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The design of porous scaffolds able to promote and guide cell proliferation, colonization, and biosynthesis in
three dimensions is key determinant in bone tissue engineering (bTE). The aim of this study was to assess the
role of the micro-architecture of poly(e-caprolactone) scaffolds in affecting human mesenchymal stem cells’
(hMSCs) spatial organization, proliferation, and osteogenic differentiation in vitro. Poly(e-caprolactone) scaffolds
for bTE and characterized by mono-modal and bi-modal pore size distributions were prepared by the combi-
nation of gas foaming and selective polymer extraction from co-continuous blends. The topological properties of
the pore structure of the scaffolds were analyzed and the results correlated with the ability of hMSCs to
proliferate, infiltrate, and differentiate in vitro in three dimensions. Results showed that the micro-architecture of
the pore structure of the scaffolds plays a crucial role in defining cell seeding efficiency as well as hMSCs’ three-
dimensional colonization, proliferation, and osteogenic differentiation. Taken all together, our results indicated
that process technologies able to allow a fine-tune of the topological properties of biodegradable porous scaffolds
are essential for bTE strategies.

Introduction

One of the main goals of bone tissue engineering (bTE)
is the design of a biodegradable porous material scaffold

integrated with biological cells and molecular cues able to
guide the process of de novo tissue regeneration.1,2 To achieve
this goal, the scaffold must possess a well-controlled inter-
connected porosity and pore size distribution that support the
adhesion of cells, as well as their growth, proliferation, and
biosynthesis in three dimensions.3,4 Further, the architecture
of the pore structure of the scaffold must allow fluid diffu-
sion, mainly nutrients and products of the metabolic activity
of the cells, within the whole cell–scaffold construct.5 Con-
sidering this dual goal, scaffolds characterized by pores with
mean diameters ranging from 100 to 500mm (macroporosity)
and pores with diameters of few microns (microporosity) may
provide suitable three-dimensional (3D) substrates for both
cell colonization/biosynthesis and fluid transport.2,6

The use of human mesenchymal stem cells (hMSCs) in
tissue engineering and regenerative medicine has steadily
increased over the past years.7–9 Indeed, hMSCs have the

ability to differentiate into multiple cell types and have the
great potential of expansion and lineage-specific differentia-
tion when combined with autologous sources.7,8 Ad-
ditionally, hMSCs may enhance the process of bone tissue
regeneration when encased in tissue-specific scaffolds and
implanted into different tissue sites.9

A large number of studies have been devoted to charac-
terize the in vitro new tissue regeneration capability of
hMSCs cultured within biodegradable porous scaffolds.10–15

The results of these studies evidenced that parameters such
as surface topography and chemistry as well as hMSC
seeding density and 3D spatial distribution/organization
strongly influence cell–material interaction and extracellular
matrix deposition.10–15 Nevertheless, cell cultivation in 3D
porous scaffolds is often impaired by the difficulty of
achieving a homogeneous cell seeding and by the diffusion
constraints within the cell–scaffold construct.12,15–17 These
limitations are very detrimental especially under static
seeding and cultivation of cells within hydrophobic material
scaffolds that are characterized by low wettability and fluid
diffusion in 3D.18,19
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Poly(e-caprolactone) (PCL) is a Food and Drug
Administration–approved biodegradable polyester. Its opti-
mal biocompatibility and no toxicity make PCL one of the most
investigated synthetic polymers for TE applications.2,18,20–25

In fact, PCL has been easily processed to prepare scaffolds
with hierarchical pore structures within arbitrary and com-
plex anatomical shapes.2,6,18,22–25 The low hydrophilicity and
the high degree of crystallinity of PCL scaffolds are respon-
sible of their slow in vitro and in vivo degradation and re-
sorption rates, therefore well matching the rate of bone tissue
growth.24,25 The relatively low stiffness of PCL scaffolds with
high degree of overall porosity (in the 80%–95% range) has
limited their use for soft tissue repair applications.18,22 Con-
versely, PCL scaffolds for hard tissue replacement were
prepared successfully by decreasing the overall porosity to
50%–60%.22–25 Nevertheless, the decrease of the overall po-
rosity coupled with the low PCL hydrophilicity may be in
contrast with the requirements for adequate cell colonization
and tissue infiltration as well as nutrient supply in 3D.5,18

Therefore, bone PCL scaffold design strategies must be able
to create hierarchical pore structures to attain simultaneously
optimal mechanical stiffness, mass transport properties, and
cell-tissue colonization/infiltration within the whole scaffold
micro-architecture.

We recently reported a novel approach for the design of po-
rous PCL scaffolds with well-controlled micro-architectures, by
the combination of gas foaming (GF) and selective polymer
extraction (PE) from co-continuous blends.26,27 In these pre-
vious studies, we showed that a PCL scaffold with a bi-
modal pore size distribution promotes and guides hMSC
colonization and proliferation in three dimensions.27 In the
present study, we designed bTE PCL scaffolds with mono-
modal and bi-modal pore size distributions by the GF/PE
process and compared the effect of mono-modal to bi-
modal scaffold pore structure on hMSCs’ spatial organiza-
tion, proliferation, and osteogenic differentiation in vitro.

Materials and Methods

Scaffold fabrication and microstructural
characterization

PCL scaffolds with well-controlled micro-architectures
were prepared by the GF/PE combined technology, as de-
scribed elsewhere.26,27 Briefly, PCL (MW¼ 65 kDa and Tm

598C–648C) and thermoplastic gelatin (TG),28 with a ratio 3/
2 (w/w) PCL/TG were melt mixed at 608C and 80 rpm for
6 min in an internal mixer (Rheomix� 600; Haake) to prepare
a PCL/TG co-continuous blend (Fig. 1). After mixing, the
blend was gas foamed by using a 4/1 (v/v) N2/CO2 blowing
mixture and selecting two different foaming temperatures
(TF): TF¼ 448C, below PCL melting temperature (Tm), was
selected for the preparation of the bi-modal porosity scaffold,
while TF¼ 708C, above PCL Tm, was selected for the prepa-
ration of the mono-modal porosity one (see the scheme re-
ported in Fig. 1). The TG was subsequently removed by
soaking the foamed samples in dH2O at 388C for 1 week.

The morphology, porosity, and pore size distribution of
the scaffolds were evaluated by scanning electron micros-
copy (SEM) (S440; LEICA) and image (Image J�) analyses.
The scaffolds were cross sectioned, gold sputtered, and an-
alyzed at an accelerating voltage of 20 kV. The SEM micro-
graphs were converted first to binary images and further

analyzed by the Image J software to evaluate the overall
porosity, the pore size distribution, and the mean pore size of
the scaffolds. Three different measurements were performed
to assess the overall porosity and the pore size distribution of
the scaffolds, while the mean pore size was determined by
analyzing at least 100 pores for each scaffold type (ASTM
D3576).

The static compression properties of the scaffolds were
determined using an Instron mechanical testing system
(4204; Instron), working at a cross head of 1 mm/min and
with a 1 kN loading cell. A small preload was applied to each
sample to ensure that, before testing, the entire scaffold
surface was in contact with the compression plates. Five disc-
shaped scaffolds (days¼ 10 mm and h¼ 4 mm) were tested

FIG. 1. Scheme of the microstructural evolution of the
system during the gas-foaming/polymer extraction three-
step process. Scanning electron microscopy micrographs of
(a) fracture surface of the 3/2 (w/w) PCL/TG co-continuous
blend; (b, c) cross section of the 3/2 (w/w) PCL/TG co-
continuous blend foamed at TF<Tm and TF>Tm, respectively;
cross section of the (d) bi-modal (TF<Tm) and (e) mono-
modal (TF>Tm) PCL scaffolds. PCL, poly(e-caprolactone);
TG, thermoplastic gelatin.
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for each type and the elastic compression modulus (E) and
yield strength (sY) were determined as the slope of the initial
linear portion of the stress versus strain curve and the
modulus slope at an offset of 1% strain, respectively.

Wettability tests were performed by a Contact angle Sys-
tem OCA20 (Dataphysics) to evaluate the effect of the micro-
architecture of the scaffold on fluid perfusion. A 0.2 mL water
drop was poured onto the scaffolds, and the time required
for the complete fluid penetration (wetting time) was mea-
sured. Forty measurements were performed for each scaffold
type and the results divided in three different groups, FAST
(wetting time <3 s), MIDDLE (ranging from 3 to 10 s), and
SLOW (higher than 10 s).

Bicinchoninic acid (BCA) protein assay (Micro BCATM
Pierce) was performed to assess the presence of gelatin resi-
dues after TG leaching. The scaffolds were sectioned into small
slices to promote reagent diffusion within the pores and the
analysis was performed according to manufacturer’s protocol.

hMSC expansion, seeding, and culture

Bone-marrow-derived hMSCs (Clonetics), at the 7th pas-
sage, were cultured in a-modified Eagle’s medium (Bio
Wittaker) containing 10% (v/v) fetal bovine serum, 100 U/
mL penicillin, and 0.1 mg/mL streptomycin (HyClone) at
378C and 5% CO2.

Before culture, disk-shaped scaffolds (days¼ 10 mm and
h¼ 4 mm) were sterilized by Gamma-irradiation at a dose of
2.5 Mrad for 8 min and at room temperature (RT). The scaf-
folds were then statically seeded with 1�105 cells/scaffold,
re-suspended in 50mL of medium, and placed in 24-well
culture plates (1 scaffold/well), after incubation for 2 h to
allow cell attachment. Subsequently, the cell culture medium
was added to each well to bring the total well volume to
1.5 mL. After 24 h of incubation, the medium was replaced
with the standard culture medium (�OM) or osteogenic dif-
ferentiation medium (þOM; Sigma-Aldrich). þOM consisted
of a-modified Eagle’s medium, 100 nM dexamethasone, 50 M
ascorbic acid-2-phosphate, 10 mM glycerophosphate, 10%
fetal bovine serum, 100 U/mL penicillin, and 100 g/mL
streptomycin. The cell–scaffold constructs were maintained
in culture up to 28 days and the cell culture medium was
changed every 3–4 days.

hMSCs’ seeding efficiency, viability, and proliferation

Cell seeding efficiency, viability, and proliferation were
evaluated by using Alamar Blue assay. The cell–scaffold
constructs were removed from the culture plates at days 1, 7,
14, and 21, washed with phosphate-buffered saline (PBS)
(Sigma-Aldrich), and placed into 24-well culture plates.
About 2 mL of Dulbecco’s modified Eagle’s medium without
Phenol red (HyClone) containing 10% (v/v) Alamar Blue
(AbD Serotec Ltd.) was added to each construct and the
samples were incubated for 4 h at 378C and 5% CO2. The
solution was subsequently removed from the wells and an-
alyzed by a spectrophotometer (multilabel counter, 1420
Victor; Perkin Elmer) at the wavelengths of 570 and 600 nm.
The number of viable cells per scaffold was assessed by
comparing the absorbance values at different culture times
with those of the calibration curve. The calibration curve was
obtained by the correlation between a known cell number

into the 24-well culture plates with the correspondent ab-
sorbance values. Cell seeding efficiency was finally evalu-
ated as the percent ratio between the number of cells at day 1
and the number of cells inoculated at the start.

hMSCs’ morphology, 3D distribution, and proliferation

Cell morphology and 3D distribution were investigated by
confocal laser scanning microscope (CLSM), fluorescence
microscope, and histological analyses. For CLSM analysis,
the cell–scaffold constructs were fixed with 4% paraformal-
dehyde for 20 min at RT, rinsed twice with PBS buffer, and
incubated with PBS-BSA 0.5% to block unspecific binding.
Actin microfilaments were stained with phalloidin tetra-
methylrhodamine B isothiocyanate (Sigma-Aldrich) diluted
in PBS-BSA 0.5% by incubating the cell–scaffold constructs
for 30 min at RT. The constructs were then rinsed three times
with PBS and observed by CLSM (LSM510; Zeiss) using a
10�objective.

Cell invasion and proliferation within 3D scaffolds were
assessed by the analysis of the cross sections of the cell–
scaffold constructs at different culture times. The cell–
scaffold constructs were fixed with 4% paraformaldehyde for
20 min at RT, rinsed twice with PBS buffer, and embedded in
Compound Tissue Tek (OCT; Bio Optica) under 660 mbar
vacuum for 2 h at RT. The samples were then cryostat sec-
tioned, transversal to the seeding surface, to obtain 50- and
90-mm-thick slices. Slice thickness was optimized to allow an
optimal balance between cell detection and single slice han-
dling during the staining protocols. In particular, the 50 mm
sections were stained using hematoxylin–eosin solutions
following standard procedure and analyzed by an optical
microscope (CK40; Olympus). The 90 mm sections were
stained using 40,6-diamidino-2-phenylindole (Sigma-Aldrich)
for nucleus detection. The 40,6-diamidino-2-phenylindole
stock solution (10 mg/mL in dimethyl sulfoxide) was diluted
in PBS (1/104 v/v) and incubated for 10 min at 378C. Sam-
ples were then rinsed three times with PBS and observed by
an inverted fluorescence microscope (IX50; Olympus), using
a 4�objective. The obtained images were then analyzed by
image analysis to quantify the spatial distribution and the 3D
infiltration of the hMSCs into the different portions of the
scaffolds, similar to the method described by Thevenot
et al.29 Briefly, each image was organized in three vertical
zones, TOP (seeding surface), MIDDLE, and BOTTOM,
measuring 1200mm in the seeding direction and, subse-
quently, the number of cell nuclei in each portion was
measured. These values were then divided by the overall cell
number in the whole cross section for the quantification of
the hMSCs’ spatial organization and infiltration. The same
procedure was used to quantify the cell distribution within
the TOP region of the scaffolds by dividing this portion into
200-mm-thick regions. Five images for each sample were used
for the analysis.

hMSCs’ osteogenic differentiation

The osteogenic differentiation of hMSCs was evaluated by
DNA/alkaline phosphatase (ALP) activity measurement,
Alizarin Red staining (ARS), and Osteopontin immunofluo-
rescence. For the DNA/ALP test, at predetermined time
point the scaffolds were washed twice with ice-cold PBS,
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transferred to centrifuge tubes containing 300 mL cell lysis
buffer (10 mM Tris-HCL, 10 mM NaH2PO4/NaHPO4,
130 mM NaCl, 1% Triton X-100, and 10 mM sodium pyro-
phosphate; BD Biosciences), and lysed at �48C for 45 min.
After 5 min of centrifugation, total amount of DNA was
detected using Pico Green Assay (Molecular Probes), while
ALP activity was measured using a biochemical assay
(SensoLyte pNPP ALP assay kit; ANASPEC).

Mineralized matrix synthesis was analyzed by ARS assay
(Chemicon). The cell–scaffold constructs were fixed with 4%
paraformaldehyde solution for 20 min, rinsed three times
with PBS, and incubated with ARS for 30 min. The constructs
were then washed three times with dH2O, incubated with
10% acetic acid for 30 min, and sonicated. After heating at
858C for 10 min, the acidic supernatant pH was neutralized
with 10% ammonium hydroxide. The optical density of the
solution was analyzed by a spectrophotometer working at
405 nm. The concentration of ARS was determined by com-
paring the absorbance values of the cell–scaffold constructs
with ARS standards.

For indirect immunofluorescence analysis, at 21 and 28
days of culture the cell–scaffold constructs were removed from
the wells, fixed in 4% paraformaldehyde in 0.1 M PBS, pH 7.2,
for 30 min at RT. After washing with PBS, constructs were
processed for immunofluorescence labeling. Cells were per-
meabilized for 10 min with 0.1% Triton X-100 in PBS, washed
in PBS, and treated with PBS-BSA 0.5% for 10 min to saturate
nonspecific binding sites. Then, constructs were incubated for
1 h at RT with rabbit anti-human osteopontin (Sigma-Aldrich)
and diluted (1:80 w/v) in PBS-BSA 0.5%. The cell–scaffold
constructs were rinsed twice with PBS for 5 min, and then
fluorescein-conjugated anti-rabbit IgG (Chemicon) diluted
1:50 w/v in PBS-BSA 0.5% was used as a secondary antibody
for 1 h at RT. All the analyses were performed in triplicate.

Statistical analysis

The statistical significance of the results was assessed by
one-way analysis of variance. Tukey post-hoc test at the sig-
nificance level p< 0.05 was used to identify statistically dif-
ferent groups by using Origin� software package.

Results

Microstructural properties of the scaffolds

The GF/PE combined technology is a very powerful tool
to design porous PCL scaffolds with different pore struc-
tures. In particular, as shown in the scheme reported in
Figure 1, different TF resulted in PCL/TG foams character-
ized by different pore structures. Indeed, by performing
foaming step at TF¼ 448C, below Tm, a homogeneous and
highly open porosity may be achieved into the PCL phase
(Fig. 1b), as a consequence of the ability of PCL to crystallize
and stabilize its pore structure.26 Conversely, by performing
foaming at TF¼ 708C, above Tm, the pores nucleated into the
PCL phase completely coalesced and collapsed at the inter-
face with TG phase (Fig. 1c). The final mono-modal and
bi-modal PCL scaffolds were obtained by the selective ex-
traction of the TG from the samples foamed at TF>Tm and
TF<Tm, respectively (Fig. 1d, e).

As reported in Figure 2a, the PCL scaffolds were charac-
terized by comparable overall porosity values (60% ap-

proximately), while evidenced significantly different pore
size ranges and distributions. In particular, the bi-modal
scaffold showed a microporosity with 38� 11 mm mean pore
size and a macroporosity with 312� 77mm mean pore size.
Conversely, the mono-modal scaffold was characterized by
pores in the 80–600 mm size range and by a 325� 190mm
mean size.

Representative s versus e curves resulting from the me-
chanical characterization of the scaffolds are reported in
Figure 2b. The scaffolds evidenced the typical s versus e
trend of porous materials undergoing static compression

FIG. 2. (a) Porosity (inset) and pore size distribution of the
mono-modal and bi-modal PCL scaffolds. The reported
values represent the mean� standard deviation of three
different measurements ( p< 0.05). (b) Representative stress
versus strain static compression curves of the PCL scaffolds
prepared. The inset evidences the elastic regions of the ana-
lyzed scaffolds and the correspondent values of E and sY.
The reported values represent the mean� standard deviation
of five different measurements ( p< 0.05).
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test, with an initial linear elastic region followed by the
progressive collapse of the pores and, ultimately, the densi-
fication region.18,22,30 Further, as shown in the inset of Figure
2b, E and sY increased, respectively, from 9.3� 1.9 MPa and
1.0� 0.4 MPa for the mono-modal scaffold, to 11.4� 1.2 MPa
and 1.6� 0.3 MPa for the bi-modal one.

The wetting time tests were performed to assess the role of
the micro-architecture of the pore structure of the scaffolds
on water perfusion, and the results are reported in Figure 3,
together with SEM micrographs of the surface of the scaf-
folds. As shown in Figure 3a, up to 90% of the wetting times
measured for the mono-modal PCL scaffold were in the
FAST range (mean¼ 0.31� 0.18 s), whereas depleted wetting
times were observed in the MIDDLE and SLOW ranges.
Conversely, 80% of the wetting times measured for the bi-
modal scaffold were almost equally distributed in the FAST
and SLOW ranges (mean wetting times¼ 1.66� 0.88 and
16.26� 6.06 s, respectively), whereas the remaining 20% were
in the MIDDLE range.

The results of the BCA protein assay indicated that the
gelatin residues within the mono-modal and bi-modal scaf-
folds after the leaching process were equal to 7.4�10�6 and
5.1�10�6 g of gelatin per gram of scaffold, respectively.

Cell–scaffold interaction study

In Figure 4 are reported the seeding efficiency and the
proliferation trends obtained by the Alamar Blue test per-
formed on the cell–scaffold constructs at different culture
times. The bi-modal PCL scaffold allowed the adhesion and
colonization of >50% of the hMSCs inoculated at the start,
whereas 30% of initial hMSCs were able to adhere to the
mono-modal one (Fig. 4a). The proliferation results reported
in Figure 4b showed significant differences between the
mono-modal and bi-modal PCL scaffolds. In particular, the
number of viable cells within the mono-modal scaffold in-
creased from 3.3�104 at day 1 to 22.6�104 at day 14, and
subsequently decreased to 7.9�104 at day 21. Conversely,
when cultured within the bi-modal PCL scaffold, the hMSCs
were able to proliferate over time, with a threefold increase
of the number of viable cells from day 1 to 21.

Actin cytoskeleton and nuclei staining analyses were car-
ried out on the cell–scaffold constructs at day 1 of culture to
assess the initial hMSCs’ 3D distribution. The results of this
test are reported in Figures 5 and 6, respectively, evidencing
that cell adhesion, colonization, and infiltration were
strongly affected by the micro-architecture of the pore
structure of the scaffolds. In particular, the hMSCs seeded
within the mono-modal scaffold mainly colonized the po-
rosity close to the seeding surface. Conversely, the bi-modal
scaffold was colonized by the hMSCs on both top and bot-
tom surfaces (Fig. 5b, d), as well as within the interior of the
pore structure (Fig. 6a, b). The analysis of the TOP region of
the cell–scaffold constructs indicated the difficulty of the
mono-modal structure to allow for a sufficient cell coloni-
zation behind the 200-mm-thick region close to the seeding
surface, while confirmed the homogeneous hMSC invasion
within the bi-modal scaffold (Fig. 6c).

CLSM analysis of the seeding surface and hematoxylin-
eosin staining of the cross sections of the cell–scaffold con-
structs, respectively, were performed to assess the hMSCs’
3D proliferation. By comparing the CLSM images reported in

FIG. 3. (a) Wetting time distributions for the mono-modal
and the bi-modal PCL scaffolds. The reported values repre-
sent the mean� standard deviation of the different wetting
time ranges (40 measurements, p< 0.05). The inset showed
the image of the water drop poured on the scaffold surface
(scale bar corresponds to 500 micron). In (b) and (c) are re-
ported low magnification scanning electron microscopy
micrographs of the bi-modal and mono-modal scaffold sur-
faces, respectively.
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Figure 7a and b, it was possible to observe enhanced hMSC
infiltration/proliferation within the bi-modal scaffold if
compared to the mono-modal one. Further, the actin cyto-
skeleton staining of Figure 7c clearly indicated that hMSC
colonization and proliferation occurred preferentially within

the macroporosity of the bi-modal scaffold. These consider-
ations were corroborated by the results of the histological
analysis of the cross sections of the cell–scaffold constructs
reported in Figure 8. Indeed, when cultured within the
mono-modal scaffold, the hMSCs mainly proliferated on the

FIG. 5. Confocal laser scanning microscope images of the top (a, b) and bottom (c, d) surfaces of the cell–scaffold constructs
showing three-dimensional reconstruction of the actin cytoskeleton stained by phalloidin, at day 1. (a, c) Mono-modal
scaffold; (b, d) bi-modal scaffold. Color images available online at www.liebertonline.com/ten.

FIG. 4. (a) Seeding efficiency
and (b) hMSC proliferation
over the culture time mea-
sured by Alamar Blue assay.
The results of these tests
are the average of five
samples� standard deviation.
hMSCs, human mesenchymal
stem cells.
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TOP region of the scaffold, whereas depleted cell prolifera-
tion was observed within the other portions. Conversely, the
more uniform hMSC infiltration within the bi-modal scaffold
at day 1 (Figs. 5 and 6) was responsible for the extensive cell
proliferation into the interior of the construct (Fig. 8). The
results of the histological analysis also confirmed that the
hMSCs were preferentially distributed within the macro-
porosity of the bi-modal scaffold (see the black arrows of
Fig. 8).

In Figure 9 are illustrated the ALP activity results for the
different scaffolds and culture conditions employed. When
culture was performed in the standard medium (�OM), the
ALP activity of hMSCs was almost unchanged over the
culture time for both the scaffolds (Fig. 9a, b), whereas sig-
nificant differences were observed in the ALP values when
the hMSCs were cultured in the osteogenic medium (þOM).

In particular, as reported in Figure 9a, the cells cultured
within the mono-modal PCL scaffold showed a peak in the
ALP expression at 14 days of culture, followed by the ALP
decline during the third week. Conversely, the ALP ex-
pressed by the hMSCs cultured within the bi-modal scaffold
progressively increased over time from day 7 to 21 (Fig. 9b).

The results of ARS and osteopontin analyses are reported
in Figure 10, showing the late osteogenic differentiation of
hMSCs when cultured in þOM within the two different PCL
scaffolds. The calcium deposition of osteogenically induced
hMSCs increased from day 21 to 28 for both the scaffolds, as
evidenced by the ARS data of Figure 10a. However, no sig-
nificant differences in the ARS results were observed by
comparing the mono-modal and bi-modal scaffolds. Im-
munofluorescence analysis revealed an increment of osteo-
genic differentiation marker, osteopontin, over the culture

FIG. 6. (a) Fluorescence microscope images of the cross sections of the cell–scaffold constructs at day 1, evidencing the cell
nuclei stained by 40,6-diamidino-2-phenylindole. Scale bar corresponds to 200mm. (b) hMSC infiltration into the TOP,
MIDDLE, and BOTTOM regions of the scaffolds at day 1. (c) hMSC distribution into the TOP portion of the scaffolds at day 1.
Color images available online at www.liebertonline.com/ten.
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time, for both the scaffolds, in agreement with the ARS re-
sults (Fig. 10b–e). Nevertheless, osteopontin expression was
higher on the mono-modal scaffold surface than the bimodal
one (compare Fig. panels 10d and 10e).

Discussion

The correct design of bTE scaffolds requires approaches
capable to simultaneously satisfy key biological and micro-
structural requirements. However, the demand of improving
cell colonization and fluid transport often needs scaffolds
characterized by high surface-to-volume ratios and, conse-
quently, is in contrast with the high mechanical response
required for load-bearing applications.5,23

The main target of this study was to design biocompatible
and biodegradable PCL scaffolds for bTE characterized by
different pore structures, and to assess how the topological
properties of the porous network affect the infiltration, pro-
liferation, and osteogenic differentiation of hMSCs in vitro.

The PCL scaffolds were designed by the GF/PE combined
process. As reported in the scheme of Figure 1, this technique
allowed the fine-tune of the topological properties of the
pore structure of the scaffold by controlling the TF. In par-
ticular, by selecting TF¼ 448C, we prepared a bi-modal PCL
scaffold characterized by a GF rounded microporosity in-
terconnected with an elongated macroporosity created by the
selective TG extraction (Figs. 1d, 2a, and 3b). Conversely,
when prepared at TF¼ 708C, the PCL scaffold showed a
mono-modal pore size distribution (Figs. 1e, 2a, and 3c). The
presence of a bi-modal pore size distribution is one of the

most important design aspect of the proposed technique.
Indeed, the elongated macroporosity, typical of the porous
scaffolds prepared by the PE technique31 and characterized
by a 312� 77 mm mean pore size, may provide the necessary
substrate for cells to adhere, proliferate, and infiltrate within
the scaffold.32 Further, the 38� 11mm mean pore size mi-
croporosity obtained by the GF process may allow for the
preferential diffusion of the fluids necessary for cell survival
and biosynthesis in three dimensions.5 It is also important to
point that both scaffolds, mono-modal and bi-modal, were
characterized by wide 100–500 mm pore size fractions (Fig.
2a), therefore well matching the optimal pore size indicated
for bTE.21–25

Providing adequate mechanical support is a critical bTE
PCL scaffold requirement.22,25,33 As shown in Figure 2b, the
PCL scaffolds prepared in this study may provide ade-
quate mechanical properties for hard tissue replacement/
regeneration.23 Similar results have been reported by Lebourg
et al. and Yao et al. for 60% porous PCL scaffolds prepared
by using compression-molding and particle-leaching pro-
cesses.18,22 Recently, PCL scaffolds with enhanced mechani-
cal responses have been obtained by using solid free-form
fabrication processes.23,24,34 However, if specifically required,
the mechanical response of the GF/PE scaffolds may be en-
hanced by the incorporation of suitable bioactive ceramic
fillers within the PCL matrix.23,24

The hydrophobic surfaces of PCL scaffolds may be detri-
mental to achieve an optimal seeding efficiency under static
conditions and may also hinder the proliferation activity of os-
teogenic cells.35 The results of the wetting time measurements

FIG. 7. Confocal laser scanning microscope images related to z-stacks of the cell–scaffold constructs at 14 days of culture
showing the hMSC colonization into the porosity close to the seeding surface. YZ plain reconstruction of (a) mono-modal and
(b) bi-modal cell–scaffold constructs. (c) XY reconstruction of the bi-modal cell–scaffold construct at different z-positions.
Scale bars represent 200 mm. Color images available online at www.liebertonline.com/ten.
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reported in Figure 3 showed a clear relationship between
wetting time and scaffold pore structure. In particular, dif-
ferently from the mono-modal scaffold, which showed up to
90% of FAST wetting times, the bi-modal scaffold evidenced
80% of the overall wetting times equally distributed in the
FAST and SLOW intervals. This effect can be explained by
considering the ability of the macroporosity to accommodate
larger volumes of fluid if compared to the microporosity
and, therefore, to allow a faster fluid drainage.36 So, de-
pending on the water drop–scaffold interface, the preferen-
tial water perfusion through the macroporosity (FAST) and
through the microporosity (SLOW) was observed (Fig. 3).
However, because of the impossibility to fine-dispense the
water drop directly on the microporosity or on the macro-

porosity, 20% approximately of the wetting times were de-
tected in the MIDDLE range (Fig. 3a). In addition, we cannot
exclude that also the low residual gelatin amounts, detected
by the BCA analysis, may affect the wetting time distribution
of the mono-modal and bi-modal scaffolds.

The results of the cell–scaffold interaction study reported
in Figures 4–10 showed significant differences in hMSC
colonization, proliferation, and osteogenic differentiation
with respect to the different scaffold pore structure. Indeed,
despite to the ability of both scaffolds to support hMSC ad-
hesion and proliferation, enhanced cell seeding efficiency
and a more homogeneous cell colonization/proliferation
were observed for the bi-modal scaffold. In particular, the
trends reported in Figure 4b showed a faster cell proliferation

FIG. 8. Representative light images of the transverse sections of the cell–scaffold constructs, stained with hematoxylin–eosin
at 1 and 14 days of culture. The black arrows indicate some representative cells into the scaffold micro-architecture. The insets
are high magnification images of the seeding surface of the cell–scaffold constructs. Color images available online at
www.liebertonline.com/ten.
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within the mono-modal scaffold from day 1 to 14 of cul-
ture. However, differently from the mono-modal scaffold
for which we observed a marked decrease in the number of
viable cells in the third week of culture, the number of viable
cells within the bi-modal scaffold increased up to three times
from day 1 to 21 (Fig. 4b). These differences may be ex-
plained by considering that cell proliferation and phenotypic
expression are strongly affected by cell seeding density and
spatial distribution.16,37,38 As shown by CLSM, fluorescence
microscope and histological analyses, up to 90% of the
hMSCs inoculated within the mono-modal scaffold, were
distributed into the region close to the seeding surface (Figs.
5, 6, and 8) and, therefore, were directly exposed to the nu-
trients available in the culture medium. As a direct conse-
quence, these cells rapidly proliferated and colonized all the
pores of the TOP region of the scaffold, creating a dense cell
sheet after 14 days of culture (Fig. 8). The limited space
available for cells to further proliferate in the TOP region of
the scaffold, coupled with the difficulty of nutrients to reach
the cells located in the inner part of the scaffold, may be
responsible for the observed decrease in the number of viable
cells from day 14 to 21. On the other hand, the topological
properties of the pore structure of the bi-modal scaffold re-
sulted in very homogeneous hMSC colonization and infil-
tration and, therefore, in a rather low local cell density within
the scaffold. This 3D hMSC distribution may explain their
slower proliferation rate within the bi-modal scaffold. It is
also important to point that, in this case, the proliferation
activity of the cells located inside the scaffold can be partially
impaired by the lower nutrient supply, inevitably occurring
for cell–scaffold construct cultured under static condi-
tions.5,32 Nevertheless, these results are in agreement with
those recently reported in literature, evidencing that porous
scaffolds with elongated macroporosity may enhance cell
and tissue infiltration in vitro.32

ALP expression is an early marker of osteoblast matura-
tion and, therefore, is one of the most commonly used
markers of osteogenesis.12,24 Since PCL alone is not expected
to induce hMSC osteogenic differentiation in vitro, we cul-
tured hMSCs in �OM and þOM conditions. As also evi-

denced for cell proliferation, the osteogenic differentiation of
hMSCs within the two scaffolds was strongly different. No
significant osteogenic differentiation was observed for the
�OM hMSC cultures (Fig. 9). Conversely, differences in the
osteogenic differentiation were observed between mono-
modal and bi-modal PCL scaffolds in presence of the þOM
culture medium. In particular, our results indicate that the
mono-modal PCL scaffold allowed a fast rate of osteogenic
differentiation, characterized by the typical peak at 14 days,
followed by the decrease in the ALP activity at later culture
times.12,39 Conversely, the ALP activity of hMSCs cultured
within the bi-modal PCL scaffold progressively increased up
to four times from day 7 to 21 of culture (Fig. 9b). As also
indicated by cell proliferation data (Fig. 4b), the different
ALP activity expressed by the hMSCs when cultured within
the two different scaffolds may be mainly related to the ra-
ther low number of seeded cells (Fig. 4a), as well as to their
spatial organization and distribution. The cells seeded on the
mono-modal PCL scaffold are mainly distributed within its
TOP region (Figs. 5–8), resulting in a complete exposure to
the osteogenic medium and also in a higher degree of cell–
cell communication. Therefore, these cells expressed a very
fast differentiation activity, according to previously reported
results.12 Conversely, ALP levels of the hMSCs cultured
within the bi-modal PCL scaffold did not reach the maxi-
mum, probably because of the lower local cell density, re-
sulting from the more homogeneous cell distribution (Figs.
5–8).12,37 Several studies investigated the effect of seeding
density on in vitro osteogenic differentiation of bone cells
cultured within porous scaffolds.37,39,40 For instance, Lode
et al. showed that, in the first 21 days of in vitro culture, lower
seeding density resulted in higher ALP activity of human
bone marrow stromal cells.39 Similar results were also re-
ported by Zhou et al. for human alveolar osteoblasts seeded
within PCL/calcium phosphate scaffolds.40 However, with
respect to our work, in the previously cited studies the au-
thors used different cell sources, higher cell seeding densities,
as well as porous scaffolds characterized by homogeneous
micro-architectures, making, therefore, quite difficult a direct
comparison with our results. Further, no many works fo-

FIG. 9. Osteogenic differentiation of hMSCs cultured under standard (�OM) and osteogenic medium (þOM): (a) mono-
modal and (b) bi-modal PCL scaffolds. ALP, alkaline phosphatase.
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FIG. 10. (a) Alizarin Red staining results of osteogenically induced hMSCs cultured within the mono-modal or bi-modal
PCL scaffolds. Immunostaining of osteopontin on the seeding surfaces of the (b, d) mono-modal and (c, e) bi-modal scaffolds.
(b, c) Day 21 and (d, e) day 28 of cell culture. Color images available online at www.liebertonline.com/ten.
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cusing on a comparison between isotropic and anisotropic
scaffold pore structures in affecting proliferation and osteo-
genic differentiation of MSCs in vitro have been reported.

The data concerning the ALP activity were supported by
the results of the ARS and immunofluorescence analysis
reported in Figure 10. These tests evidenced the increase of
calcium deposited by the osteogenically induced hMSCs
over time (Fig. 10a). Recent studies on hMSCs differentia-
tion in PCL scaffolds are in general agreement with our
ARS results, showing matrix mineralization already at 21–
28 days for þOM cell cultures.41,42 Moreover, a significant
increment of calcium deposition at longer culture time, up
to 8 weeks, has been also reported.42 The similar amounts of
deposited Ca2þ in the mono-modal and bi-modal scaffolds
observed up to 28 days of culture (Fig. 10a) could not
therefore exclude the possibility to observe significant dif-
ferences in calcium deposition at longer culture time. In
agreement with ARS results, expression of the osteogenic
marker, osteopontin, increased from day 21 to 28 for both
the samples (Fig. 10b–e). However, the fluorescence inten-
sity of osteopontin signal was higher on the seeding surface
of the mono-modal scaffold than on the bi-modal one, es-
pecially at 28 days of culture. As mentioned above for cell
proliferation and ALP expression results, these observa-
tions reflected the different hMSCs’ spatial distribution
within the two PCL scaffolds prepared. Indeed, the en-
hanced osteopontin expressed by the hMSCs onto the
seeding surface of the mono-modal scaffold was directly
related to the higher cell number within the TOP region of
the pore structure of the scaffold (Figs. 5, 6, and 8). Con-
versely, by considering the colonization and ARS results
obtained for the hMSCs cultured within the bi-modal
scaffold (Figs. 6 and 10a), the lower osteopontin expression
onto the seeding surface may suggest an enhanced osteo-
genic expression within the interior of the construct.

Conclusions

In this study we investigated the role of bone PCL scaffold
micro-architecture on in vitro hMSC colonization, prolifera-
tion, and osteogenic differentiation in three dimensions.

PCL scaffolds with microstructural properties, mainly
porosity and pore size distributions and mechanical com-
pression properties, suitable for load-bearing applications
were designed by the GF/PE combined process. In particu-
lar, by varying the TF we reported the possibility of pre-
paring PCL scaffolds with a mono-modal or a bi-modal pore
size distribution and characterized by static compression
properties appropriate for bTE applications. Further, the
biocompatibility of the scaffolds was assessed in vitro by
using hMSCs.

The results of this study demonstrated that scaffold micro-
architecture plays a key role in guiding hMSCs’ invasion,
proliferation, and osteogenic differentiation in vitro.

Acknowledgment

This research has been supported by a grant from the
Italian Ministry of Health, TISSUENET n. RBPR05RSM2.

Disclosure Statement

No competing financial interests exist.

References

1. Langer, R., and Vacanti, J.P. Tissue Engineering. Science 260,

920, 1993.
2. Causa, F., Netti, P.A., and Ambrosio, L. A multi-functional

scaffold for tissue regeneration: the need to engineer a tissue
analogue. Biomaterials 28, 5093, 2007.

3. Leong, K.F., Chua, C.K., Sudarmadji, N., and Yeong, W.Y.
Engineering functionally graded tissue engineering scaf-
folds. J Mech Behav Biomed Mater 1, 140, 2008.

4. Harrison, J., Pattanawong, S., Forsythe, J.S., Gross, K.A.,
Nisbet, D.R., Beh, H., Scott, T.F., Trounson, A.O., and Mol-
lard, R. Colonization and maintenance of murine embryonic
stem cells on poly(a-hydroxy esters). Biomaterials 25, 4963,
2004.

5. Karande, T.S., Ong, J.L., and Agrawal, G.M. Diffusion in
musculoskeletal tissue engineering scaffolds: design issues
related to porosity, permeability, architecture, and nutrient
mixing. Ann Biomed Eng 32, 1728, 2004.

6. Mastrogiacomo, M., Scaglione, S., Martinetti, R., Dolcini, L.,
Beltrame, F., Cancedda, R., and Quarto, R. Role of scaffold
internal structure on in vivo bone formation in macroporous
calcium phosphate bioceramics. Biomaterials 27, 3230, 2006.

7. Kassem, M., and Abdallah, B.M. Human bone-marrow-
derived mesenchymal stem cells: biological characteristics
and potential role in therapy of degenerative diseases. Cell
Tissue Res 331, 157, 2008.

8. Horwitz, E.M. Stem cell plasticity: the growing potential of
cellular therapy. Arch Med Res 34, 600, 2003.

9. Waese, E.Y.L., Kandel, R.R., and Stanford, W.L. Application
of stem cells in bone repair. Skeletal Radiol 37, 601, 2008.

10. Wang, H., Li, Y., Li, J., Ma, S., and Cheng, L. Biocompat-
ibility and osteogenesis of biomimetic nano-hydroxyapatite/
polyamide composite scaffolds for bone tissue engineering.
Biomaterials 28, 3338, 2007.

11. Dalby, M.J., Gadegaard, N., Tare, R., Andar, A., Riehle,
M.O., Herzyk, P., Wilkinson, C.D.W., and Oreffo, R.O.C.
The control of human mesenchymal cell differentiation us-
ing nanoscale symmetry and disorder. Nat Mater 6, 997,
2007.

12. Mygind, T., Stiehler, M., Baatrup, A., Li, H., Zou, X.,
Flyvbjerg, A., Kassem, M., and Bünger, C. Mesenchymal
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