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 Osteochondral regeneration remains nowadays a major problem since the 
outcome of current techniques is not satisfactory in terms of functional tissue 
formation and development. A possible solution is the combination of human 
mesenchymal stem cells (hMSCs) with additive manufacturing technologies to 
fabricate scaffolds with instructive properties. In this study, the differentiation 
of hMSCs within a scaffold presenting a gradient in pore shape is presented. 
The variation in pore shape is determined by varying the angle formed by the 
fi bers of two consequent layers. The fi ber deposition patterns are 0–90, which 
generate squared pores, 0–45, 0–30, and 0–15, that generate rhomboidal pores 
with an increasing major axis as the deposition angle decreases. Within the 
gradient construct, squared pores support a better chondrogenic differentia-
tion whereas cells residing in the rhomboidal pores display a better osteogenic 
differentiation. When cultured under osteochondral conditions the trend in 
both osteogenic and chondrogenic markers is maintained. Engineering the 
pore shape, thus creating axial gradients in structural properties, seems to 
be an instructive strategy to fabricate functional 3D scaffolds that are able to 
infl uence hMSCs differentiation for osteochondral tissue regeneration. 

  1.     Introduction 

 Severe injuries in the human body result in a healing pro-
cess that leads to scar formation and a loss of function of the 
injured area. The purpose of tissue regeneration is to repair 
the targeted tissue restoring the function of the injured site, 

by combining engineer fundamentals and 
biological factors. [ 1 ]  In the past couple of 
decades stem cells gathered the attention 
of the scientifi c community due to their 
ability to differentiate into multiple line-
ages. [ 2,3 ]  Human mesenchymal stromal or 
stem cells (hMSCs) can differentiate into 
osteoblasts, chondrocytes, and adipocytes, 
among other cell types, their use does not 
raise the same ethical concerns of embry-
onic stem cells [ 2 ]  and are safer in terms of 
potential tumor formation. Furthermore, 
when used in combination with bioma-
terials, one could think of designing 3D 
scaffolds with instructive properties that 
can harness hMSCs differentiation poten-
tial directly at the site of implantation. 

 Several environmental cues infl uence 
hMSCs differentiation, such as oxygen and 
nutrient availability, [ 4,5 ]  substrate character-
istics such as physicochemical and mechan-
ical properties, [ 6,7 ]  porosity and pore geom-
etry, [ 8–10 ]  and the addition of soluble factors. [ 2 ]  

In their natural state, cells grow and solve their function in a 3D 
environment. For tissue regeneration purposes, many strategies 
have been applied to generate 3D structures providing a macro-
scopic environment that allows to lodge cells and let them produce 
the required proteins forming tissue extracellular matrix (ECM). 
Among others, salt leaching, solvent casting, and gas foaming 
have been extensively used in the past decades. [ 11,12 ]  The major 
limitation of these techniques is the impossibility to tune the 
size, interconnectivity, and geometry of the pore structure, hence 
impeding the perfusion of the inner part of the construct by nutri-
ents and the migration of cells within the scaffold. A set of possible 
tools that enables to overcome this problem consists of additive 
manufacturing (AM) technologies, emerged in the regenerative 
medicine fi eld in the past years due to the possibility of tuning 
structural parameters like the diameter, distance, and orientation 
of the struts comprising the fi nal 3D scaffolds. By doing this in a 
layer-by-layer manner, the resulting scaffolds have fully intercon-
nected pore structures with tunable pore size and shape. [ 10 ]  

 Gradients are present all over the body, leading a number of 
events and processes in the embryonic as well as in the adult 
stage of life. For example, processes such as the development 
of osteochondral, tendon, and ligament tissues are governed 
by morphogens and oxygen gradients. [ 13 ]  Structural gradients 
can be found in the body mainly at the interface between tis-
sues. The osteochondral tissue, in particular, represents an 
interesting biological interface to take into consideration, both 
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from a biological and a clinical point of view. From the subchon-
dral bone side of the osteochondral tissue, the ECM passes from 
a mineralized collagen type I to a less mineralized collagen type 
X and a nonmineralized collagen type II in the deep zone of 
the articular cartilage. This variation in ECM composition con-
tinues throughout the entire articular cartilage tissue with an 
increase in collagen type II content and a parallel decrease of 
glycosaminoglycans (GAGs) from the deep to the superfi cial 
zone. Mechanical properties and nutrient availability follow a 
similar trend. [ 14 ]  Biologically, the mechanism at the base of stem 
cell driven osteochondral differentiation is not fully dissected. It 
is known that the presence of certain soluble factors is able to 
start hMSCs differentiation toward the osteogenic (dexametha-
sone, BMP-2) [ 15,16 ]  or the chondrogenic lineage (insulin, TGF-β1 
and TGF-β3). [ 17,18 ]  The regeneration of the osteochondral tissue 
requires, therefore, 3D scaffolds that are able to present the 
right cues in a spatially defi ned way. Clinically, current thera-
pies to regenerate the osteochondral tissue are not yet com-
pletely successful. All the currently available treatments such as 
reparative surgery, allografts, autografts, and the implantation/
transplantation of autologous chondrocytes infl ict further tissue 
destruction in other healthy tissue sites before any therapeutic 
effect can be achieved. Furthermore, some of these clinical treat-
ments are additionally limited to the availability of donor supply 
and lead to the formation of fi brocartilage, thus not restoring 
the proper function of hyaline cartilage. [ 19,20 ]  

 Among all the cues infl uencing cell behavior, scaffold’s pore 
geometry and shape is known to play an important role. Pore 
geometry is known to have an effect on tissue growth within a 
pore in vitro and in vivo. [ 21,22 ]  The study of Berner et al. showed 
increased cranial bone healing and mechanical properties 
when the fi ber’s laydown pattern was 0°/90° with respect to 
0°/60°/120°. [ 22 ]  Bidan et al. showed that when the MC-3T3 pre-
osteoblasts were seeded into scaffolds displaying squared and 
cross-shaped pores, a different profi le of ECM deposition could 
be observed, with an initial ECM deposition increased in cross 
shaped pores. [ 21 ]  Hence, the design of scaffolds with structural 
gradients such as pore shape may stimulate the differentiation 
of hMSCs and lead to improved tissue regeneration strategies. 

 The concept of gradient has been applied already in different 
studies in 2D and 3D. [ 23–30 ]  The work of Woodfi eld and Sobral 
displayed an improved cell seeding effi ciency on AM scaffolds 
presenting a pore-size gradient for already differentiated cells 
such as bovine chondrocytes and human osteosarcoma cells 
(SaOs-2), respectively. [ 10,31 ]  Yet, no study focused on the effect of 
scaffolds’ structural gradients on the differentiation of hMSCs. 
Here, we present 3D scaffolds with a gradient in pore shape 
and we analyze the infl uence of such structural gradients on 
seeded hMSCs activity for osteochondral tissue regeneration. 
We further dissect the structural gradient in order to highlight 
the differences in behavior among the compartment of the con-
struct based on changes in pore shape.  

  2.     Results 

  2.1.     Construct Analysis 

 A gradient structure was plotted by varying the fi ber deposi-
tion pattern along the Z axis. The resulting fi ber diameter and 

fi ber height were not affected by the angle deposition, being 
150 µm ± 20 µm and 140 µm ± 20 µm, respectively. On the 
other hand the fi ber spacing varied from one gradient region 
to another. Squared pores displayed a fi ber spacing of 510 µm ± 
30 µm, 0–45 deposition pattern showed a fi ber spacing of 490 µm 
± 40 µm, 0–30 and 0–15 had a fi ber spacing of 530 µm ± 20 µm 
and 480 µm ± 20 µm, respectively. As shown in  Table    1  , the 
change of the fi ber deposition pattern resulted in a varia-
tion of the pore shape and size whereas the porosity was not 
affected. The 0–90 confi guration determined squared pores 
and a porosity of 74% ± 3%, which became rhomboidal with a 
porosity of 72% ± 5% by varying the deposition pattern to 0–45. 
The further decrease in angle deposition resulted in stretching 
the rhomboidal pores with an increase of the major diagonal 
and a parallel decrease of the minor diagonal. The fi ber deposi-
tion pattern 0–30 and 0–15 showed a porosity of 75% ± 7% and 
73% ± 6%, respectively. Besides the variation in pore shape all 
the pore features (perimeter, area, and volume) changed along 
the gradient direction with a minor difference between 0–90 and 
0–45 angle depositions and a marked one among 0–45, 0–30, 
and 0–15 angle depositions. Scaffolds with constant pore geom-
etry (0–90 and 0–15) were plotted and used as controls. The scaf-
folds were cylindrical in shape with a diameter of 6 mm and a 
height of 3.6 mm. The porosity of the gradient (G) scaffolds was 
74% ± 5%, while 0–90 nongradient (NG90) and 0–15 nongra-
dient (NG15) scaffolds showed a porosity of 74% ± 3% and 73% 
± 6%, respectively. Mechanical properties analysis ( Figure    1  ) 
indicated that G scaffolds have a stiffer response to compression 
for a force range of 1 N compared to NG90 and NG15 scaffolds, 
respectively. The recovery of gradient scaffolds appeared less 
prone to hysteresis effects compared to nongradient scaffolds. 
However, for a force range between 5 N and 10 N, the loading 
and unloading response became similar (Figure  1 b). The total 
deformations upon compression were in the range of 2%–6% of 
height reduction, thus well within the elastic region.    

  2.2.     Cell Seeding, Growth, and ECM Deposition 

 Cell seeding effi ciency was not signifi cantly affected by the 
geometry of the construct (Figure S1, Supporting Information). 
The NG15 scaffolds showed a lower cell adhesion, about 60%, 
in the fi rst 8 h. The gradient and the NG90 scaffolds showed a 
cell seeding effi ciency of about 75%–80%. The direction of the 
gradient did not affect cell attachment after 8 h (Figure S1, Sup-
porting Information). For the rest of the study, the chosen gra-
dient direction during the seeding was maintained with squared 
pores at the bottom and rhomboidal on top of the scaffolds. 

 Cell number increased in the fi rst week under proliferation 
conditions and kept increasing also in the fi rst week of differ-
entiation. During the following 3 weeks of differentiation, the 
cell number decreased in the fi rst week and remained stable 
for the last 2 weeks of culture ( Figure    2  ). Under osteogenic and 
chondrogenic conditions the cell number maintained the same 
trend (Figure S2, Supporting Information).  

 Despite the absence of differences in cell number, after 
35 days of culture (7 days in proliferation medium followed 
by 28 days in basic, osteogenic, or chondrogenic medium) 
the gradient constructs showed an increased ECM production 

Adv. Healthcare Mater. 2016, 5, 1753–1763

www.advhealthmat.de
www.MaterialsViews.com



FU
LL P

A
P
ER

1755wileyonlinelibrary.com© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

compared to the controls ( Figure    3  a), with a more rounded cell 
morphology on the 0–90 areas compared to the 0–15 regions 
(Figure S3, Supporting Information). In NG15 and NG90 scaf-
folds, cells mainly wrapped the fi bers (Figure  3 e,f) and in some 
cases bridged some fi bers in NG90 (Figure  3 e,h). In the gra-
dient construct the ECM was not only bridging the fi bers but 
fi lling the pores as well (Figure  3 a,d,g).    

  2.3.     hMSCs Differentiation 

 Under chondrogenic conditions the structural pore shape 
gradient of the scaffolds was correlated with an enhanced 

expression of chondrogenesis related genes after 14 days 
( Figure    4  a). Aggrecan and collagen II alpha were four to fi ve 
times higher compared to the controls, whereas Sox-9 displayed 
a threefold increase with respect to NG15. In terms of biochem-
ical analysis, no major differences could be seen for GAGs syn-
thesis among the groups at the same time point, even though 
there was a signifi cant increase of GAGs production during cul-
ture under chondrogenic conditions ( Figure    5  a). Collagen type 
II production was also increased in G scaffolds after 2 weeks 
(Figure S5, Supporting Information). Under basic conditions, 
as expected, the increase in GAG amount was less pronounced. 
During the fi rst 2 weeks, GAGs production increased signifi -
cantly, while in the last 2 weeks it remained constant.   
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  Table 1.    The variation in pore size determined an increase in pore perimeter, area, and volume from squares to rhomboids without signifi cantly 
affecting the porosity.  

Fiber deposition pattern 0–15 0–30 0–45 0–90

 Rhomboid 1 = 1.9 ± 0.13 mm Rhomboid 1 = 1.04 ± 0.06 Rhomboid 1 = 0.75 ± 0.04 Square 1 = 0.56 ± 0.03 mm

 

  

 
 

 
 

  

  

          

Perimeter [mm] 4.99 ± 0.22 3.73 ± 0.13 2.75 ± 0.13 1.69 ± 0.04

Area [mm 2 ] 0.74 ± 0.04 0.56 ± 0.04 0.35 ± 0.03 0.31 ± 0.01

Volume [mm 3 ] 0.111 ± 0.006 0.084 ± 0.005 0.052 ± 0.004 0.041 ± 0.001

Porosity [%] 73% ± 6% 75% ± 7% 72% ± 5% 74% ± 3%

 Figure 1.    Mechanical response of gradient and nongradient (0/15° and 0/90°) scaffolds to axial compression load and unload with 1 µm s −1  in the 
axial  z -direction at 37 °C up to (left) 1 N and (right) 10 N.
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 Under osteogenic conditions no major differences could be 
seen among osteogenesis related genes for the different con-
structs, with the exception of BMP-2 which was signifi cantly 
increased in G scaffolds compared to NG15 and NG90 scaf-
folds (Figure  4 b and Figure S4, Supporting Information). Bone 

sialoprotein seemed to be signifi cantly enhanced in NG90 with 
respect to NG15. The alkaline phosphatase (ALP) activity did 
not show any signifi cant difference among the gradient scaf-
folds and controls at any time point (Figure  5 b). Osteocalcin 
production was increased in NG15 and G scaffolds compared 
to NG90 scaffolds (Figure S5, Supporting Information). hMSCs 
cultured in basic medium displayed an increase in ALP activity 
in the fi rst 7 days followed by a decrease during the rest of the 
study. 

  2.4.     hMSCs Differentiation within the Gradient Zones 

 To better understand if any difference is present among the 
cells residing in the different gradient zones, a partition analysis 
was performed after 14 and 28 days of differentiation, followed 
by gene expression analysis and biochemical analysis, respec-
tively. Chondrogenic markers displayed a signifi cant difference 
among the rhomboidal region and the squared pore region, 
in which the genes were overexpressed ( Figure    6  a). The same 
trend was shown by the biochemical analysis in terms of GAGs 
synthesis ( Figure    7  a). The amount of GAG deposited was nor-
malized by the cell density intended as DNA amount per pore 
volume (Figure S6a, Supporting Information) and by the pore 
volume only (Figure S6b, Supporting Information). The trend 
remained unvaried also when the pore volume was considered 
in the analysis, thus suggesting that the observed enhanced 
differentiation is dependent only on the pore shape. Under 
osteogenic conditions an opposite trend with respect to the 
chondrogenic one could be observed, in which the rhomboidal 
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 Figure 2.    Cell number over time in the constructs cultured in basic 
medium. The same trend was shown by all the constructs over time. No 
major differences could be seen among the scaffolds at the same time 
point, with the exception of NG15B at 7 d that was signifi cantly higher in 
respect to the other conditions and time points. * Statistical signifi cance 
 p  < 0.05; ** p  < 0.01.

 Figure 3.    ECM production at day 28 in basic medium. A full view and close-up of (a,d,g) G, (b,e,h) NG 90, and (c,f,i) NG 15 scaffolds, respectively, is 
displayed at increasing magnifi cations. Despite the absence of differences in cell number after 28 days of differentiation, the gradient constructs showed 
an increased ECM deposition, probably due to an increased number of fi ber contact points. Scale bar: (a–f) 1 mm and (g–i) 500 µm.
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 Figure 4.    Fold increase of (a) chondrogenic and (b) osteogenic markers under chondrogenic and osteogenic conditions, respectively. Under chondro-
genic conditions the gradient greatly enhanced the expression of chondrogenic markers in comparison to the controls. Under osteogenic conditions the 
NG90 scaffolds enhanced the expression of BSP after 14 d. The fold induction was normalized by the gene expression of hMSCs cultured in gradient 
scaffolds in basic medium. * p  < 0.05.

 Figure 5.    (a) GAGs amount over time normalized by DNA amount and 
(b) ALP activity over time normalized by DNA amount. Under chondrogenic 
conditions an increase in GAGs was detected, even though no signifi cant 
differences could be seen among the constructs within the same time point. 
Similarly, under mineralization conditions the ALP activity increased over 
time without signifi cant differences among the G and the NG scaffolds. # 
shows statistical signifi cance with respect to previous time points,  p  < 0.05.

 Figure 6.    Fold increase of (a) chondrogenic and (b) osteogenic markers 
under chondrogenic and osteogenic conditions, respectively, after 28 days 
in the different gradient zones. Under chondrogenic conditions the squared 
shape gradient greatly enhanced the expression of chondrogenic markers. 
Under osteogenic conditions the trend was inverted. * Statistical signifi -
cance with respect to the rhomboidal squared area,  p  < 0.05; ** p  < 0.01.
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shapes enhanced the expression of osteogenic differentiation 
related genes (Figure  6 b). Also ALP activity (Figure  7 b) was 
signifi cantly higher in the rhomboidal pores (0–30/15) with 
respect to the other zones.   

 The culture of gradient structures in medium containing 
both osteogenic and chondrogenic soluble signals resulted in 
an increase of GAGs deposition (Figure  7 c) in the squared pore 
region (0–90) and of ALP (Figure  7 d) activity in the rhomboidal 
pore (0–30/0–15) shaped zone, thus confi rming the results 
obtained in single differentiation medium. As displayed in 
Figure S7a,b (Supporting Information), the trend did not vary 
when the structural component was considered for chondro-
genic analysis. A possible reason for the observed trends could 
be due to the local variations in nutrients availability, in par-
ticular oxygen, which could result in different degree of hypoxia 
in the gradient scaffolds regions. To test this hypothesis, 
hypoxia inducible factor (HIF)-1α and HIF-2α were measured 
(Figure S8, Supporting Information), showing an increased 
expression in the more chondrogenic squared pore region.   

  3.     Discussion 

 In this study, we presented a novel strategy to generate a struc-
tural gradient in pore size and shape in 3D scaffolds fabricated 
by AM, in which the fi ber deposition pattern was changed every 
0.9 mm. The conventional plotting setting 0- a  is determined by 
“0” as the starting direction of the layer and “ a ” as the increase 
in the angle between the fi bers of one layer and the subsequent 
one. [ 12,22 ]  Conventional plotting has led so far mainly to squared 

pores in the 0–90 pattern and honeycomb like pore shape in 
the other patterns, in which pores are defi ned by several fi bers 
from different layers. [ 32 ]  In this study, the pattern 0- a -0- a  was 
used (for example 0-45-0-45) in order to have a pore defi ned 
by two subsequent layers and have a constant pore shape for 
six layers (0.9 mm). The variation in fi ber deposition pattern 
determined a variation in the pore geometry and size, where 
decreasing the angle of deposition resulted in an increased 
rhomboidal shape and a consequent increase in pore perimeter, 
area, and volume. The increase was not continuous, since it 
was a discrete gradient in which four zones could be identifi ed, 
whereas the control scaffolds showed the same pore geometry 
and size along the longitudinal axis. The scaffolds were made 
by poly(ε-caprolactone) (PCL), since this material was already 
applied in surgery and clinical trials are currently ongoing. [ 33,34 ]  
When considering the mechanical analysis of the fabricated 
scaffolds, different deformations or slopes between the loading 
and unloading phases highlighted the characteristic damping 
effects at corresponding response times. Different reduc-
tions in the stiffness compared to a solid cylinder arise from 
the complex order and geometry of the AM scaffolds. Thus, 
the angle variations in the layer deposition led to variations in 
the mechanical response, which is dominated by the interac-
tions of individual strands within the regular ordered shapes of 
the scaffolds. The mechanical behavior can be understood and 
explained from structural mechanics, where the layer dimen-
sions and directions have to be taken into account. 

 In literature, improved cells seeding effi ciency in plotted 
scaffold showing a gradient in porosity has been already 
reported. [ 31 ]  In our constructs no major differences could be 
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 Figure 7.    After 28 days, (b) the ALP activity was signifi cantly increased by the rhomboidal geometry whereas (a) GAG deposition was greater in the 
squared pore area. (c) GAGs and (d) ALP analysis of gradient scaffolds cultured under osteochondral conditions. Briefl y, the hMSCs within the scaffolds 
were cultured in a medium composed by chondrogenic and osteogenic medium in a 1:1 ratio. The opposite trend in differentiation was maintained. 
The rhomboidal pores supported a better ALP activity while the squared pores displayed a higher GAG deposition. * Statistical signifi cance with respect 
to the rhomboidal squared area,  p  < 0.05; *** p  < 0.001.
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seen among the samples in which the cell seeding effi ciency 
was within the 60%–80% range. Even though the cell number 
profi le was the same in the gradient constructs and controls, 
enhanced ECM deposition could be seen in gradient scaf-
folds. The geometry seemed not to affect the cell number after 
seeding or the hMSCs proliferation trend (Figure  2 ). In control 
scaffolds cells covered the fi bers and in the 0–90 confi guration 
bridged the fi bers through the pores, whereas in gradient scaf-
folds ECM was present all over the structure independently 
from the pore geometry. Bidan et al. observed different pore 
closure patterns of scaffolds seeded with MC3T3-E1 preosteo-
blasts depending on the pore geometry. Pore closure began 
at the edges and moved toward the center of the pore; [ 21 ]  in 
this study, the increased number of fi ber connections of the 
gradient scaffolds might have brought to a faster and higher 
pore closure with respect to the controls, probably due to an 
increased number of fi ber connections where the pore closure 
could begin. 

 Several scaffolds based on PLGA microspheres were studied, 
which presented a gradient in order to promote hMSCs differ-
entiation (i.e., stiffness and growth factors) [ 30,35,36 ] ; the solely 
pore geometry was never studied as a cue supporting hMSCs 
differentiation. After 14 days of culture, we showed that the 
chondrogenic markers aggrecan, sox9 and collagen IIα were 
signifi cantly upregulated with respect to the nongradient scaf-
folds. Despite a continuous increase in GAGs amount in all the 
scaffolds tested with culture time, evidencing the correct chon-
drogenic differentiation of hMSCs in the presence of soluble 
factors, differences among gradient and nongradient scaffolds 
were not visible at a bulk biochemical level when measuring 
GAGs deposition. 

 No major differences were shown by hMSCs growing in 
gradient or nongradient scaffolds in relation to early gene 
osteogenic markers such as runx2 and late markers such as 
osteocalcin after 14 days. Also at the protein level no major 
differences were shown between the ALP activity of cells cul-
tured in G and NG scaffolds. According to Yilgor et al., a link 
between the geometry of the construct and the osteogenic dif-
ferentiation of hMSCs might be established and the scaffold 
geometry could be optimized to improve hMSCs osteogenic dif-
ferentiation. [ 37 ]  Our fi ndings are in line with this hypothesis. In 
Yilgor’s study, PCL scaffolds made with different architectures 
were analyzed. It was shown that the 0–90 conformation with 
an offset of 380 µm ± 20 µm (the size of 1 fi ber) displayed the 
highest ALP levels compared to other scaffolds with 0–90 and 
0–45 angle deposition. During the culture time here analyzed, 
the ALP levels started to increase after 7 days from the begin-
ning of the differentiation and continued to increase until 28 
days, which is in line with what can be found in literature for 
PCL scaffolds. [ 38,39 ]  

 To investigate the differences between the hMSCs residing in 
each pore geometry region within the gradient scaffold, a parti-
tion analysis was performed. After 14 days of culture, aggrecan, 
sox9, and collagen type IIα presented a threefold induction in 
squared pores (0–90 design) and twofold increase in the 0–45 
pattern with respect to the 0–30/0–15 patterns. The trend was 
maintained after 28 days of differentiation at the biochemical 
level, since GAG/DNA amount was signifi cantly higher in the 
squared pores compared to rhomboidal pores. An opposite 

trend was found in literature in studies correlating the behavior 
of chondrocytes in 3D plotted scaffolds displaying a pore-size 
gradient both at the genetic and biochemical levels, [ 40 ]  where 
genetic and biochemical markers increased with increasing the 
pore size. Similarly, Oh et al. showed an increase of chondro-
genic markers expression such as sox-9 and collagen type IIα 
from small pores (90–105 µm) to larger pores (370–400 µm) in 
adipose derived stem cells. [ 41 ]  Our pore dimensions increased 
from the squared pore to the rhomboidal ones. The squared 
pore size is defi ned by the side, while each rhomboidal pore 
size is defi ned by the minor diagonal ( d ), which did not vary 
signifi cantly, and the major diagonal ( D ), which varied greatly. 
Squared pores had a dimension of 560 µm ± 30 µm in size, 
the 0–45 plotting pattern generated pores with a  d  of 500 µm 
± 40 µm and a  D  of 1350 µm ± 90 µm, whereas the 0–30 and 
0–15 showed a  d  of 540 µm ± 40 µm and 470 µm ± 20 µm and 
a  D  of 1970 µm ± 80 µm and 3010 µm ± 130 µm, respectively. 
The height of the pores remained constant at 140 µm ± 10 µm. 
In our scaffolds, the smallest pores were bigger than the larger 
pores of the Oh’s study and the trend observed was opposite. 
The different range in pore size and the effect of the pore shape 
might explain this discrepancy. Several studies [ 21,42,43 ]  proved 
that the pore shape can infl uence ECM deposition, cellular 
cytoskeleton architecture, and speed of pore closure. In this 
study, both pore size and shape changed along the  z -axis. GAGs 
are one of the major components of chondrocyte-deposited 
ECM. To distinguish between the infl uence of cellular density 
and scaffold architecture on GAGs formation, we normalized 
by DNA amount and by pore volume (Figure S7, Supporting 
Information), respectively. The pore size was included by nor-
malizing the GAG amount by the cell density intended as DNA 
amount per volume unit. Results displayed the same trend with 
the same statistical signifi cance, defi ning the pore shape as the 
main justifi cation for the different behavior of hMSCs residing 
in the compartment of the G scaffolds. 

 An opposite trend was found for hMSCs osteogenic differen-
tiation. At the genetic level a trend could be seen for bone sialo-
protein, collagen type I, and osterix, suggesting an enhanced 
osteogenic differentiation in the rhomboidal pores compared to 
the squared ones. The results were confi rmed by the biochem-
ical analysis that showed an increased ALP activity in the rhom-
boidal 0–30/0–15 pore geometry when compared to the 0–45 
rhomboidal or the 0–90 squared pore geometry. In literature 
there are no studies, to the best of our knowledge, relating pore 
shape to hMSCs osteogenic differentiation that, in accordance 
to some studies, [ 9,44,45 ]  is not affected by the overall porosity of 
the construct. In this respect, the overall porosity of the gra-
dient zones is the same, therefore it could be concluded that 
the differences present within the gradient scaffolds may be 
attributed to the variation in pore shape and size. In the case of 
ALP, we did not dissect the specifi c role of pore size by that of 
pore shape by normalizing for pore volume as we did for GAG 
deposition, because the ALP test measures the activity of the 
protein and not its production. 

 It was already proved that by supplementing the medium 
with soluble factors stimulating the osteogenic and chondro-
genic hMSCs differentiation simultaneously, both lineages 
will be generated in culture. [ 46 ]  To further confi rm the cor-
relation between pore shape and the differences in hMSCs 
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differentiation lineages, gradient scaffolds were seeded with 
hMSCs and cultured in a medium providing differentiation 
signal toward the osteogenic and the chondrogenic lineages. 
To do so, the osteogenic and chondrogenic medium were 
combined in a 1:1 ratio. The results further confi rmed the 
fi ndings of our previous tests. Rhomboidal pores displayed a 
signifi cantly higher ALP activity, whereas the highest amount 
of GAGs was located in the squared pores. The effect of pore 
shape was confi rmed with the normalization by cell density 
(Figure S7, Supporting Information). 

 A further possible explanation for the observed infl uence 
of pore shape gradients could be due to the local differences 
in oxygen availability to the cells. As in developmental biology 
it is known that in the presence of hypoxia chondrogenesis 
is facilitated, we reasoned that in these pore shape gradient 
scaffolds a change of pore shape could result in a change of 
local oxygen available, thus affecting the expression of hypoxia 
inducible factors. In particular, HIF-1α and HIF-2α were 
measured. Hypoxia-inducible factors, including HIF-1α and 
HIF-2α, induce glycolysis and angiogenesis in order to try 
restoring oxygen homeostasis. Hypoxia-inducible expression of 
some genes, such as Glut-1, p53, p21, or Bcl-2, is dependent 
on HIF-1α translocation to the cell nucleus. HIF-2α regu-
lates the vascular endothelial growth factor expression and its 
expression levels infl uence the relative contribution of aerobic 
and anaerobic cellular metabolism. Results showed, indeed, an 
increase of HIF-1α and HIF-2α with decreasing the pore rhom-
boidal geometry from 0°–15° to 0°–90° (Figure S8, Supporting 
Information), corresponding to the increased chondrogenesis 
observed by genetic and protein analysis. 

 The combination of the pore shape gradient in combination 
with predifferentiated cells in a preosteochondral construct may 
be considered as future perspective for the improved outcome 
of implants for osteochondral lesion treatment. According to 
our fi ndings, gradient scaffolds should be implanted with the 
squared pores on the chondral side and the rhomboidal on 
the bone side. Further studies in animal models aiming at a 
better understanding if such behavior is maintained in vivo are 
needed. Additional research should be aimed at the analysis of 
the ECM composition in order to understand to which extent 
the construct mimics the anatomical and molecular transi-
tion from the subchondral bone to the chondral side in vivo. 
From a biofabrication perspective, it would be very interesting 
to show whether different pore size and shape gradients would 
result in a similar infl uence on stem cell activity in combina-
tion with soluble factors. In this respect, other AM technologies 
like stereolithography might be also considered, as this would 
allow expanding the geometrical features of the fabricated pore 
network. Melchels et al., for example, showed the creation of 
sinusoidal-like pore network patterns and how varying such 
network resulted in better cell seeding effi ciency. [ 47 ]  The pal-
ette of biomaterials could be also expanded to determine if the 
observed effects are independent of the material chemistry or, 
more likely, can be further modulated by it. 

 In the past years, the microfracture technique was applied 
as surgical treatment of osteochondral lesions. [ 48 ]  Its application 
in combination with scaffolds displayed an enhanced healing 
of osteochondral defects. [ 49 ]  A possible study aiming at clinical 
translation, for example, could foresee the use of our gradient 

scaffolds in an orthotopic osteochondral defect with the squared 
pores facing the cartilage side and the rhomboidal ones facing 
the bone side, as previously suggested, where MSCs could be 
retrieved from the bone marrow through microfracture proce-
dures. Practical examples where such scaffolds could be used 
in osteochondral locations comprise defects in long bone joints 
such as the knees, hips, and ankles, which are typically affected 
more frequently from traumatic accidents or ageing.  

  4.     Conclusion 

 In this study a construct produced via additive manufacturing 
and presenting a gradient in pore shape was produced and its 
effect on hMSCs proliferation and differentiation was analyzed. 
A new fi ber deposition pattern was presented, allowing the 
generation of pores of different shapes within the same con-
struct. The 0–90 fi ber alignment generated squared pores that 
supported enhanced differentiation of hMSCs toward the chon-
drogenic lineage, as shown by GAGs deposition and the expres-
sion of chondrogenic related genes. The variation in the fi ber 
deposition pattern led to an increasing rhomboidal pore confor-
mation by switching to 0–45, 0–30, and 0–15 angle depositions. 
The most rhomboidal pore geometry sustained enhanced ALP 
activity and osteogenic related genes expression with respect to 
the other gradient zones. This trend was maintained when the 
gradient scaffold was cultured in a medium supporting both 
osteogenic and chondrogenic differentiation. The study con-
fi rmed that the pore shape can play a role as a modulator of cell 
differentiation in vitro.  

  5.     Experimental Section 
  Scaffold Preparation : Scaffolds were fabricated via additive 

manufacturing with a Bioscaffolder (SysENG, Germany). Scaffolds made 
of PCL (Sigma-Aldrich, USA) were produced. Briefl y the polymer was 
placed in a stainless syringe and processed at 100 °C. The application of 
5 bars of pressure via a nitrogen fl ow from a pressurized cap drove the 
molten polymer through an extrusion screw rotating at 200 rpm. 

 During plotting, the needle diameter, layer thickness, fi ber spacing, 
and speed were kept constant at 200 µm, 150 µm, 800 µm, and 
180 mm min −1 , respectively. The fi ber deposition pattern was kept 
constant at 0–90 (NG 90) and 0–15 (NG 15) for the control scaffolds, 
while the gradient scaffold was plotted by varying the fi ber deposition 
pattern every millimeter from 0–90 to 0–45, 0–30, and 0–15. The 
scaffolds were plotted as cylinders of 6 mm in diameter and 3.6 mm in 
height. 

  Mechanical Analysis : Compression tests were conducted using a 
rheometer (Discovery Hybrid Rheometer DHR-1, TA Instruments, US), 
which is equipped with a force rebalanced transducer for axial forces up 
to 50 N and sensitivity of 0.01 N. Cylindrical specimens of about 4 mm 
in height were placed in between parallel metal plates of 25 mm in 
diameter. The vertical gap height and axial force were recorded at 37 °C 
during controlled deformation speed experiments with 1 µm s −1  up to 
maximum forces of 1 N as well as 10 N and converted to an apparent 
compression strain. The unloading phase was also recorded with 
1 µm s −1  in order to obtain information on the recovery behavior and 
possible hysteresis effects. 

  Cell Expansion and Culture : hMSCs (male, age 22) were retrieved from 
the Institute of Regenerative Medicine (Temple, Texas). Briefl y, a bone 
marrow aspirate was drawn and mononuclear cells were separated using 
density centrifugation. The cells were plated to obtain adherent hMSCs, 
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which were harvested when cells reached 60%–80% confl uence. These 
were considered passage 0 (P0) cells. These P0 cells were expanded, 
harvested, and frozen at passage 1 (P1) for distribution. Cells were grown 
in MSC proliferation medium, which contains minimal essential medium 
(α-MEM, Life Technologies, Bleiswijk, The Netherlands) supplemented 
with 10% fetal bovine serum (Lonza), 100 U mL −1  penicillin (Life 
Technologies, Bleiswijk, The Netherlands), 10 µg mL −1  streptomycin 
(Life Technologies, Bleiswijk, The Netherlands), 2 × 10 −3   M  L-glutamine 
(Life Technologies, Bleiswijk, The Netherlands), 0.2 × 10 −3   M L -ascorbic 
acid 2-phosphate magnesium salt (ASAp, Sigma-Aldrich, Zwijndrecht, 
The Netherlands), and 1 ng mL −1  of basic fi broblast growth factor-2 
(bFGF-2, Fisher Scientifi c, Landsmeer, The Netherlands) at 37 °C in a 
humid atmosphere with 5% CO 2 . Cells were expanded up to ≈80% 
confl uency and either frozen for further use or seeded on the scaffolds. 

  Cell Seeding on Scaffolds : Cells were seeded under static condition 
within the G and NG scaffolds. Briefl y, after trypsinization with 0.25% 
trypsin (Life Technologies, Bleiswijk, The Netherlands), cells (passages 
2–4) were counted using a Bückner chamber and re-suspended in 
proliferation medium at a density of 500 000 cells in 40 µL. The day 
before seeding, scaffolds were disinfected in 70% EtOH for 30 min 
under stirring, washed three times in phosphate buffered saline solution 
(PBS) (Lonza, Breda, The Netherlands), and incubated overnight in 
cell proliferation medium to allow protein adsorption on the scaffold’s 
fi bers. After protein adsorption, the 40 µL of cell suspension was placed 
on the scaffold in a drop wise fashion to account for a cell seeding 
density of 500 000 cells per scaffold. The seeded scaffolds were placed 
for 4 h in the incubator to allow cell adhesion before adding the cell 
culture medium. 

 Cells were cultured on the G and NG scaffolds for 7 d in proliferation 
medium. At day 7, the proliferation medium was changed and the cells 
within the scaffolds were cultured for another 28 days in basic medium, 
mineralization medium consisting of basic medium supplemented 
with 10 × 10 −9   M  dexamethasone (Sigma-Aldrich Zwijndrecht, The 
Netherlands) and 10 × 10 −3   M  β-glycerol-phosphate (Sigma-Aldrich, 
Zwijndrecht, The Netherlands), and chondrogenic medium consisting of 
DMEM supplemented with 50 mg mL −1  ITS-premix (Becton Dickinson), 
0.4 × 10 −3   M  Proline (Sigma-Aldrich, Zwijndrecht, The Netherlands), 
50 mg mL −1  Ascorbic acid (ASAp, Sigma-Aldrich, Zwijndrecht, 
The Netherlands), 100 mg mL −1  sodium pyruvate (Sigma-Aldrich, 
Zwijndrecht, The Netherlands), 100 U mL −1  penicillin (Life Technologies, 
Bleiswijk, The Netherlands), 10 µg mL −1  streptomycin (Life Technologies, 
Bleiswijk, The Netherlands), 10 ng mL −1  transforming growth factor β3 
(TGF-β3) (Life Technologies, Bleiswijk, The Netherlands), and 10 −7   M  
dexamethasone (Sigma-Aldrich, Zwijndrecht, The Netherlands). For the 
culture of the G scaffolds under osteochondral conditions osteogenic 
and chondrogenic medium were mixed in a ratio 1:1 immediately prior 
the medium change. The medium was refreshed every 2 days. 

  Biochemical Assays : The cell number per scaffold was calculated from 
the µg of DNA, obtained by a Cyquant DNA assay kit (Life Technologies, 
Bleiswijk, The Netherlands). Briefl y, each scaffold was cut to improve 
lysis effi ciency and freeze-thawed fi ve times. After the freeze-thawing 
process, cells within the scaffolds were lysated by diluting the 20x lysis 
buffer provided with the kit using a saline buffer (180 × 10 −3   M  NaCl, 
1 × 10 −3   M  EDTA in distilled water). After 1 h of lysis, samples were 
sonicated two times for 10 s using a Branson sonifi er 250 (Emerson 
Industrial Automation, USA). DNA content was quantifi ed with a 
CyQuant kit (Life Technologies, Bleiswijk, The Netherlands) according 
to manufacturer’s protocol and fl uorescence was measured at 480 nm 
using a spectrophotometer LS50B (Perkin Elmer, The Netherlands). 
DNA concentrations were calculated from a λ DNA standard curve. 

 To evaluate hMSCs differentiation toward the osteogenic lineage, 
ALP activity was measured using a CDP star kit (Roche, Almere, The 
Netherlands). For this purpose, 10 µL of sample was added to a well 
of a white 96-well plate and 40 µL of substrate was added. After 15 min 
incubation, luminescence was read using a spectrophotometer LS50B 
(Perkin Elmer, The Netherlands). ALP activity was corrected for DNA content. 

 To evaluate the differentiation toward the chondrogenic lineage, GAGs 
amount was quantifi ed using 1,9-Dimethyl Methylene Blue (DMMB) 

assay. Specifi cally, 25 µL of sample was placed into a transparent fl at 
bottom 96 well plate and 5 µL of 2.3  M  NaCl solution was added. Then, 
150 µL of DMMB solution was added and absorbance was read using 
a Multiscan Go (Fisher Scientifi c, Landsmeer, The Netherlands) plate 
reader at a wavelength of 525 nm. GAGs content was quantifi ed with a 
chondroitin standard curve and corrected for DNA content. 

 Osteocalcin (OCN) and collagen type-II hMSCs production was 
analysed after 14 days of culture using ELISA (human osteocalcin and 
collagen type II ELISA kits, Invitrogen). The test was performed on 
fi ve samples per condition. In short, the medium was removed and 
samples were washed using ice cold PBS. A buffer was prepared using 
890 volumes of miliQ water, 100 volumes of radio-immunoprecipitation 
assay (RIPA) buffer (Cell Technologies), and ten volumes of Halt protease 
and phosphatase inhibitor (Thermo Scientifi c). 150 µL of the buffer 
was added to each sample and the samples were incubated on ice for 
10 min. The buffer was then collected from the samples and centrifuged 
at 11 000 g for 15 min. The supernatant was collected and used for the 
ELISA tests which were performed according to manufacturer’s protocol. 
Briefl y, 25 µL of samples and standard solutions were added to the 
osteocalcin and collagen type II antibody-coated strip-well plates. 100 µL 
of Anti-OST-HRP and 100 µL of Anti-Col2-HRP conjugates, respectively, 
were added to each correspondent well, and the plates were covered and 
incubated for 2 h at room temperature. After incubation, the solutions 
in the wells were aspirated and the wells were washed three times using 
a washing solution provided in the kit. Then, 100 µL of a chromogen 
solution (tetramethylbenzidine) was added to each well and the plates 
were incubated for 30 min at room temperature in the dark. Finally, 
100 µL of stop solution was added to each well. The optical density of 
each well was read at 450 nm using a plate reader (MULTISKAN GO, 
Thermo Scientifi c). A standard curve was plotted in Microsoft excel and 
concentration of OCN and collagen type II was determined in each well 
according to the standard curves. 

  Western Blot Analysis : hMSC passages 2–4 were cultured in normoxic 
(21% oxygen) conditions on both petri dishes and AM scaffolds, and 
in hypoxic (2.5% oxygen) conditions on petri dishes only (positive 
control). The cells were lysed in RIPA lysis buffer (sc-24948, SantaCruz 
Biotechnology), and the protein content was determined using Pierce 
BCA protein assay kit (#23227, Thermo Scientifi c Pierce), with bovine 
serum albumin as the standard. Each sample was mixed with 4x Laemmli 
Sample Buffer (#161-0737, BioRad) under denaturing conditions. 20 µg 
of protein sample were loaded per lane and resolved on a 4%–20% 
precast polyacrylamide gel (#456-8094, BioRad). Then, proteins 
were transferred to a polyvinylidene difl uoride (PVDF) membrane for 
immunoblotting. After blocking 1 h at room temperature with 5% bovine 
serum albumine (BSA) in Tris-buffered saline containing 0.1% Tween-20 
(Santa Cruz Biotechnology), the membranes were incubated overnight at 
4 °C with HIF-1α (28b) antibody (#sc-13515, Santa Cruz Biotechnology), 
or HIF-2α antibody (#sc-46691, Santa Cruz Biotechnology), diluted 
1:250 in Tris-buffered saline containing 0.1% Tween-20. GAPDH antibody 
(#sc-365062, Santa Cruz Biotechnologies) diluted 1:2500 was used as 
loading control for normalization. Membranes were washed with Tris-
buffered saline and incubated with horseradish peroxidase (HRP)-
conjugated secondary antibodies (DAKO) diluted 1:2500 in Tris-buffered 
saline containing 0.1% Tween-20 for 45 min at room temperature. After 
washing, blots were developed using Clarity Western ECL Substrate 
(#1705060, BioRad) and the HRP activity of the blots was imaged using 
a BioRad Chemidoc Touch imager. Finally, blots were semi-quantifi ed 
using ImageJ. 

  Microscopy Analysis : G and NG scaffolds were analyzed by scanning 
electron microscopy (SEM, Philips – XL 30 ESEM-FEG). Directly after 
plotting, scaffolds were cut in half, gold sputtered, and analyzed. SEM 
images were analyzed using Image J software in order to measure the 
fi ber diameter, fi ber spacing, and pore dimensions. 

 Scaffolds cultured in basic medium for 28 days were fi xed using 10% 
formalin, dehydrated by an increased series of ethanol concentration 
(50%–60%–70%–80%–90%–96%–100%) and cut in half. The fi nal 
dehydration step was carried out via immersion in Hexamethyldisilazane 
(Sigma-Aldrich, Zwijndrecht, The Netherlands) and overnight 
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evaporation. Dry scaffolds were mounted on SEM stubs, gold sputtered 
(Cressington sputter coater 108 auto), and analyzed using 10 kV and a 
working distance of 25 mm. 

  Gene Expression Analysis : For gene expression analysis, the scaffolds 
were taken from the medium, washed twice with PBS, cut into small 
pieces, placed in an Eppendorf tube containing 750 µL of TRIzol 
(Invitrogen), and stored at −80 °C. In the case of partition analysis the 
gradient scaffolds were cut in order to separate the gradient zones and 
the three samples were located in the same vial prior to the addition of 
TRIzol, in order to ensure the collection of enough RNA. RNA isolation 
was performed by using a Bioke RNA II nucleospin RNA isolation kit 
(Macherey-Nagel). 150 µL of CHCl 3  was added and the vials were 
vigorously mixed, followed by a centrifugation at 12 000g for 15 min at 
4 °C. The aqueous phase was transferred into a new tube and an equal 
amount of 70% ethanol was added. The mixture was transferred into a 
fi lter column from the kit and the extraction was carried on by following 
the manufacturer’s protocol. RNA concentration and purity was 
evaluated via an ND1000 spectrophotometer (Nanodrop Technologies, 
USA); cDNA was synthetized using iScript (BIO-RAD) according to the 
manufacturer’s protocol. Quantitative polymerase chain reaction was 
performed on the obtained cDNA by using the iQ SYBR Green Supermix 
(BIO-RAD) and the primers listed in Table S1 (Supporting Information). 
PCR reaction was carried out on the MyiQ2 Two-Color Real-Time PCR 
Detection System (BIO-RAD) under the following conditions: the cDNA 
was denatured for 10 min at 95 °C, followed by 45 cycles, consisting 
of 15 s at 95 °C, 15 s at 60 °C, and 15 s at 72 °C. A melting curve was 
generated from each reaction to test the presence of primer dimers and 
a specifi c product. The cycle threshold was calculated by the Bio-Rad 
iQ5 optical system software, in which the threshold was set in the lower 
log-linear region of the fl uorescent signal.  C  t  values were normalized 
by the B2M housekeeping gene and Δ C  t  ((average of  C  t  control)- C  t  
value). Results were expressed as fold induction in mRNA expression 
normalized to the gene expression of the gradient scaffolds cultured 
in basic medium. In the partition analysis, the relative RNA expression 
was normalized by the squared pore region (0–90) for the osteogenic 
analysis and the rhomboidal region (0–30/15) for the chondrogenic 
analysis. 

  Statistical Analysis : All the quantitative data are expressed as mean 
± standard deviation. Statistics were performed using IBM SPSS 
Statistics 20. A two-way ANOVA with Tukey as post hoc test was used. 
Statistical signifi cance between the control group and the experimental 
group is indicated with (*) which represents a  p -value < 0.05, (**) 
which represents a  p -value < 0.01, and (***) which represents a 
 p -value < 0.001.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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