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Abstract
Guiding bone regeneration poses still unmet challenges due to several drawbacks of current standard
treatments in the clinics. A possible solutionmay rely on the use of three-dimensional scaffolds with
optimized structural properties in combinationwith humanmesenchymal stem cells (hMSCs). Bone
presents a radial gradient structure from the outside, where the cortical bone ismore compact
(porosity ranging from5% to 10%), toward the inner part, where the cancellous bone ismore porous
(porosity ranging from50% to 90%). Here, we present a new scaffold designwith a built-in gradient in
porosity, which approximate the radial bone structure. The pores of the outer ringwere 500 μm, the
ones in themiddle zonewere 750 μmand the inner part presented pores of 1000 μm.The porosity of
each scaffold region resembled the gradient present in bone, with the outer ring having a porosity of
29.6%±5%, themiddle and inner regions a porosity of 50.8%±8.1% and 77.6%±3.2%
respectively. hMSCs behavior was analyzed in terms of growth, extracellularmatrix deposition and
differentiation toward the osteogenic lineage. A trendwas displayed by the hMSCs residing in different
zones of the gradient scaffolds after 7, 14 and 28 days of culture inmineralizationmedium.Osteogenic
differentiationwas influenced by pore size and location in scaffolds displaying a radial porosity
gradient. Cell differentiationwas confirmed by gene expressionwith upregulation of Runx2 and bone
sialoproteinmarkers.Mineralization staining further confirmed thematuration of cell differentiation,
as indicated by the presence of calcium and phosphatemineral deposits.

1. Introduction

Bone is the secondmost common transplanted tissue in
the clinics. Bone is also one of the few tissues in our body
with the highest capacity to regenerate after an injury.
Yet, for severe critical sized defects, such regenerative
capacity is impaired. Hence, bone regeneration is still a
keyfield among regenerativemedicine applications. The
golden standard for bone replacement relies on auto-
grafts and allografts, the use of biological material
harvested mainly from the iliac crest of the patient or
from a deceased donor [1]. Among their advantages, the
former possess desirable properties such as osteoinduc-
tivity and osteoconductivity [2], which are needed in
order to promote bone repair. The latter present a lower

percentage of graft incorporation and lower osteogenic
properties. Beside their common use, these biological
substitutes present several drawbacks such as donor-site
morbidity (autograft), limited tissue availability and
surgery complications [3]. Furthermore, allografts pre-
sent the additional problem of risk of immune rejection
and of pathogen transmission fromdonor to host [4]. In
order to overcome these problems, a considerable effort
has been done for developing convenient alternatives
that will promote the regenerative ability of the host
body [5]. Among these, the use of 3D scaffolds able of
guiding and supporting cell activity has gained a lot of
interest.

Several techniques such as gas foaming [6, 7],
freeze drying [8], solvent casting and salt leaching have
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been used to generate scaffolds [9, 10]. Even though
they are easy to implement, the resulting scaffolds lack
several key properties, such as pore interconnectivity
and mechanical properties, and present limitations in
terms of tuning their pore network architecture. In
order to overcome these limitations, in the past decade
additive manufacturing (AM) emerged as alternative
technique for scaffolds production. Thanks to the
computer aided design and computer aided manu-
facturing (CAD–CAM) process, pore size and shape,
fiber size and material composition can be varied dur-
ing scaffold fabrication allowing, for example, the gen-
eration of gradient structures. In particular, extrusion-
based AM technologies involve the use of a moving
extrusion head that operates in the X and Y axes. The
biomaterial of choice, typically a polymer, is heated
above its melting temperature to reach a viscous state,
and extruded from a nozzle in thin layers onto a stage.
After the completion of each layer, the height of the
extrusion head is increased and the next layer is plot-
ted [11]. It has been already proved that this technique
can be used to produce complex 3D scaffolds with
defined porosity, pore size and interconnectivity [12].

Another important factor in tissue regeneration
relies on the choice of a specific cell type. For bone
regeneration already terminally differentiated cells
such as osteoblasts can be used and would be the most
logical choice. However, a further bone defect would
be needed to obtain these cells. A valid alternative to
osteoblasts is represented by mesenchymal stem cells
(MSCs), also known as skeletal stem cells or bonemar-
row stromal cells [13]. It has been proved that these
progenitor cells can differentiate into osteogenic,
chondrogenic and adipogenic lineages [14] and pre-
serve this differentiation potential after in vitro expan-
sion [15]. Bone marrow, periosteum, adipose tissue,
umbilical cord and placenta are considered possible
humanMSC sources [16]. Their differentiation can be
driven by several environmental cues such as material
physico-chemical properties (stiffness, surface energy)
[17, 18], scaffold structural properties (porosity and
pore shape) [19, 20], and the presence of soluble fac-
tors (BMPs, TGF-βs) [21–23].

Apart from the general desirable characteristics of
biocompatibility, osteoinductivity and osteo-
conductivity, the ideal scaffold for bone tissue regen-
eration should possess adequate mechanical and
structural properties [24]. The scaffold should have
enough mechanical strength to maintain the proper
architecture withstanding the hydrostatic pressure
[25]. Once implanted, the construct should theoreti-
cally alsomatch themechanical properties of the living
bone to allow an early mobilization of the injured site
[26]. Regarding the scaffold architecture, the construct
should have pores within the range of 200–900 μm
and a fully interconnected pore network to allow cell
and tissue in-growth and an efficient distribution of
nutrients and oxygen [26]. However, it must be con-
sidered that an increase of the porosity coincide with a

decrease of the mechanical properties [27], therefore a
proper balance between these two elements is needed.
Bones of the adult skeleton do not have a homo-
geneous structure, as they are composed by two
regions that display different architectures. The outer
highly dense region, known as cortical bone, has a por-
osity that ranges from 5% to 30% (mostly in the range
5%–10%) whereas the inner region, called cancellous
bone, has a porosity that ranges from 50% to 90%.
Due to the differences in porosity, cancellous bone has
an elastic modulus and an ultimate compressive
strength 10 times lower than the one of cortical
bone [28].

Considering these gradient structural properties
related to bone porosity and pore size, an appealing
new strategy to design scaffolds for bone regeneration
could rely on approaching such structure to promote
regional cell differentiation. We have already shown
that axial gradients in pore size and architecture can
improve hMSCs differentiation toward the osteogenic
or chondrogenic lineages [29]. Therefore, in the pre-
sent study we hypothesized that it is unlikely that a
uniform porous biomaterial can be suitable for cor-
tical bone regeneration either. Inspired by cortical
bone architecture, we fabricated for the first time hier-
archical scaffolds with a new radial graded porosity in
order to mimic the variation in bone density from the
cortical bone to the cancellous bone. We studied whe-
ther such graded pore size and porosity has an influ-
ence on humanMSCs behavior.

2.Materials andmethods

2.1. Scaffold design, plotting and characterization
2.1.1. Scaffold plotting
Scaffolds were fabricated via an extrusion-based AM
technology (Bioscaffolder, SysENG, Germany). Scaf-
folds were made of poly(ethylene oxide therephta-
late)/poly(butylene therephtalate) (PEOT/PBT).
PEOT/PBT is a family of block co-polymers char-
acterized by an aPEOTbPBTc nomenclature, where a
is themolecular weight of the starting PEGblock and b
and c are the PEOT/PBT ratio. Briefly, the syringe was
filled with the polymer (300PEOT55PBT45, PolyVa-
tion, TheNetherlands), heated at 190 °C, and extruded
by applying a pressure of 5 bar, an auger screw rotation
of 100 rpm and a cartridge translation speed of
250–325 mmmin−1. The scaffold architecture was
determined by a 0–90 layer configuration where fibers
were deposited with a 90° orientation steps between
successive layers. The final scaffold was characterized
by a cylindrical shape with a height of 3.75 mm and an
outer diameter of 12 mm (the inner and middle
diameter were 4 and 8 mm, respectively). The fiber
diameter and height was kept constant at 250 μm and
150 μm. To produce the radial porosity gradient
(RPG) constructs, the fiber spacing was varied from
500 μm in the outer region to 750 μm in the middle
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region, and to 1000 μm in the inner region. Three
types of scaffold were used as control. Two were
fabricated with a homogeneous porosity, in particular
maintaining the smallest (500 μm) and the biggest
(1000 μm) fiber spacing of the RPG scaffolds. The
third one was designed with an inverted gradient of
porosity (IPG), with the biggest pore volume outside
and the smallest inside.

2.1.2. Porosity evaluation
The porosity of the RPG and control scaffolds was
evaluated following Landers et al theoretical approach
[30]:

*
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Where, P is the scaffold porosity, while d1 is the fiber
diameter, d2 is the fiber spacing, and d3 is the layer
thickness of each scaffold.

2.1.3.Mechanical characterization
The mechanical properties of RPG scaffolds and
relative controls in wet and dry conditions were
evaluated through uniaxial compression tests. For
each configuration, 4 samples were analyzed. The
length-to-diameter (L/d) aspect ratio (1/3) provided a
uniform compression stress in the region where the
strain was measured. This value is the best compro-
mise for cylindrical samples to avoid spurious bending
or buckling (if L/d?1/3) or a state of not uniaxial
compression (if L/d=1/3). In our case, L/
d≈ 0.319≈ 1/3 for the fabricated scaffolds. Samples
were positioned in a standard compression block and
aligned to the 500 N load cell of a Zwick testing
machine. To evaluate the influence of an aqueous
environment and possible perfusion effects, tests were
performed under two different environmental condi-
tions: in a nitrogen atmosphere (dry condition) and in
culture medium (alpha-MEM) at 37 °C (wet condi-
tion). In the second case, the samples were left
overnight in the medium at 37 °C. All the specimens
were preloaded with 0.1 N and preconditioned by a
series of ten cycles until reaching a strain of 5% with a
strain rate of 1 mmmin−1 to reduce the hysteresis.
Subsequently, the scaffolds were compressed at
1 mmmin−1 until failure. From the stress–strain
curve, the elastic region and the Young’s modulus (E)
were evaluated.

2.2. Cell seeding and culture
2.2.1. Cell expansion and culture conditions
Pre-selected hMSCs (male, age 22) were purchased
from Prockop laboratories (Temple, Texas). Cells at
passage 2 were expanded at initial seeding density of
about 1000 cells cm−2 in proliferation medium at
approximately 80% confluency prior the seeding on
3D scaffolds. Cells were grown at 37 °C in a humidified
atmosphere with 5% CO2. Basic medium (BM) was
used after cell seeding on the scaffolds as control for

mineralization medium (MM). BM consisted of alpha
minimum essential medium (MEM-α, Gibco) supple-
mented with 10% fetal bovine serum (FBS, Lonza),
L-glutamine (2 mM, Gibco), penicillin (100 Uml−1,
Gibco) and streptomycin (100 μg ml−1, Gibco), and
ascorbic acid (0.2 mM, Sigma). MM, used for cell
differentiation toward the osteogenic lineage, con-
sisted of BM containing 10 nM dexamethasone
(Sigma) and 0.01 M β-glycerophosphate (BGP,
Sigma). During cell expansion, proliferation medium,
which consisted of BM supplemented with basic
fibroblast growth factor (1 ng ml−1, bFGF, Instru-
chemie)was used.

2.2.2. Cell seeding and culture on FDM-scaffolds
The scaffolds were sterilized in 70% ethanol for
45 min, subsequently washed twice in PBS for 5 min
andfinally incubated in BMovernight to pre-wet them
and promote protein adsorption. Before seeding,
scaffolds were dried and placed in a non-treated 24-
well plate (NUNC). Harvested P3 hMCs were seeded
on scaffolds with a density of 500 000 cells in 100 μl of
BM. To obtain a homogeneous distribution in static
conditions, the scaffolds were ideally divided into 4
quadrants and the initial seeding volume was split into
4 drops of 25 μl (125 000 cells/drop), one for each
quadrant. After 4 h of incubation in which cells were
allowed to adhere, the medium was filled up to 1.5 ml.
The next day, medium was changed to the exper-
imental culture conditions (BM and MM). The media
were refreshed every 2–3 d and every time the scaffolds
were rotated of 180° in order to reduce the effect of the
gravity force. Cells were grown at 37 °C in a humidified
atmospherewith 5%CO2.

2.3. Biochemical analysis
All the biochemical studies were performed after 7, 14
and 28 d of culture in MM and BM. DNA and ALP
assays were performed in a ‘partition’ manner: the
three different areas of the scaffolds (outer,middle and
inner part) were divided using a cutter and analyzed
separately in order to have a better understanding of
how cellular behavior is affected by each porosity.
Triplicates were used for each condition at each time
point.

2.3.1. DNAassay
Cell number per area was obtained from the μg of
DNA, calculated with CyQuant DNA assay kit (Mole-
cular Probes, Invitrogen) according to the manufac-
turer’s description. Briefly, after the separation of the
three areas of the scaffolds, they were further cut in
order to improve the lysis efficiency. Samples were
stored at −20 °C and freeze-thawed 5 times. After-
wards, cells within the scaffolds were lysated using the
same cell lysis buffer used for the ALP activity assay.
After 1 h of incubation at room temperature, the
samples were sonicated (Branson Sonifier) twice for
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15 s. To avoid the interference caused by the binding
of the dye to the RNA, 100 μl of the samples were
incubated for 1 h at room temperature with 100 μl of
lysis buffer provided by the kit (Component B diluted
in 180 mMNaCl, 1 mMEDTA in distilled water in the
ratio 1:20) in which RNAse was diluted 1000 times.
Quantification of the total DNA was performed using
a green fluorescent dye provided by the kit (excitation
480 nm, emission 520 nm). Fluorescence was mea-
sured at 480 nm using a spectrophotometer LS50B
(Victor 3, Perkin Elmer) and DNA concentrations
were calculated from a λ DNA standard curve. Cell
density in each area of the gradient scaffolds was
calculated bymeasuring theDNA content of each area,
which was normalized by the pore volume of total
amount of pores in that area of the scaffold.

2.3.2. ALP activity assay
Constructs were incubated for 1 h at room temper-
ature in a cell lysis buffer composed of 0.1 M KH2PO4

and 0.1% Triton X-100 (Acros Chemicals), at pH 7.8.
ALP activity quantification was performed using a
CDP-Star kit (Roche), according to themanufacturer’s
protocol. Briefly, 40 μl of CDP-Star reagent were
added to 10 μl of cell lysate. After 15 min of incubation
at room temperature in the dark, ALP activity was
measured with a spectrophotometer LS50B (Victor 3,
Perkin Elmer). The obtained values were normalized
to the DNA amount per area and to the single pore
volume in order to take into account also the structural
differences between the areas. Average conditions
were represented as a relative value as all the results
were compared to the ALP activity found in the inner
part of the radial scaffold cultured in BM for 7 d.

2.4. Gene expression analysis
Gene expression studies were performed after 7, 14 and
28 d of culture in MM and BM. Also in this case the
analyses were performed in a partitionmanner, dividing
the three areas with different porosity. Quadruplicates
were used for each condition at each timepoint.

2.4.1. RNA isolation and cDNA synthesis
In order to analyze the expression of osteogenic
markers, samples were cut and transferred to 2 ml
eppendorf tubes. Before storing at −80 °C, 750 μl of
TRIzol® (Invitrogen) were added. In order to isolate
the RNA, 150 μl of chloroform were added to all the
samples and mixed by vigorously shaking the tubes.
The obtained mixture was centrifuged at 12 000 g for
20 min at 4 °C. The aqueous clear phase containing
the RNA was transferred into a new eppendorf tube

andmixed with an equal quantity of 70% ethanol. The
product was transferred to the filter columns taken
from ISOLATE II RNA mini kit (Bioline) for RNA
isolation and the following steps were performed
according to the manufacturer’s protocol. RNA was
eluted in 40 μl of RNAse-free water and its concentra-
tion and purity was determined using an ND1000
spectrophotometer. For cDNA synthesis, iScript™
(Bio-Rad) was used according to manufacturer’s
protocol.

2.4.2. Quantitative polymerase chain reaction (qPCR)
The obtained cDNA was used to perform qPCR with an
iQ SYBR®Green Supermix (Bio-Rad). Primers are listed
in table 1. PCR reactions were performed using CFX
Connect™ Real-Time System (Bio-Rad) under the
following conditions: cDNA was denaturated for 10min
at 95 °C, followed by 40 cycles consisting of 15 s at 95 °C,
15 s at 60 °C and 15 s at 72 °C. A melting curve was
generated for each reaction in order to test primer dimer
formation and non-specific amplification. The cycle
threshold (CT) valuesweredeterminedusing theBio-Rad
iQ5 optical system software, in which a threshold value
was set for the fluorescent signal in the lower log-linear
part above the baseline. The obtained CT values were
normalized to the ones of the housekeeping gene (B2M)
and to theΔCT, which is the subtraction of the CTvalue
from the average of the CT of the control condition. The
results were expressed as the relative mRNA expression
calculated as 2-ΔCT, and successively normalized to the
gene expression level determined in the inner part of the
radial scaffold after 7dof cell culture inBM.

2.5. Imaging
2.5.1. Scanning electron microscopy (SEM) and energy-
dispersive x-ray spectroscopy (EDX) analysis
Cell attachment and distribution after 24 h, 7, 14 and
28 d were observed using a Philips XL ESEM-FEG.
Scaffolds were rinsed twice with PBS and fixed in 10%
formalin for 30 min. Subsequently, the samples were
cut in progressive sections and dehydrated in sequen-
tial ethanol series (50%, 60%, 70%, 80%, 90%, 96%
and 100%), 30 min for each concentration. For the
final dehydration step, scaffolds were immersed in
hexamethyldisilazane (Sigma-Aldrich) and the solvent
was left to evaporate overnight. Finally samples were
gold sputtered (Cressington) prior to SEM analysis.
SEM images were obtained under high vacuum with
an acceleration voltage of 10 kV and a working
distance of 25 mm. An EDX (Ametek, USA) system
integrated to the SEM was used in order analyze the
possible co-localization of calcium (Ca) and phosphate

Table 1. List of primers used for gene expression analysis in RPG and control scaffolds.

Gene Forward primer Reverse primer

B2M ACAAAGTCACATGGTTCACA GACTTGTCTTTCAGCAAGGA

Runx2 TGGTTACTGTCATGGCGGGTA TCTCAGATCGTTGAACCTTGCTA

BSP CCCCACCTTTTGGGAAAACCA TCCCCGTTCTCACTTTCATAGAT

4
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(P) in the extracellular matrix. The spectra were taken
under high vacuum with an acceleration voltage of
10 kV and aworking distance of 10 mm.

2.5.2. Alizarin red S staining
Calcium mineralization was qualitatively determined
by alizarin red S staining after 28 d of culture. Samples
were fixed in 10% formalin for 30 min and washed
twice with distilled water. Subsequently, scaffolds were
cut in progressive sections in order to analyze calcium
deposition also in the inner part. Each section was
stained with alizarin red S for 2 min and washed
several times with distilled water. Pictures were taken
using a stereomicroscope (Nikon SMZ800 with
Q-imaging Retiga 1300 camera).

2.6. Statistical analysis
A one-way statistical analysis of variance followed by a
Tukey’s post hoc test was used with a significant level p
of 0.05 to determine differences between the groups.
To evaluate the differences between BM and MM, a
two-tailed Student’s t-test was performed. The con-
fidence level was set to 0.05. Values in this study are
reported asmean and standard deviation.

3. Results

3.1. Scaffold characterization
3.1.1. Real porosity evaluation
SEM images were used in order to measure the real
values offiber diameter (d1),fiber spacing (d2) and layer
thickness (d3) (figure 1). The values of d1 and d3 were
theoretically kept constant in the different areas and
their values were set to 250 μm and 150 μm, respec-
tively. The layer thickness revealed consistency between
the theoretical and the real values. Moreover, it was
constant in the different areas of the scaffold as d3 real
values were 153 μm±12 μm, 157 μm±10 μm and
154 μm±12 μm in the internal, middle and external
areas, respectively.

Higher differences were observed in the fiber dia-
meter, as d1was 202 μm±15 μm in the internal part,
282 μm±29 μm in the middle part and
261 μm±43 μm in the external one. Fiber spacing
was the only parameter that changed in order to have
different pore volumes in the three areas of the RPG
scaffolds. The obtained values were consistent with the
theoretical ones, as d2 was 475 μm±4 μm in the
external part, 750 μm±26 μm in themiddle part and
939 μm±20 μm in the internal one. The real poros-
ities of each region are listed in table 2.

3.1.2.Mechanical characterization
The mechanical properties of RPG and control
scaffolds were tested in order to evaluate the influence
of the different porosities. In order to take into account
the structural differences between the scaffolds, the
same cross-sectional area (CSA) was considered for

each type of scaffold. In particular, the CSA was
defined as the total surface of the scaffold considered
as a bulk structure. The stress was then defined as the
ratio between the applied force and the CSA. There-
fore, the use of the same CSA implied a different stress
value and finally a different Young’s modulus, which
was related to the real structure of the scaffold.
Comparing the Young’s modulus in dry conditions,
the control with the smallest porosity showed a
significantly higher value compared to the RPG and
the IPG scaffolds (figure 2, tables 3 and 4). In wet
conditions, no differences were observed among the
samples, apart from the control with the bigger pore
volume and the IPG scaffolds. Considering the RPG
scaffolds, no differences were found between dry and
wet conditions. When comparing the Young’s mod-
ulus of RPG scaffold with the controls with homo-
genous pore volume, a lower value was measured in
dry conditions, whereas RPG scaffolds had a higher
modulus similar to the homogeneous controls in wet
conditions.

3.2. Cell seeding efficiency anddistribution
Cell seeding efficiency (CSE) was evaluated after 24 h
(figure 3). CSE values ranged from 23.6%±4.8 to
35.8%±7.3% and no statistically significant differ-
ences were found among the controls and the RPG
scaffolds. Once it was proved that both in controls and
RPG scaffolds therewas approximately the same initial
amount of cells, the effect of the pore size architecture
on cell distribution inside the RPG scaffolds was
evaluated. The DNA quantification showed that there
were no statistically significant differences among
inner, middle and outer region. This result further
confirmed that the differences in pore size and
porosity did not affect cell distribution. The cells
seemed to be homogeneously distributed inside the
samples. In order to evaluate cell morphology and
distribution, both controls and RPG scaffolds were cut
in 3 progressive sections and each one was analyzed
using SEM. The adhered cells appeared well spread on
the fibers and homogeneously distributed
(figure 3(C)). hMSCs seeded in the area with the lowest
porosity already started to create bridges between the
fibers. No cell clusters due to the cell seeding were
observed. This could be due to the high surface
available compared to the number of seeded cells.

3.3. Effect of porosity and pore size on hMSC
differentiation
3.3.1. Evaluation of ALP activity
ALP activity was evaluated after 7, 14 and 28 days
(figure 4). When considering only normalization with
respect to cell content, a statistically higher ALP
activity was measured in MM compared to BM only
after 28 days. A general trend showing a higher ALP/
DNA ratio in the external region of the scaffolds was
measured at all time points. Such trendwas statistically

5

Biofabrication 8 (2016) 045007 ADi Luca et al



significant inMMat day 14 in the 500 control scaffolds
and at day 28 in 1000 control scaffolds as well as in IPG
andRPG.

Cell density in each area of the RPG and the con-
trol scaffolds was calculated at each time point. Higher
densities were observed in the internal part of IPG
scaffolds. Similarly, higher densities were found in the
external region of RPG scaffolds, though at lower
levels than IPG internal regions. No differences were
observed between the densities of the two control scaf-
folds with a homogeneous porosity after 7 and 14 days.
After 28 days of culture cell densities in the different
areas of the control with the smallest pore size became
significantly higher compared to the ones of the con-
trol with the biggest pore size (figure 5). However, no
variations were observed between the different areas

within the same scaffold. In order to have a visual con-
firmation of the data obtained for the cell density, the
samples were cut in progressive sections and analyzed
with SEM. Figure 5 shows representative pictures for
each pore size and time point. The images confirmed
that the pore closure process started earlier and pro-
ceeded faster in the scaffoldwith the smallest porosity.

When considering also the different pore volume
in the IPG and RPG scaffolds, however, a significantly
higher ALP activity was observed in the external region
of the IPG scaffolds, corresponding to the largest pore
size, at all time points (figure 6). A similar trend
was observed for RPG scaffolds for the internal region,
again corresponding to the largest pore size, though
not statistically significant compared to the other
regions.

Figure 1. SEMmicrograph showing the different areas of the RPG scaffolds. (a) represents a top viewwhereas (b)–(d) represent side
views of the different areas of the RPG scaffolds, namely the inner (b), themiddle (c), and the outer (d) ones respectively. Scale bars: (a)
1 mm; (b)–(d) 200 μm.

Table 2.Table displaying the experimentally evaluated structural parameters of the RPG scaffolds.

Inner region Middle region Outer region

Theoretical porosity (%) 68 56 35

Experimental porosity (%) 77.6±3.2 50.8±8.1 29.6±5.0
Pore volume (mm3) 7 × 10−2±1.8 × 10−2 2.2 × 10−2±7.1 × 10−3 5.9 × 10−3±1.7 × 10−3

d1 (μm) 201.8±14.6 282±29.1 261±43
d2 (μm) 938.6±20.4 750.2±26.5 474.4±4.4
d3 (μm) 153.4±11.7 157.2±9.8 154.8±11.6
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3.3.2. Gene expression analysis
Gene expression of BSP and Runx 2 was evaluated
after 7, 14 and 28 days of culture for RPG and IPG
scaffolds. All values were normalized against the
expression obtained after 7 days of culture in BM in
the inner part of RPG scaffolds in order to compare the
upregulation of the two genes in the different areas
throughout the culture period (figure 7). Generally,
osteogenic gene expression was more upregulated in
the external region of RPG and IPG scaffolds. After 14
and 28 days a higher expression of Runx2was observed
in the outer region of the RPG scaffolds characterized
by smaller pore size. Consistently with Runx2 upregu-
tation, also BSP showed an upregulation after 14 and
28 days with higher fold change in the outer region of
the RPG scaffolds. In IPG scaffolds, Runx2 expression
was higher in the inner part characterized by lower
pore size after 14 days of culture. At day 28, however,
its expression became significantly higher in the outer

region characterized by larger pore size. This increase
corresponded to a significant increase of BSP expres-
sion in the outer region.

3.3.3. Alizarin red S staining and qualitative observation
of calcium deposition
An Alizarin Red S staining after 28 days of culture was
employed in order to determine the presence of
calcium minerals in the scaffold and analyze matrix
mineralization. Despite at a first glance it was hard to
observe differences between the scaffolds cultured in
BM and MM, at higher magnification it was possible
to identify calcium deposition only on the fibers of
scaffolds cultured in MM (figure 8). No main differ-
ences were observed among the different areas of RPG
scaffolds. To confirm the presence of mineralization
nodules, a point analysis with the EDX was performed
on the sample cultured in MM, revealing the presence
of both calcium and phosphate.

4.Discussion

A scaffold with a radial gradient structure was
designed, plotted and analyzed for its capacity to guide
the differentiation of hMSCs in presence and absence
of osteogenic soluble factors. The experimental values
of the structural parameters characterizing RPG scaf-
folds were similar to the designed ones and within the
range of natural bone. Cortical bone has a porosity that
ranges from 5% to 30% (mostly in the range of 5%–

10%) whereas cancellous bone displays a porosity that
ranges from 50% to 90% [28]. Consistently with this
data, porosities of 77.6%±3.2%, 50.8%±8.1% and
29.6%±5% were displayed by the outer, middle and
inner region, respectively. For the inner region, the
experimental porosity was higher compared to the

Figure 2.Young’smodulus was evaluated both in dry andwet conditions in order to simulate the culture conditions for the RPG and
the controls. In dry conditions, the 500 control scaffold showed the highest Young’smodulus, whereas these differences decreased in
wet conditions. * ndicates statistical significance (P<0.05). RPGmeans radial porosity gradient; IPGmeans inverted radial porosity
gradient; 500 and 1000 refer to scaffolds with homogenous pore size, where a fiber spacing of 500 μmproduced scaffolds with the
smallest pore size and a fiber spacing of 1000 μmproduced scaffolds with the largest pore size analyzed in the RPG and IPG scaffolds.

Table 3.Young’smodulus of the gradient and control scaffolds
under dry conditions alongwith the linearity range.

Dry conditions Young’smodulus (MPa) Linearity range

1000 19.17±3.73 16–26

500 25.43±7.6 19–27

IPG 14.68±1.46 18–26

RPG 15.47±1.46 11–18

Table 4.Young’smodulus of the gradient and control scaffolds
underwet conditions alongwith the linearity range.

Wet conditions Young’smodulus (MPa) Linearity range

1000 22.68±6.09 16–26

500 20.83±8.46 18–30

IPG 12.26±2.39 14–22

RPG 20.46±5.41 18–25
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expected one, whereas it was smaller for the middle
and outer region. This difference was mainly due to
the variation in fiber diameter (d1), which was higher
than expected in themiddle and external areaswhereas
it was smaller in the internal one. The possibility to
tailor structural properties like pore size, porosity and
pore distribution within the same scaffold have always
appeared as an appealing tool for fundamental studies
on the interactions between cells and such structural
parameters as well as for more practical tissue
regeneration applications. The use of gradient struc-
tures, for example, could facilitate the implant cap-
ability of withstanding different mechanical loads at
specific regions minimizing stress-shielding [31]. Sev-
eral materials and different techniques have been used
in order to obtain a controlled structural gradient. Oh
et al, for example, fabricated a gradient scaffold with a
range of porosities from 80% to 94% exploiting the
centrifugation of a cylindrical mould containing fibril-
like polycaprolactone (PCL) followed by fibril bonding
by heat treatment to study the interactions between

different cell types and pore size [32]. Similarly to this
work, Tampieri et al tried to fabricate porous hydro-
xyapatite (HA) bodies in order to mimic bone tissue
morphology varying the characteristics of starting HA
powders and the impregnation strategy of cellulosic
sponges with rheologically optimized slurries [33].
Despite the remarkable results obtained in these
studies highlighting the advantages of using gradients
in scaffold design, there are only few examples in
literature of their actual applications. This could be
due to long and complex manufacturing procedures
and to the lack of complete control over the scaffold
internal architecture of the biofabrication approaches
so far developed. The novelty of this study is the design
and fabrication of a radial porosity graded structure
exploiting AM technology. Using this technique, it was
possible to overcome the abovementioned drawbacks,
as the plotting procedure consisted in a less complex
one-step method which allowed an excellent control
over pore size, shape, orientation, and interconnection
[31]. Despite this technique has already been used to

Figure 3.Graphs representing cell seeding efficiency after 24 h in the full scaffolds (a) and in each portion of the gradient (b). SEM
pictures of the 3 zones are also shown (c). No differences were observed between the RPG scaffolds and the controls, indicating that the
architecture did not affect the CSE (a). Consistently, no differences were observed between the three areas with different porosities of
the RPG scaffold (b). Cell spatial distribution in the three different areas after 24 h (c). No clusters were reported and hMSCs appeared
homogeneously distributed. Scale bar:first row 500 μm, second row50 μm.RPGmeans radial porosity gradient; IPGmeans inverted
radial porosity gradient; 500 and 1000 refer to scaffolds with homogenous pore size, where afiber spacing of 500 μmproduced
scaffolds with the smallest pore size and afiber spacing of 1000 μmproduced scaffolds with the largest pore size analyzed in the RPG
and IPG scaffolds. ext,mid, and int refer to the external, middle, and internal regions in the different analyzed scaffolds.
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produce gradient structures aimed at maximizing CSE
[34], only another study showing the effect of pore size
and porosity on chondrocyte differentiation was
performed [35]. More recently, we have reported on
the fabrication of axial gradient scaffolds, where pore

size was changed longitudinally along the scaffolds,
and showed the influence of such structural gradients
on hMSCs skeletal differentiation [29, 36]. In this
respect, the analysis of radial structural pore size and
porosity gradients on the osteogenic differentiation
capacity of hMSCs is here reported for the first time on
AM scaffolds. The RPG scaffolds were characterized
by a complex structure with porosity variation
between regions. This implied a different CSA in the
different regions, which influenced the stress distribu-
tion on the scaffold. For this reason, the same CSAwas
considered for each type of analyzed scaffold in order
to evaluate the influence of the structural differences.
RPG scaffolds displayed a similar stiffness with respect
to the controls; this is probably due to structural
factors such as the orientation and relative positioning
of the fibers along the scaffold, which can play a role in
determining the final mechanical performance [34].
RPG and IPG scaffolds showed no statistical differ-
ences, probably because of the similar total CSA.

The initial cell seeding procedure is a critical step
in a tissue engineering process. CSE and cell distribu-
tion analysis were performed in order to exclude the
possibility that the further obtained results could be
related to a different initial experimental condition
among the RPG scaffolds and the controls. In order to
minimize cell loss, the seeding parameters were cho-
sen following Leferink et al [37]. CSE values ranged
from 23.6%±4.8 to 35.8%±7.3%, which corre-
lated well with values in literature [38]. In contrast to
recent studies, which have highlighted that in AM scaf-
folds the pore structure and scaffold architecture can
play an important role in CSE of human osteosarcoma
cells [34], no statistically significant differences were
found among the controls and RPG scaffolds for
hMSCs. Similar results were obtained by Leferink et al
comparing the CSE of hMSCs on three types of cylind-
rical scaffolds characterized by the same outer dimen-
sions but different porosities. In particular, structure
with porosities of 48%, 65% and 90% were investi-
gated [37].

To evaluate cell differentiation, ALP activity was
used as first readout. The increase in ALP activity
along the entire culture period in MM represented a
first indication of hMSCs differentiation toward the
osteogenic lineage. When taking into consideration
only the cell amount in each region of the gradient
scaffolds, the ALP activity seemed to be independent
from the sequence of the pore size regions in the RPG
and IPG scaffolds. ALP activity was significantly
higher always in the external regions, being the large
pore size region in the IPG scaffolds and the small pore
size region in the RPG scaffolds, thus suggesting a
stronger influence of nutrient (e.g. oxygen) availability
compared to the scaffold’s graded structural proper-
ties. This difference in the enzyme activity, however,
could be also correlated to different cell densities in the
three regions of the RPG and the IPG scaffolds, as
shown in figure 5. Goldstein proved that in 2D the

Figure 4.Plots displaying the ALP activity normalized by
DNA at 7 d (a), 14 d (b) and 28 d (c), in the different zones of
the non-gradient, IPG andRPG scaffolds. *** statistical
significance versus other zones within the same scaffold and
under the same conditions, p<0.001. In (b), IPGe scaffolds
cultured in basicmedium showed statistical significance
toward all the other conditions and scaffold zones with
exception to IPGe scaffolds inmineralizationmedium. RPG
means radial porosity gradient; IPGmeans inverted radial
porosity gradient; 500 and 1000 refer to scaffolds with
homogenous pore size, where a fiber spacing of 500 μm
produced scaffolds with the smallest pore size and afiber
spacing of 1000 μmproduced scaffolds with the largest pore
size analyzed in the RPG and IPG scaffolds. e,m, and i refer to
the external,middle, and internal regions in the different
scaffolds analyzed.
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Figure 5.Cell density in the different area of control scaffolds andRPGand IPG scaffolds along time, (a) 7 days, (b) 14 days and (c) 28
days. On the right side of each plot SEMmicrograph of the cells residing in small pores (500 μm), mediumpores (750 μm) and large
pores (1000 μm ) at different times. IPG andRPG scaffolds displayed differences in cell density from7 dayswhereas in scaffolds with
constant pore size the differences become significant after 14 days. * significance betweenmineralization conditions,# significance
between basic conditions, p<0.05. Scale bar in SEMmicrograph 500 μm.RPGmeans radial porosity gradient; IPGmeans inverted
radial porosity gradient; 500 and 1000 refer to scaffolds with homogenous pore size, where afiber spacing of 500 μmproduced
scaffolds with the smallest pore size and afiber spacing of 1000 μmproduced scaffolds with the largest pore size analyzed in the RPG
and IPG scaffolds. ext,mid, and int refer to the external, middle, and internal regions in the different scaffolds analyzed.
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initial cell seeding density influenced both hMSCs
proliferation and differentiation. Dense seeding
(8× 104 cells cm−2) reduced cells proliferation,

growth and collagen synthesis whereas it appeared to
enhance differentiation markers like ALP activity and
mineralization [39]. Consistently with the above men-
tioned studies, when cell density was also taken into
consideration in our studies, the ALP activity was sig-
nificantly higher in the largest pore size regions
(figure 6). Cell migration could represent a possible
explanation to these differences between areas: grow-
ing inside the scaffold, cells are filling the pores, thus
reducing the diffusion of nutrient and oxygen. It
might be that limitations in nutrient availability and
the consequent hypoxic conditions led hMSCs migra-
tion toward the outer part of the scaffold, creating an
area of higher cell density near the edges [40]. The con-
trols with the biggest pore size and the RPG scaffolds
could be less affected by hMSCsmigration because the
higher porosity of the central part of the scaffolds
might allow better diffusion. Similar trends were also
displayed by these scaffolds when cultured in BM,
although the level of ALP activity expression were
much lower compared to MM. Further investigations
need to be performed in order to analyze oxygen and
nutrient diffusion inside the different types of scaffold
to confirm this hypothesis.

Despite ALP is a widely used marker in osteogenic
differentiation of hMSCs, high levels of ALP activity
not always correlate with the differentiation toward
the osteogenic lineage. Kollmer et al demonstrated
that several markers (e.g ALP, collagen type I and
osteopontin) currently used to investigate hMSCs dif-
ferentiation toward the osteogenic lineage are also
shared with the adipogenic lineage [41]. In order to
understand if the different ALP activity in the areas of
the scaffolds corresponded to a heterogeneous hMSCs
differentiation, the gene expression of two additional
markers was analyzed. Runt-related transcription fac-
tor Runx2 is an essential regulator of hMSCs differ-
entiation into the osteogenic lineage [42]. In vitro
studies indicated that Runx2 triggers the expression of
major bone protein genes like collagen type I (Col1a1),
osteopontin, bone sialoprotein(BSP) and osteocalcin
during the early stage of osteoblast differentiation.
Therefore, Runx2 lead tomesenchymal cells acquiring
an osteoblastic phenotype, inhibiting at the same time
the differentiation into adypocytes and chondrocytes.
However, it also maintains osteoblastic cells in an
immature stage, preventing their maturation and their
transition into osteocytes [43]. BSP is a phosphory-
lated and sulphated glycoprotein that constitutes from
8% to 12% of the total non-collagenous proteins in
bone. Although BSP function has not been fully char-
acterized yet, its expression is highly specific for
mineralizing tissues [44]. After the preliminary screen-
ing phase, only IPG was used as control for the gene
expression analysis, as ideally it allows monitoring at
the same time the contribution of both the variables
considered in this study—the pore size and the spatial
distribution—on hMSCs differentiation. In both RPG
and IPG scaffolds, Runx2 expression decreased after

Figure 6.Graphs displaying ALP activity normalized by cell
density at 7 d (a), 14 d (b) and 28 d (c), in the different zones of
the non-gradient, IPG andRPG scaffolds. *** statistical
significance versus other zones within the same scaffold and
under the same conditions, p<0.001. In (a), IPGe scaffolds
cultured in basicmedium showed statistical significance
toward all the other conditions and scaffold zones with
exception to IPGe scaffolds inmineralizationmdium. RPG
means radial porosity gradient; IPGmeans inverted radial
porosity gradient; 500 and 1000 refer to scaffolds with
homogenous pore size, where a fiber spacing of 500 μm
produced scaffolds with the smallest pore size and afiber
spacing of 1000 μmproduced scaffolds with the largest pore
size analyzed in the RPG and IPG scaffolds. e,m, and i refer to
the external,middle, and internal regions in the different
scaffolds analyzed.
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28 d of culture inMM. This might be associated with a
maturation of the osteoblastic phenotype, as it has
been proved that Runx2 expression must be down-
regulated to mature from pre-osteoblasts to differ-
entiated osteoblasts [45]. BSP upregulation was found
consistently with Runx2 upregulation in MM, prob-
ably due to the presence OSE2 (osteoblast-specific cis-
acting element, which is the binding site of Runx2)-
like elements in the promoter of BSP gene [46]. The
late upregulation of Runx2 and BSP in the outer part
of IPG scaffolds might be explained with a delay in
hMSCs differentiation in the area with the higher pore
volume. The trend showed by the gene analysis high-
lighted an increased fold induction in the area with
smallest pore, independently from their localization
within the scaffold. Since from the ALP and gene ana-
lysis, hMSCs seemed to be proceeding toward a
mature osteogenic differentiation, a late markers ana-
lysis was performed. EDX and alizarin red staining
were used to analyze the mineralization of the ECM
matrix. During bone mineralization, transient

amorphous calcium phosphates and poorly crystalline
apatite are formed. Later, these precursors undergo
several crystalline phase transitions before the more
stable crystalline hydroxyapatite (HA) finally forms.
Anionic proteins attached to collagen are believed to
be responsible for the stabilization of amorphous cal-
cium phosphate in the early stage of bone mineraliza-
tion, and the subsequent formation of nanometer-
sized particles [47]. Early stage of mineralized calcium
phosphate deposits could be found in RPG scaffolds in
MM culture conditions (figure 7). The identification
of these firsts mineralization nodules represented a
clear evidence of late hMSCs maturation toward the
osteoblastic phenotype [48]. Despite EDX is not ideal
for making definitive statements about the stoichio-
metry of calcium phosphates on gold-coated samples
since gold will confound the EDX phosphorus signal,
the atomic spectrum together with the Alizarin Red
images were clear indicators that hMSCs have depos-
ited calcium and phosphate on the scaffold’s surface
[49]. SEM analysis further confirmed that the pore

Figure 7.Runx2 andBSP expression in RPG (a) and (b) and IPG (c) and (d) scaffolds. In both types of scaffolds Runx2 showed the
highest upregulation (up to 12 fold induction in the inner part of IPG scaffolds) after 14 d. BSP expression seemed to correlate with
Runx2, especially in the RPG scaffolds. * indicates significantly differences (P<0.05) between regions.
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closure process started earlier and proceeded faster in
the scaffold with the smallest porosity. Therefore, the
earlier differentiation of these areas could be asso-
ciated with the earlier reaching of a 3D confluence.
Even though in the areas with a bigger pore size the
pores were not completely closed by the bridging
hMSCs, a more homogeneous tissue ingrowth was
observed especially in the outer andmiddle part of the
IPG scaffolds. In contrast with these observations, in
the areas with the smallest pore size cells appeared to
bemore confluent in some part of the scaffolds but less
homogeneously distributed. Similar results were
obtained also by Mygind et al [50]. These findings
could provide a possible explanation for the absence of
differences in cell densities between the control scaf-
folds and among their three areas. Therefore, it is plau-
sible that, even though the cell number in the different
area was the same, their spatial distribution affected
their density locally, which could have promoted
hMSCs differentiation. It was proved that cadherins
and cell–cell gap junctions are required for full expres-
sion of the osteoblastic phenotype. For this reason it is
thought that a higher cell density, which finally

resulted in a higher degree of cell–cell communica-
tion, could lead to a higher rate of differentiation [51].

Although cell density seemed to supply a possible
explanation for the collected data, other factors could
have contributed to influence hMSCs behavior. Sev-
eral studies showed that hMSCs differentiation could
be affected by hypoxia, as under hypoxic condition the
degradation of HIF-1α is prevented. This finally leads
to the induction of pluripotent genes like Oct-4 and
klf-4 and to the inhibition of cell terminal differentia-
tion [52]. It is possible that the cells in the inner part of
the scaffolds and in the areas with a lower pore volume
are under hypoxic condition as the oxygen and the
nutrient diffusion is affected by the pore closure dur-
ing the culture time [53]. Therefore, a more in depth
analysis of the cause of this different hMSCs behavior
related to the different pore size is required to assess
whether cell density or local availability of oxygen
could be the cause of the observed influence of pore
size on hMSCs osteogenic differentiation. Further stu-
dies should also aim at understanding if these results
are dependent only from the structural radial gradient,
or also from the chemical composition of the scaffolds.
From our previous experience with axial gradients, the

Figure 8.Calciumphosphate presence confirmed by alizarin red staining (A) and SEM-EDX analysis (B).White arrows (A) indicate
the presence of calciumon thematrix. Only few deposit were seen in cells after 28 d of culture in BM. Scale bars represent in themain
pictures 500 μmand in the insertion 100 μm. SEM image (B) shows amineralization nodule. The EDX analysis confirmed the
presence of both calcium and phosphate.
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effect of pore size gradients on hMSCs osteogenic dif-
ferentiation was evident on both PEOT/PBT as well as
PCL scaffolds [29]. Therefore, we could speculate that
also in case of radial gradients the effect of structural
properties may be predominant over the chemical
composition of the scaffolds. Despite a further con-
firmation of these promising in vitro studies should be
performed with more hMSCs donors and in pre-
clinical animal models, engineering structural radial
gradients in 3D scaffolds could be an appealing new
strategy to support adult stem cell driven bone
regeneration.

5. Conclusions

A scaffold with an in-built radial interconnected
porosity gradient was fabricated. To evaluate if hMSCs
behavior could be affected by the porosity and pore
size of RPG scaffolds, several markers were investi-
gated. ALP activity showed a higher activity in the areas
with the larger pore size both in the RPG and IPG
scaffolds when the pore architecture is taken into
consideration. However, ALP activity seemed also to
be dependent from the geometric location (inside vs
outside) of the pore region when cellular activity is
analyzed. These evidences suggested that the pore size
and location could influence hMSCs differentiation
toward the osteoblastic phenotype. Runx-2 and BSP
gene upregulation, with higher fold change in the
regions with the smaller pore volume, further con-
firmed hMSCs differentiation toward the osteogenic
lineage. To have a better understanding of thematura-
tion stage of hMSCs, a mineralization staining was
performed, which highlighted the presence of calcium
phosphate deposits. The presence of colocalized
calcium and phosphate was confirmed through point
analyses by EDX. A possible explanation for this
different hMSCs behavior can be related to the
different cell density according to the different pore
sizes in the internal, middle, and external regions of
RPG scaffolds. Therefore, tailoring scaffolds’ pore size
might be a good strategy to affect hMSCs osteogenic
differentiation.
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