd, UK) were
added, followed by incubation for 4 h at 37 °C and 5%
CO2. The solution was subsequently removed from the
wells and analyzed by a spectrophotometer (multilabel
counter, 1420 Victor, Perkin Elmer, Italy) at wavelengths
of 570 and 600 nm. The number of viable cells into the scaffolds was ﬁnally determined by comparing the absorbance
values at diﬀerent culture times with those of the calibration curve. The calibration curve was obtained from the
correlation between known cell numbers in the 24 well culture plates with the corresponding absorbance values.

2.3. hMSC expansion, seeding and culture
Bone-marrow-derived hMSCs (Clonetics, Italy), at the
7th passage, were cultured in a-Modiﬁed Eagle’s medium
(a-MEM) (Bio Wittaker, Belgium) containing 10% (v/v)
FBS, 100 U ml1 penicillin and 0.1 mg ml1 streptomycin
(HyClone, UK), in a humidiﬁed atmosphere at 37 °C and
5% CO2.
Scaﬀolds for cell-culture experiments (d = 10 mm and
h = 3 mm) were c-sterilized before seeding. 4  105 cells
scaﬀold1, resuspended in 50 ll of medium, were statically
seeded onto the scaﬀold. Following seeding, the scaﬀolds
were placed in 24 well culture plates (1 scaﬀold well1)
and, incubated for 2 h in a humidiﬁed atmosphere (37 °C,
5% CO2). Subsequently, 1.5 ml of cell-culture medium
was added to each well. The scaﬀolds were maintained in
culture for 21 days and the cell-culture medium was changed every 3–4 days.

2.4.2. SEM
SEM analysis was performed to evaluate cell morphology and colonization at 7, 14 and 21 days after seeding.
The cell–scaﬀold constructs were extracted from the wells,
washed with PBS and ﬁxed with 2.5% glutaraldehyde
(Sigma–Aldrich, Italy) in 0.1 M Na-cacodylate (Carlo
Erba, Italy) at pH 7.4. Before examination, the constructs
were dehydrated in graded ethanol concentrations (from
50% to 100% v/v in ethanol), air-dried and sputter-coated
with gold. To evaluate hMSC morphology and colonization into the inner part of the scaﬀold, the constructs were
embedded under vacuum with Compound Tissue Tek
(OCT, Bio-Optica, Italy) and cryogenically sectioned,
transverse to the seeding surface, as described in Ref.
[17]. The samples were subsequently gold sputtered and
analyzed by SEM. As negative controls, PCL scaﬀolds
without cells were analyzed by following the same
protocol.

2.4. Cell–scaﬀold interaction study
2.4.1. Alamar Blue assay
Cell viability and proliferation were evaluated by using
the Alamar Blue assay. The cell–scaﬀold constructs were

2.4.3. CLSM
For CLSM analysis, the constructs were extracted from
the wells at 1, 7, 14 and 21 days after seeding, ﬁxed with 4%
paraphormaldeyde for 20 min at RT, rinsed twice with PBS
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buﬀer and incubated with PBS–BSA 0.5% to block nonspeciﬁc binding. Actin microﬁlaments were stained with phalloidin tetramethylrhodamine B isothiocyanate (Sigma–
Aldrich, Italy). Phalloidin was diluted in PBS–BSA 0.5%
and incubated for 30 min at RT. Nucleus detection was
performed by using 40 ,6-diamidino-2-phenylindole (DAPI)
(Sigma–Aldrich, Italy). DAPI stock solution (10 mg ml1
in DMSO) was diluted in PBS (1/104 v/v) and incubated
for 10 min at 37 °C. To evaluate hMSC colonization in 3D, the DAPI staining was also performed on 100 lm cryosections, transverse to the seeding surface, obtained as previously described. Samples were then rinsed three times
with PBS and observed by an inverted ﬂuorescence microscope (IX50, Olympus, Italy), using 4, 10 and 20
objectives.
2.4.4. Histology
The eﬀect of the microarchitecture of the scaﬀold on
hMSC morphology and 3-D colonization was additionally
surveyed by histological analysis. 50 lm cryostat sections,
transverse to the seeding surface, were stained with hematoxylin–eosin (H–E) following standard procedures.
2.4.5. Statistical analysis
Data are presented as mean ± standard deviation. The
statistical signiﬁcance of the Alamar Blue results was
assessed by one-way ANOVA at the signiﬁcance level
P < 0.05, using OriginÒ software.
3. Results
3.1. Microstructural properties of the scaﬀold
The schematic steps of the process to achieve the lbimodal porous scaﬀold are reported in Fig. 1 along with
typical SEM micrographs of a specimen’s cross-section.
The process starts from the preparation of a co-continuous
blend of PCL and TG, with a PCL weight fraction of 60%.
After the extraction of the TG from the PCL/TG blend, the
co-continuity of the gelatin phase was evident from the
SEM micrograph of the cross-section of the specimen
(Fig. 1a). Following the GF process, due to the incompatibility of the PCL/TG blend and to the diﬀerent foaming
behaviour of the two polymers [19], the microstructure of
the PCL/TG foam was characterized by two diﬀerent porous phases, with the PCL foamed phase characterized by a
40 lm mean pore size and a high degree of pore interconnection (Fig. 1b). The ﬁnal removal of the TG from the
foamed blend (Fig. 1c) allowed the formation of an additional porosity, characterized by elongated and highly
interconnected macroporosity, passing through the
rounded and smaller microporosity induced by the GF
step.
Table 1 reports the porosity and mechanical compression properties data of the l-bimodal PCL scaﬀold. It
can be observed that the low concentration of TG templating (40 wt.%) and the optimization of the GF process
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Table 1
Porosity and mechanical compression properties of the l-bimodal PCL
scaﬀold prepared. (a) SEM of the cross-section of the scaﬀold and (b)
equivalent binary image used for the evaluation of the macroporosity
volume fraction.
Overall
porosity
(%)

Macroporosity
(%)

Macroporosity
(%)

Compression
modulus
(MPa)

Compression
yield
strength
(MPa)

62 ± 1.1

44

56

11.4 ± 1.2

1.6 ± 0.3

parameters allowed the preparation of PCL scaﬀold characterized by 62% mean overall porosity. Moreover, the
image analysis also conﬁrmed the low overall porosity level
of the scaﬀold (pore volume equal to 64.1%) and showed
that the porosity is uniformly distributed between the
macroporosity created by the selective extraction of the
TG and the microporosity, characterized by 40 lm mean
pore size, induced by the GF process.
The results of the mechanical characterization showed
the typical stress–strain curve of porous materials undergoing static compression testing (data not shown). In particular, the initial linear-elastic region was followed by a short
collapse plateau and, ﬁnally, the steep increase in the stress
values caused by the densiﬁcation phenomenon was
observed [23]. As reported in Table 1, the calculated average compression modulus and yield strength were 11.4 and
1.6 MPa, respectively.
3.2. Cell–scaﬀold interaction study
The Alamar Blue assay provided a quantitative evaluation of the number of viable cells in the scaﬀold [24]. The
results of this test, reported in Fig. 2, are the average ± standard deviation of ﬁve samples, and show the cell

Fig. 2. hMSCs proliferation during 21 days of culture, measured by
Alamar Blue assay: (s) cell number; (d) proliferation index.
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proliferation over the culture time. In particular, during the
in vitro static culture, the number of hMSCs increases from
6.2  104 at day 1 to 1.8  105 at day 21. There was a statistically signiﬁcant diﬀerence (P < 0.05) in the cell number
over the culture period. It is important to note that the
seeding eﬃciency, evaluated by the diﬀerence between the
number of cells in the seeding suspension and the number
of cells in the culture plate after seeding, was about 80%.
Fig. 3a–g are SEM images of the seeding surfaces and
cross-sections of the cell–scaﬀold constructs, at diﬀerent
culture times, showing cell morphology and colonization
into the porous network of the scaﬀold. At 7 days of
in vitro culture, hMSCs colonized the surface of the scaffold (Fig. 3a), adhering into the macroporosity (Fig. 3b,
black arrow), and, additionally, the cells created bridges
between the opposite pore walls (Fig. 3c). By increasing
the culture time to 14 and 21 days, the presence of an uniform cell sheet on the scaﬀold surface was observed, and it
was diﬃcult to distinguish the supporting scaﬀold microarchitecture (Fig. 3d–f). In Fig. 3g is reported the SEM
micrograph of the interior of the construct, at 21 days from
seeding. This image, representative of a general trend, demonstrates that the cells colonized the inner macroporosity

of the scaﬀold, adhering to the pore walls by multifocal
points.
Actin cytoskeleton and nucleus staining was carried out
to assess hMSC shape and distribution on and into the scaffold. As reported in Fig. 4a and c, 1 day after seeding, cells
adhered to scaﬀold surface and appeared quite homogeneously distributed. By increasing cell-culture time, the number of the cells increased. As a direct consequence, at day 21,
cells formed a dense layer and covered all the available surfaces of the scaﬀold (Fig. 4b and d). The higher magniﬁcations reported in Fig. 4e and f also evidenced that, at
21 days of culture, the hMSC morphology is elongated and
oriented, suggesting that they are becoming conﬂuent.
Cross-sectional observations also indicated that cells
were present within the scaﬀold already at 1 day from seeding, preferentially invading the macroporosity (Fig. 5).
Moreover, the cells in the interior of the construct
remained viable over the culture time, as observed by analyzing their nucleus shape (Fig. 5e and f).
Representative images of the histological sections of the
constructs at diﬀerent culture times are reported in Fig. 6.
In agreement with the SEM and ﬂuorescence microscopy
data (Figs. 3 – 5), extensive colonization of the scaﬀold

Fig. 3. SEM micrographs of the cell-scaﬀold constructs at diﬀerent culture time: (a-f) cell seeding surfaces at 7 (a-c), 14 (d, e) and 21 (f) days of culture;
transverse section of the 21 days cell-scaﬀold construct (g) showing representative hMSCs morphology into the macroporosity.
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Fig. 4. Fluorescence microscope images of the surfaces of the cell-scaﬀold constructs showing actin cytoskeleton stained by phalloidin and cell nuclei
stained by DAPI, at 1 day (left column) and 21 days (right column) of culture. Figures a-d (objective 4x), ﬁgures e-h (objective 20x).

by the hMSCs was observed, into the outer and inner surfaces. Moreover, the histochemical analysis may allow a
more detailed evaluation of the morphology and distribution of the cells into the microarchitecture of the scaﬀold.
At 7 days of cell-culture, Fig. 6a and b, we observed that
the colonization does not occur uniformly throughout the
3-D architecture, but the cells rather preferentially colonized the macroporosity of the scaﬀold. This eﬀect may
be related to the ability of the macroporosity architecture
to promote the diﬀusion of the cell-culture medium into

the inner region of the scaﬀold, during cell seeding (see also
the cross-sections reported in Fig. 5). By increasing the culture time up to 14 and 21 days (Fig. 6c–f), the enhanced cell
proliferation and colonization both on the surface (Fig. 6c)
and into the interior of the construct (Fig. 6d–f) could
clearly be seen. Furthermore, in agreement with the results
of the SEM analysis reported in Fig. 3g, the cells in the
macroporosity stretched, creating bridges between the
opposite pore walls (lower and higher magniﬁcation
reported in Fig. 6e and f).
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Fig. 5. Fluorescence microscope images of the cross sections of the cell-scaﬀold constructs showing cell nuclei stained by DAPI: (a, e) 1 day; (b) 7 days; (c)
14 days and (d, f) 21 days. Figures a-d (objective 4x), ﬁgures e and f (objective 20x).

Additional hMSC culture was performed on PCL scaffolds with a monomodal porosity distribution, in order to
assess whether the topological properties of the porous
structure of the scaﬀold may govern cell adhesion and 3D spatial distribution. Fig. 7 shows the SEM micrograph
and the pore size distribution of PCL scaﬀold prepared
by using the GF/PE combined technology and by performing foaming at TF = 70 °C. As can be seen in Fig. 7a, when
the foaming process was carried out at temperatures higher
than the PCL melting temperature, the ﬁnal scaﬀold microarchitecture was characterized by a monomodal porosity
distribution. In particular, these scaﬀolds exhibited an
overall porosity of 61% and a mean pore size of
325 ± 190 lm (see Fig. 7b).
Representative ﬂuorescence and histological images of
the cross-sections of the cell–scaﬀold constructs at day 1
after seeding are reported in Fig. 8. Fig. 8a and b show that
the monomodal PCL scaﬀolds were able to support hMSC
adhesion and 3-D colonization. However, a nonuniform
cell distribution was achieved between the surface and the

inner region of the scaﬀold. Indeed, it was possible to
observe large clusters of cells on the scaﬀold surface, as well
as the progressive reduction of hMSC colonization in the
inner region of the porous structure (see Fig. 8a and b).
These results were also conﬁrmed by the analysis of the histological images of the cross-sections of the cell–scaﬀold
construct, reported in Fig. 8c and d. In particular, nonuniform hMSC distribution was observed on the surface of the
scaﬀold (black arrows), and heterogeneous cell colonization was achieved between the outer and inner region of
the porous structure.
4. Discussion
Scaﬀold design is becoming essential for the success of
any scaﬀold-based tissue engineering strategies. Cell guidance by the scaﬀold, from cell-material construct to the
new engineered tissue, requires a complex balance between
chemical, biochemical and biophysical cues able to mimic
the spatial and temporal microenvironments of the natural
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1089

Fig. 6. Representative light images of transverse sections of the cell-scaﬀold constructs, stained with H & E at 7 (a,b), 14 (c,d)and 21 (e,f) days of culture.
The black arrows indicated some representative hMSCs into diﬀerent regions of the scaﬀold.

Fig. 7. (a) SEM micrograph and (b) pore size distribution of PCL scaﬀold with monomodals porosity distribution obtained by the GF/PE combined
technology and performing the foaming process at TF = 70°C.

extracellular matrix [25]. From this point of view, the microarchitecture of the scaﬀold must provide an ideal environment of physical conﬁnement for cells and tissues, but
also an adequate nutrient supply and mechanical function
[3,6,10,25].
In the past few years, GF-based techniques have
emerged as very promising tools for the design of porous
synthetic scaﬀolds with ﬁnely controlled biochemical and
biophysical properties; this approach also avoids the use
of organic solvents potentially harmful to cells and tissues

[26,27]. In fact, using this solvent-free technique, it has
been possible to prepare scaﬀolds with biomimetic porous
structures and functional ﬁllers [28,29], as well as scaﬀolds
containing preincorporated cells and possessing the ability
to deliver active growth factors in a controlled fashion [30–
32].
We recently reported a new technique for the design and
preparation of PCL scaﬀold with a multiscaled microarchitecture and high degree of pore interconnection, by the
combined GF–PE technique [19]. In the current study, we
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Fig. 8. (a, b) Fluorescence microscope and (c, d) histology images of the cross sections of the cell-scaﬀold constructs at 1 day. Figure (a) objective 4x,
ﬁgure (b) objective 10x.

evaluated the ability of this scaﬀold to satisfy key microstructural and biological tissue engineering scaﬀold
requirements. In particular, this study was mostly devoted
to assessing the possibility of promoting and guiding
hMSC proliferation and 3-D colonization by appropriately
designing the topological characteristics of the scaﬀold.
As reported in Table 1, the l-bimodal PCL scaﬀold prepared was characterized by an overall porosity of 62%, uniformly distributed between macroporosity (44%) and
microporosity (56%). These microstructural parameters
have been designed by selecting a 3/2 (w/w) PLC/TG and
optimizing the GF processing conditions. Although higher
TG concentration is expected to positively aﬀect cell behaviour, for ‘soft’ biomaterials such as the PCL selected in this
work, a lower templating concentration and, therefore a
low overall porosity amount, may avoid reducing the
mechanical function of the scaﬀold [33]. From this point
of view, the selection of a continuous templating, instead
of the commonly used particulate templating (e.g. NaCl)
[27], may be also preferable because it allows the overall
porosity of the scaﬀold to be reduced, without compromising the interconnection among the pores (Fig. 1a and c)
[19,34]. Consequently, the ﬁnal l-bimodal PCL scaﬀold
prepared was characterized by high interconnectivity and
good mechanical responses, as evidenced by the SEM
micrograph of Fig. 1c and by the average elastic compression modulus and compression yield strength values
reported in Table 1.
The cell–scaﬀold interaction study was performed by
using bone-marrow-derived hMSCs, seeded on the surface
of the scaﬀold and cultured in vitro, for 21 days under sta-

tic conditions. The results of the Alamar Blue assay demonstrated the ability of the scaﬀold to promote hMSC
adhesion and proliferation. Indeed, the number of cells
progressively increased up to 3 times, from day 1 to day
21 (Fig. 2). The number of cells reported at day 1
(60,000) was less than the number of cells inoculated at
the start (400,000), indicating that most of the hMSCs
seeded on the scaﬀold surface penetrated the inner region
of the scaﬀold, even early in the experiment. This assumption is corroborated by the CLSM analysis reported in
Fig. 5 and, by the fact that the Alamar Blue assay may fail
to count cells seeding inside the 3-D scaﬀold [33].
The SEM and ﬂuorescence microscopy images reported
in Figs. 3 and 4, respectively, conﬁrmed the Alamar Blue
results, showing the adhesion and proliferation of the
hMSCs over all the culture time investigated. In particular,
at 21 days after seeding, the cell proliferation resulted in the
formation of a dense cell sheet on the surface of the scaﬀold
(Figs. 3f and 4).
These results are consistent with those recently reported
in the literature, which showed the ability of PCL scaﬀolds
to support hMSC adhesion and proliferation in vitro
[17,35–37]. However, our scaﬀold presented an enhanced
3-D cell distribution and colonization/proliferation. In particular, compared to the salt leaching-based PCL scaﬀolds
[36], we observed enhanced hMSC proliferation under the
same culture conditions, while proliferation index comparable to our results has been achieved for 2-D cell-culture
on PCL ﬁlm [37]. The ability of a scaﬀold to support and
guide the regeneration process of new tissue is strongly
dependent on the combination of cells, chemistry and its
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microarchitectural properties. Therefore, although it is difﬁcult to discriminate between the eﬀects of the diﬀerent
parameters on the cell–scaﬀold interaction, we postulate
that the enhancement reported in this work can be partly
ascribed to the TG used as templating. Indeed, a thin coating of this polymeric material may be still present into the
microstructure of the scaﬀold, even after the removal of the
TG from the foamed blend.
Cell colonization in 3-D is essential in tissue engineering
scaﬀold-based strategies for the regeneration of functional
biological tissues [38]. Therefore, the optimization of cell
distribution in 3-D represent one of the most critical
aspects of scaﬀold design. Indeed, a large number of studies
have shown that, without a dynamic seeding strategy, cell
adhesion and colonization preferentially occurred on the
scaﬀold surface, while very poor cell seeding eﬃciency
may be achieved in the inner region of the scaﬀold
[12,17,38].
The ability of the l-bimodal PCL scaﬀold prepared to
promote 3-D cell colonization under static seeding conditions was supported by the ﬂuorescence microscopy images
and histological analysis of the cross-sections of the cell–
scaﬀold constructs, which also evidenced the consistent
and selective cell inﬁltration into the macroporosity, compared to the microporosity (Figs. 5 and 6). This eﬀect
may be explained by considering that, during seeding, the
cell suspension preferentially perfused through the macroporosity. Consequently, depletion of hMSC adhesion and
colonization into the microporosity occurred (Figs. 5 and
6). Indeed, the topological characteristic of the macroporosity, characterized by a microtubular architecture with
reduced tortuosity and enhanced permeability if compared
to the microporosity (see Fig. 1), may promote cell seeding
eﬃciency and ﬂuid diﬀusion, even though these characteristics are hindered by the hydrophobic nature of the PCL
[39]. The analysis of the cross-sections of the cell–scaﬀold
constructs also showed that, over the culture time, the cells
within the scaﬀold remained viable, as suggested by the
shape of their nuclei (see Fig. 5e and f), and then these cells
proliferated and stretched, creating bridges between the
opposite macroporosity walls (Figs. 3g and 6c–f).
The enhancement of hMSC adhesion and 3-D colonization into the l-bimodal PCL scaﬀolds was also supported
by the results of the cell–scaﬀold interaction study performed on monomodal PCL scaﬀolds. In particular, the
monomodal scaﬀolds selected for the comparative study
were prepared by the same combined GF–PE technique
and performing the foaming process at TF = 70 °C. Indeed,
by choosing a TF higher than the PCL melt temperature it
was possible to prepare scaﬀolds with a comparable value
of overall porosity (61%) but characterized by a monomodal pore size distribution (see Fig. 7). As evidenced in
Fig. 8, and unlike the cell distribution observed into the
l-bimodal PCL scaﬀolds (see Figs. 5a and 6a) when seeded
on the monomodals scaﬀolds, the hMSCs preferentially
adhered to the scaﬀold surface, while depleted 3-D cell colonization was observed in the inner region of the porous
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structure (Fig. 8a and c). Furthermore, the diﬃculty cell
suspensions have in perfusing into the interior of the scaffold was also responsible of the heterogeneous distribution
of cells on the scaﬀold surface, as reported in Fig. 8b and d.
Similar results have been reported by Silva et al. [40],
who showed that an anisotropic scaﬀold microarchitecture,
characterized by aligned channels incorporated into an
ordered porous structure, may improve ﬂuid transport
and cell-tissue inﬁltration into the interior of a construct.
This microarchitecture has been obtained by the combination of GF and reverse templating techniques, using metallic templating needles to create an elongated and oriented
porosity. By considering our results and those reported in
Ref. [40] it is possible to see that an optimal combination
of pore size and shape is essential to promote and guide
the colonization of cells in 3-D. In particular, the topological properties of the GF pores may have a strong inﬂuence
on cell adhesion and colonization. Indeed, the low size of
the GF pores of the l-bimodal PCL scaﬀolds prepared in
this study, coupled with the hydrophobic nature of the
polymeric matrix, may hinder hMSC colonization into
the microporosity. Therefore, the cells preferentially invade
the macroporosity. This aspect may be very important for
in vitro scaﬀold-based tissue engineering strategies. Indeed,
one of the most important limitations of tissue engineering
scaﬀold is that cell proliferation and extracellular matrix
deposition may progressively occlude the entire porosity
of the scaﬀold and, consequently reduce nutrient delivery
to, and metabolic waste removal from, the interior of the
construct [10]. Therefore, even if a large number of studies
have pointed out the importance of an uniform cell inﬁltration in 3-D, the presence of a microporosity network not
accessible for cells should be very important because of
the possibility of ensuring the transport of ﬂuids necessary
for cell biosynthesis.
Although this cell–scaﬀold interaction study has demonstrated the ability of the l-bimodal PCL scaﬀold prepared
herein to support and guide hMSC adhesion, proliferation
and 3-D colonization, more detailed in vitro and in vivo
studies will be necessary. In particular, these studies will
be performed with the aim of assessing the eﬃcacy of the
multiscaled microarchitecture designed to support cell proliferation and the formation new tissue over longer culture
times.
5. Conclusions
In this study we characterized the ability of novel lbimodal porous PCL scaﬀold to promote and guide hMSC
adhesion, proliferation and 3-D colonization.
The selection of a continuous templating agent and the
optimization of the GF parameters allowed the preparation of PCL scaﬀold with a multiscaled microarchitecture
and functional mechanical properties. Furthermore, the
results of the cell–scaﬀold interaction study demonstrated
that high cell seeding eﬃciency and 3-D colonization may
be achieved by ﬁne tuning the topological characteristics
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of the scaﬀold. In particular, the l-bimodal PCL scaﬀold
prepared promoted selective 3-D hMSC colonization into
the macroporosity, and consequently ensured the presence
of a separate porous network for ﬂuid transport.
All these results demonstrate the importance of scaﬀold
design to guide the regeneration process of new tissue starting from the cell/material construct, and indicate possible
future directions to overcome the diﬀusion constraints that
limit the great potential of scaﬀold-based strategies.
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