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ABSTRACT

Although a growing knowledge on the field of tissue engineering of articular cartilage exists, reconstruc-
tion or in-vitro growth of functional hyaline tissue still represents an unmet challenge. Despite the sim-
plicity of the tissue in terms of cell population and absence of innervation and vascularization, the out-
standing mechanical properties of articular cartilage, which are the result of the specificity of its extra
cellular matrix (ECM), are difficult to mimic. Most importantly, controlling the differentiation state or
phenotype of chondrocytes, which are responsible of the deposition of this specialized ECM, represents
a milestone in the regeneration of native articular cartilage. In this study, we fabricated fused deposi-
tion modelled (FDM) scaffolds with different pore sizes and architectures from an elastic and biodegrad-
able poly(ester)urethane (PEU) with mechanical properties that can be modulated by design, and that
ranged the elasticity of articular cartilage. Cell culture in additive manufactured 3D scaffolds exceeded
the chondrogenic potential of the gold-standard pellet culture. In-vitro cell culture studies demonstrated
the intrinsic potential of elastic (PEU) to drive the re-differentiation of de-differentiated chondrocytes
when cultured in-vitro, in differentiation or basal media, better than pellet cultures. The formation of
neo-tissue was assessed as a high deposition of GAGs and fibrillar collagen II, and a high expression of
typical chondrogenic markers. Moreover, the collagen II / collagen I ratio commonly used to evaluate the
differentiation state of chondrocytes (ratio > 1 being chondrocytes and, ratio < 0 being de-differentiated
chondrocytes) was higher than 5.

Statement of significance

Tissue engineering of articular cartilage requires material scaffolds capable of driving the deposition of a
coherent and specific ECM representative of articular cartilage. Materials explored so far account for low
mechanical properties (hydrogels), or are too stiff to mimic the elasticity of the native tissue (traditional
polyesters). Here, we fabricated 3D fibrous scaffolds via FDM with a biodegradable poly(ester)urethane.
The compressive Young's modulus and elastic limit of the scaffolds can be tuned by designed, mimicking
those of the native tissue. The designed scaffolds showed an intrinsic potential to drive the formation of
a GAG and collagen II rich ECM, and to drive a stable chondrogenic cell phenotype.

© 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

allows for frictionless movement, and supports the applied loads
on the different articulations [1]. Cartilage is unable to self-

Articular cartilage is an avascular and non-innervated tissue heal onto functional tissue upon damage or diseases such as
present at the ends of long bones that serves as an interface, osteoarthritis. The mainstay clinical procedures to regenerate
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articular cartilage are based on the expansion in-vitro and im-
plantation thereafter of autologous chondrocytes (known as ACI
or MACI when combined with a matrix support), microfracture
techniques that aim at recruiting stem cells from bone marrow to
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repopulate the damaged area, or direct implantation of autologous
tissue explants such as mosaicplasty [2,3]. Although these proce-
dures represent an immediate relieve of symptoms such as pain
during articulation and reduced mobility of the patient, long-term
outcomes point-out to the formation of cartilaginous tissue more
representative of fibrocartilage, with unpaired mechanical proper-
ties, extracellular matrix (ECM) composition and cell phenotype,
resulting in failure and often the need for a second treatment.

Tissue regeneration of functional articular cartilage with the aid
of a material support that drives the differentiation of the cells,
and therefore the deposition of a coherent and functional ECM ca-
pable of supporting the loads applied on the knee, appears as an
ideal solution. Due to the aforementioned intrinsic tissue proper-
ties (non-innervated and avascular) and the presence of a single
cell type within, the chondrocyte, articular cartilage was believed
to be one of the first tissues to be successfully engineered [4].
However, due to the non-proliferative character of chondrocytes
within the native tissue and the outstanding mechanical proper-
ties of hyaline cartilage — high compressive modulus, elasticity and
resilience - regeneration or in-vitro formation of hyaline cartilage
remains still elusive. Finding the appropriate material and fabrica-
tion technique that leads to a scaffold capable of driving cell differ-
entiation while accounting for adequate mechanical properties has
been the center of extensive research in the last decades [5-7].

Articular cartilage accounts for a complex layered structure rich
in collagen II and glycosaminoglycans (GAGs) [5]. Collagens within
cartilage form a tight network that varies in orientation and type
along the tissue. Sulfated GAGs and carboxylic groups of hyaluro-
nan impart a fixed negative charge to the tissue that entraps wa-
ter molecules and is responsible of the osmotic pressure generated.
This water entrapment, together with the confinement produced
by the collagen network results on the outstanding properties of
the tissue [8,9].

Chondrocytes of articular cartilage account for a defined
phenotype characterized by the expression of collagen II, ag-
grecan, and the transcription factor trio Sox-9, Sox-5 and Sox-6
with low levels of collagen I, IX and X and runt-related tran-
scription factor 2 (RunX2) [10]. This characteristic phenotype
determines the specific ECM deposited by chondrocytes, respon-
sible of the outstanding mechanical properties of the tissue.
Culture and expansion of chondrocytes in 2-dimensional (2D)
or stiff 3-dimensional (3D) substrates leads to an increased
cell spread area, formation of defined Actin filaments and final
de-differentiation of the cells towards hypertrophic phenotypes.
These are characterized by a higher expression of osteogenic
markers such as collagen I, X and RunX2 and the deposition of
an ECM reach in collagen 1. Thus, the use of naturally derived
or synthetic hydrogel scaffolds or pellet cultures that maintain
the rounded morphology of the cells and support the formation
of coherent hyaline-like cartilage have been extensively explored
[11-16]. Although these represent an ideal platform to study the
formation and development of the osteochondral interface, the
mechanical properties are far below those of the native tissue
[17,18]. In order to increase the mechanical properties of tradi-
tional hydrogels several approaches such as their reinforcement
with polyester-based fibrous electrospun [19,20], melt-electrospun
[12,21] or woven scaffolds [22-25] or, the fabrication of interpen-
etrating networks [26,27]| have been developed. Stiffer synthetic
materials such as poly(lactic acid) (PLA), polycaprolactone (PCL),
poly(lactide-co-glycolide) (PLGA) or poly(ethylene oxide) tereph-
thalate/poly(butylene) terephthalate (PEOT/PBT) have been studied
as support materials for tissue engineering of articular cartilage
on the shape of porous sponges, electrospan fibrous meshes and
additive manufactured fibrous scaffolds alone [28-35]. Lately,
Woodfield and co-workers also developed a 3D bioassembly
platform in which cartilage micro-tissues of pre-differentiated

chondrocyte-laden hydrogels can be precisely inserted into fused
deposition modelled scaffolds [36]. While these represent robust
platforms to engineer articular cartilage and are capable of sup-
porting the loads applied on the knee, the elasticity of the scaffolds
appears to be limited and intrinsic to the materials used [37,38].

Biodegradable and elastomeric poly(ester)urethanes have
emerged as potential materials for soft tissue engineering were
high resilience is desired. Their application for tissue regeneration
of cardiac, vasculature and cartilage models has been lately stud-
ied by fabrication of scaffolds via electrospinning, salt-leaching
or thermally induced phase separation systems from solution
[39-43]. However, the processing of these biomaterials via addi-
tive manufacturing into resilient but stiffer scaffolds has appeared
limited due to their limited processability [44]|. Gorna et al. de-
scribed a combined salt leaching-phase inversion process for the
fabrication of porous PEU scaffolds that was later exploited for
cartilage tissue engineering with primary chondrocytes. A progres-
sive increase of GAG and collagen deposition was detected over
a 42 day culture period [45,46]. Stoddart and co-workers further
studied the potential use of PEU scaffolds, fabricated as described
by Gorna and co-workers, for the differentiation of fibrinogen
suspended human mesenchymal stem cells (hMSCs) towards chon-
drogenic phenotypes [47]. After 14 days of culture they reported
similar values of proteoglycan synthesis, and collagen I and X
expression, as compared to traditional pellet cultures. While these
results were encouraging, the scaffold fabrication method led to
constructs with Young's modulus on the order of 22kPa, much
lower than that of articular cartilage [46]. Only recently water
based polyurethane particles have been applied in additive manu-
facturing in combination with polyethylene glycol (PEO, viscosity
enhancer) [48,49]. PEU particles combined with PEO, hyaluronan
and transforming growth factor-83 (TGF- 83) were extruded from
water solutions into scaffolds that showed great potential for the
chondrogenic differentiation of hMSCs. The authors also showed
the high resilience of the scaffolds thus prepared, although a
relatively low storage modulus of 200-500 kPa was measured [48].
To tackle these issues and create a platform that has sufficient
compressive mechanical properties and an extended elastic regime
while providing an adequate 3D environment for cells, we have
optimized the additive manufacturing process of an elastic PEU.
Here we report 3D fiber-deposited elastic PEU scaffolds that sup-
port the re-differentiation of a de-differentiated chondrogenic cell
line (ATDC5) and promote the deposition of an ECM characteristic
of hyaline cartilage, thus resulting on ideal candidates for their use
in MACI interventions. The scaffolds were fabricated with a variety
of pore shapes and architectures resulting in the capability of
fine-tuning the mechanical properties of the overall tissue-scaffold
construct.

2. Materials and methods
2.1. Materials

The poly(ester)urethane (PEU) was kindly provided by Poly-
ganics B.V (Groningen, The Netherlands) and kept under vacuum
at —20°C to avoid degradation. The PEU was synthesized from a
random polyester prepolymer soft segment containing 50 mol%
DL-Lactide (50/50 D/L ratio) and 50 mol% e-Caprolactone. This
prepolymer (Mn=2000g/mol) was synthesized via ring opening
polymerization using butanediol as an initiator. The soft segment
prepolymer was chain extended with a uniform 5-block urethane
hard segment (BDI-BDO-BDI-BDO-BDI). The resulting polyurethane
consists of 23 wt% of amorphous soft segment and 77 wt% hard
segment. The synthesis of the copolymer has been reported
elsewhere [50].
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2.2. Additive manufacturing

Scaffolds were deposited with a Bioscaffolder system (SYSENG)
equipped with a temperature controller and a G22 needle (400 pm
internal diameter) and with a pore size and shape (angle of depo-
sition) of 500 um and 90°, 60°, 45° or 30° and with a 200 um pore
size and 90° angle. PEU was deposited at a feed (travel) rate of
350mm |/ R, a dispensing speed of 30 RPM, dispensing pressure of
0.8 MPa and with a layer thickness of 0.3 mm. The optimal printing
temperature was found to be 175°C.

The printing quality was assessed by means of reproducibility
(error) of the process following the equation:

_ dfiber - dneedle
dfiber

were, d is diameter. The diameter was calculated from optical mi-
croscopy images (Fig. S1).

2.3. Gel permeation chromatography (GPC)

The molecular weight (Mn, Mw and polydispersity index, PI)
of the materials before and after printing was evaluated with a
Prominence-i GPC system equipped with photodiode array and
refractive index detectors. For all the measurements 50uL of a
2mgmL-! polymer solution in dimethyl formamide were analyzed.
The GPC column was calibrated with a polystyrene standard up to
200.000 g mol-1.

2.4. Scanning electron microscopy (SEM)

The structure and morphology of the additive manufactured
scaffolds were analyzed by scanning electron microscopy. Prior to
imaging, samples were coated with a nanometric layer of gold via
sputtering on a Cressington Sputter coater 108 Auto and visualized
under a FEI/Philips XL-30 microscope on secondary electrons mode
at a typical acceleration voltage of 10 keV.

2.5. Micro computed tomography (uCT)

1CT scans were recorded using a Bruker Skyscan 1272 11Mp
scanner with cone beam geometry and a 4032 x 2688 detector. The
scanner is air damped reducing vibration disturbances. Alignment,
thermal drift of the cathode spot, beam hardening, and ring arte-
facts are corrected using the software suite supplied by Bruker.
The isotropic voxel size was 33 um3. The 3D datasets were re-
constructed using FDK implemented in NRecon 1.7.1.0 (Bruker mi-
croCT) [51] and analyzed with the software CTAn (Bruker). A VOI
(object volume) corresponding as close as possible to the whole
scaffold was selected, in order to balance potential morphology
inhomogeneities due to printing. The VOI selection was refined
to take into account the periodical scaffold morphology resulting
from the specific deposition pattern used. In particular, it was con-
structed so as to include an integer amount of repeating cells.
Open and closed porosity values were then calculated via the 3D
analysis function available in the software.

2.6. Cell culture

ATDCS5, a teratocarcinoma derived chondrogenic cell line, was
used for this study. Cells were cultured at a 10.000 cell-cm—2
density in DMEM:F-12 media supplemented with 5% fetal bovine
serum (FBS) and 1%Pen/Strep (penicillin streptavidin). Cells were
subculture at 80% confluence.

2.7. Cell culture in 3D scaffolds and chondrogenic differentiation

Samples of 3D PEU scaffolds were cut using a biopsy puncher
to obtain cylindrical samples of 4mm diameter and 4 mm height.
Samples were placed on a 24-well plate and sterilized by im-
mersing them 15min in a 70% ethanol solution after which sam-
ples were washed thoroughly with phosphate buffer saline (PBS)
(Gibco) three times. In order to promote a higher cell attachment,
samples were coated with truncated recombinant human vit-
ronectin (ThermoFisher), commonly used as coating for cell culture
of pluripotent stem cells, at a concentration 0.5 pug/cm?2, assuming
a surface area per scaffold of 16 mm?2. In brief, a vitronectin stock
solution was diluted in PBS to reach the desired final concentra-
tion. 3 scaffolds were placed in an Eppendorf tube, covered with
500 pL of vitronectin solution and left at room temperature for
1h. Afterwards, samples were placed on a 24 well-plate and 2+10°
cells per scaffold (8+108 cell/cm3) were seeded at a concentration
of 8+106 cell/mL (that is 25 uL of cell dispersion per scaffold) with-
out previous scaffold rinsing. Cells were left to attach to the scaf-
folds for 2h in the incubator (37 °C, 5% CO,). Thereafter, the scaf-
folds were flipped and left to incubate for another 2h. After 4h
of cell seeding, 2 mL of DMEM-F-12 supplemented with penicillin
(100 units/mL) and streptomycin (100 lg/mL) were added. After
24h of culture, the samples were placed in new 24-well plates to
avoid cross-talk with cells attached on the bottom of the plate and
media was changed to differentiation media on the samples used
for this purpose. Differentiation media consisted of DMEM:F-12
supplemented with 100 U/mL Penicillin-Streptomycin, 100 pg/ml
ITS (insulin, transferrin, selenium) premix, 0.2 mM L-Ascorbic acid
2-phosphate and 5% FBS. Scaffolds were harvested at day 14 and
28 for DNA assays, glycosaminoglycan (GAG), immunofluorescence,
polymerase chain reaction (PCR) and mechanical analysis.

2.8. Cell pellet culture

To form pellets, 0.2510% cells were placed in a 15mL
polypropylene tube with 500 pL maintenance media and cen-
trifuged at 500 rcf for 5 min to form a flat pellet at the bottom
of the tube. The tubes were left on the incubator for 24h after
which rounded pellets were spontaneously formed. 24 h after seed-
ing, media was replaced to differentiation or maintained in basal
media conditions (control pellets). Media change was performed
every second day, as for cells cultured in the scaffolds.

2.9. DNA and glycosaminoglycan (GAG) quantification

For DNA assays, samples were harvested, placed in Eppendorf
tubes, and frozen at —80°C until further analysis. To facilitate di-
gestion of the ECM and cell lysis, the scaffolds were freeze-thawed
3 times in liquid N,. The ECM was digested by a Proteinase K
treatment. In brief, samples placed in a 1.5mL Eppendorf tubes
were incubated 16h at 56°C with 250pL of 50mM Tris/1 mM
EDTA/1 mM iodoacetamide solution containing 1 mg/mL Proteinase
K. After digestion, the samples were freeze-thawed 3 times in lig-
uid N, to facilitate the DNA extraction. DNA was measured with
a CyQuant cell proliferation assay (Thermofisher). In brief, cellular
RNA was degraded by incubating the samples for 1h at RT with
lysis buffer containing RNase A. 100 pL of each sample (triplicates)
were placed in a 96-well plate and 100 pL of 2x GR-dye solution
were added and left to incubate for 15 min at RT. A standard curve
was prepared with a DNA standard solution and fluorescence in-
tensity was measured at 520nm. Samples from Proteinase K di-
gestion step were used to measure GAG content using a DMMB
solution (16 mg DMMB in 5ml ethanol). In brief, 150 pL of DMMB
solution were mixed with 25pL of sample and 5 pL of 2.3 M NaCl
were mixed on a black well plate and the absorbance difference at



S. Camarero-Espinosa, A. Calore and A. Wilbers et al./Acta Biomaterialia 102 (2020) 192-204 195

525 and 595 nm was measured. Data was compared to a standard
curve.

2.10. Histology

Samples for histological analysis were fixed for 30 min in 4%
paraformaldehyde and then rinsed 3 times in PBS. After fixation,
samples were cut opened along the long axis. Samples stained for
GAGs were first stained 10 min in Weigert’s iron hematoxylin solu-
tion to counterstain the cell nucleus black and washed thoroughly
in running tap water. Thereafter, samples were stained 5 min in
a 0.1% solution of Safranin-O and then rinsed with PBS until the
solution was clear. Pricosirius Red stain was done following manu-
facturer’s instructions. In brief, samples were incubated for 2 h in
Pricosirius Red solution and then rinsed quickly in 0.5% acetic acid
solution. Afterwards, samples were rinsed in PBS 3 times.

2.11. Immunofluorescence

Samples were cut opened in half with a scalpel and prepared
by fixing them 30 min in 4% paraformaldehyde, followed by rins-
ing in PBS and permeabilization 15min in a 0.1% Triton X-100 so-
lution in PBS. Blocking was done for 1h in a solution of 3% BSA
(Bovine Serum Albumin) in PBS. After rinsing the blocking solution,
samples were incubated 1h at room temperature with mouse anti-
collagen 1 (1:500), rabbit anti-collagen II (1:400) antibodies and
AlexaFluor 488 Phalloidin. After 1h the solution was removed and
the samples were rinsed 3 times with 0.3% BSA and 0.01% Triton
X-100 in PBS. Secondary antibodies anti-rabbit AlexaFluor 647 and
anti-mouse AlexaFluor 568 were incubated in the dark for 30 min
at room temperature in PBS (1:200), followed by rinsing with PBS
and staining with Hoechst 33,342 (1:3000) in PBS for 10 min. Af-
ter final rinsing with PBS samples were observed under a Leica TCS
SP8 CARS confocal microscope.

2.12. Gene expression analysis

Total RNA was extracted with RNeasy Mini kit with on column
DNase treatment (Qiagen) according to the manufacturer’s proto-
col. cDNA was synthesized from 200ng total RNA, using iScript
cDNA synthesis kit (Bio-Rad) on a 20 pL reaction following manu-
facturer’s instructions. RT-PCRs were prepared on a total volume of
10pL with iQ SYBR green Supermix (Bio-Rad), 0.2 M forward and
reverse primers (see Table 1) and 3 ng cDNA and DEPC treated wa-
ter. For no-RT controls, an equivalent volume of DNase and RNase-
free water was used. A CFX96™ VD Real-Time PCR system (Bio-
Rad) was used with a thermal cycle of 50 °C for 2 min, 95 °C for
2 min, and then 95 °C for 15s and 60 °C for 30s for a total of
40 cycles. Ct values of RT-PCR were normalized against the house-
keeping gene and analysed using the A ACt model.

2.13. Mechanical testing
Bare scaffolds and cell-scaffolds constructs that were punched

from 20 x 20mm? blocks to a 4mm diameter and 4mm height
cylinders. The actual dimensions were measured with a caliper and

Table 1
List of primers used for RT-PCR experiments.

Gene Forward primer 5’ to 3’ Reverse primer 5’ to 3’

Sox9 AGTACCCGCATCTGCACAAC ACGAAGGGTCTCTTCTCGCT
Collal GCTCCTCTTAGGGGCCACT CCACGTCTCACCATTGGGG
Col2a1 AGTACCTTGAGACAGCACGAC GCTCTCAATCTGGTTGTTCAG
Col Xal = TTCTGCTGCTAATGTTCTTGACC  GGGATGAAGTATTGTGTCTTGGG
RunX2 GGAACCAAGAAGGCACAGAC CGGGACACCTACTCTCATAC

noted down for data analysis. The compressive mechanical prop-
erties were measured in the dry state in unconfined and non-
equilibrium conditions. Samples for biological studies were mea-
sured in PBS before and after cell culture. A TA ElectroForce (TA
Instruments) mechanical tester equipped with a 45N load cell was
used for all the measurements. The instrument was controlled
with WinTest7 software. Tests were conducted at a strain rate of
0.01 mm/s. The experiments were run until approximately 50% de-
formation (or until the maximum applicable load was reached).
No pre-load was applied and the initial recorded data correspond-
ing to the compression plate traveling to contact the sample was
subtracted prior data analysis. The Young’s modulus was calculated
from the slope of the engineering strain-stress curve between 0.2%
and 1.2% strain. This range was chosen to avoid barreling of the
sample and correction for the dimensions of the sample.

2.14. Statistical analysis

Statistical significance was calculated for Young's modulus mea-
surements, DNA assay, GAG assay and PCR analysis by two-way
ANOVA with Tukey‘'s multiple comparison test; (****) p<0.0001,
(***) p<0.001, (**) p<0.01 and (*) p<0.1.

3. Results
3.1. Additive manufacturing of poly(ester)urethane (PEU)

A biodegradable PEU was used to prepare additive manufac-
tured scaffolds of different pore sizes and structures. PEU had a
high molecular weight of approximately 125.000kg/mol (Fig. 1a
and b), as compared to traditional polyesters used for additive
manufacturing. Increasing molecular weight of polymers generally
results on a higher viscosity that, together with the thermal degra-
dation potential (on the presence of small amounts of water) of
polyesters limit their exploitation in additive manufacturing ap-
plications [52]. After careful optimization of fabrication parame-
ters such as temperature, feed speed and printer-head travel speed,
PEU scaffolds were fabricated with an initial degradation step that
enabled their extrusion through the printer needle. Changes in the
weight average molecular weight (Mw), number average molecu-
lar weight (Mn) and polydispersity (Mw/Mn) of the polymer were
monitored after 1 and 2 h of continuous deposition (Fig. 1a and
b), showing an initial decrease of Mw from 125.000kg/mol to
80.000 kg/mol, approximately, which remained constant during the
manufacturing process. The decrease in the molecular weight is
moreover largely ascribed to degradation of the largest polymer
chains, resulting on a decrease of the polydispersity from 3.1 to
~ 2.6-2.8. The printing quality was assessed by means of repro-
ducibility (error) resulting on an error of 4+1% with an aver-
age fiber diameter of 418 +£5um, as compared to the theoretical
400 um of the needle (Supplementary Fig. S1).

3.2. Scaffold architecture vs mechanical properties

FDM is a versatile technique that allows for the fabrication of
scaffolds with a great variety of pore sizes and geometries that
in turn results on products with different mechanical properties
(Fig. 1c). In order to investigate the range of mechanical proper-
ties achievable with the biodegradable PEU on the shape of addi-
tive manufactured scaffolds, different pore sizes and pore shapes
were designed and fabricated. Scaffolds with theoretical pore sizes
and printing angles of 200pm and 90°, 400pm and 90°, 600pm
and 90°, 800pum and 90°, 800um and 60° and 800um and 45°
were fabricated and their mechanical properties were measured
under compression. Stress-strain curves of the fabricated scaffolds
showed the characteristic poroelastic behaviour when the deposi-
tion pattern followed a 90° or 60° angle (Fig. 1e,f). After an initial
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Fig. 1. Printability of poly(ester)urethane scaffolds. (a) Gel permeation chromatography (GPC) traces of the polymer before fabrication and after 1 and 2 h of processing. (b)
Molecular number (Mn), molecular weight (Mw) and polydispersity index (Mw/Mn) associated to the GPC traces in (a). (c) Scanning electron microscopy (SEM) top and
cross-sectional images of scaffolds with a 90° and 45° structure and a 600 pm pore size. Scale bar is 500 pm. (d) Compressive Young's moduli of scaffolds at varying pore
size and shape shown as average + standard deviation. (e) Compression stress-strain traces of scaffolds with a 90, 60 and 45° pore angle and 800 pm pore size. (f) Zoom-in

of the elastic regime.

elastic regime, the scaffold pores started to collapse resulting on
an extended plateau or a reduced inflexion point on the stress-
strain traces, followed by an increased stress resulting from the
sample densification. Structures deposited with a 45° pattern, pre-
sented only an initial elastic regime followed by a sharp stress in-
crease, resulting from the densification of the material. These scaf-
folds also presented the lowest Young's modulus, with values in
compression of 1.0+£0.4MPa, as compared to their counterparts
with the same pore size of 800um but pore shapes of 60° and
90° that presented Young's moduli (E + SD) of 2.54+0.9 MPa and
2.0 £ 0.6 MPa, respectively. A decrease of the pore size of 200, 400
and 600pum (from the initial 800 um pore size scaffolds), to gen-
erate scaffolds with a pore size of 600, 400 and 200 um respec-
tively, resulted in a non-linear increase of the mechanical prop-
erties under compression. Thus, scaffolds (all with a 90° pattern)
with varying pore size of 600, 400 and 200um showed Young's
moduli of 5.6+0.5, 7+1 and 1643 MPa, respectively. A deeper
analysis of stress-strain traces collected under compression showed
that the elastic limit or yield strain of the scaffolds was depen-
dent on the printing pattern. Scaffolds structures with a 90° pat-
tern present the lowest elastic limit that was as high as approx-
imately 20% strain, followed by scaffolds with a 60° pattern and
30% elastic limit. The elastic limit of scaffolds with a 45° pattern
presented an elastic limit over 50% strain.

3.3. Fabrication and characterization of scaffolds for in-vitro tissue
engineering

Next, we fabricated scaffolds aimed to promote the formation
of cartilaginous tissue. We choose scaffold architectures with pore

sizes of 200 and 500 um with deposition patterns of 30°, 60° and
90° We choose these pore sizes under the hypothesis that the ma-
terials would undergo certain degradation before a complete neo-
tissue is formed. Thus, choosing mechanical properties that are
well above those of native articular cartilage (Aggregate modulus
of 0.08 - 2MPa [53,54| and Young's modulus of 0.3 - 0.8 MPa
for strain-relaxation experiments [53,55]). The E under compres-
sion of samples submerged in a PBS bath showed values that are
well in agreement with those calculated on the dry state (Fig. 2b).
Thus, scaffolds with 500pum pore size and 90°, 60° and 30° pat-
terns had E of 6+ 1, 2.5+0.4 and 2.6 +£0.1 MPa, respectively. Scaf-
folds with a 200pum pore size and 90° pattern showed an E of
11.4 4+ 0.5 MPa.

The structure of the scaffolds was characterized by SEM, show-
ing again high fidelity between the designed and produced pat-
terns (Fig. 2a). pCT scans revealed a porosity of 47.8%, 39.8%, 46.2%
and 18.9% for scaffolds with 500 pm pore size and 90°, 60° and 30°
patterns and with a 200um pore size and 90° pattern, respectively
(Table 2). As expected, the variation between fiber deposition pat-
terns for a given pore size (500pm) results in only small differ-
ences in porosity, closed porosity, total surface area and total pore
volume. Only patterns of 60° seem to have a decrease in poros-
ity and pore volume. These also presented the highest connectiv-
ity (Euler number), while scaffolds with 500 um pore size and 30°
printing pattern displayed the lowest connectivity (or highest tor-
tuosity). However, a decrease in the pore size (500vs 200 um) re-
sults on an important decrease in porosity and total pore volume
of approximately 2.5-fold, which is proportional to the decrease in
pore size. The small percentage of closed porosity in all samples
(defined as a connected assemblage of space (black) voxels that is
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Fig. 2. Structural and mechanical properties of fabricated tissue engineering scaffolds. (a) SEM images showing the top view of scaffolds with 500 um pore size and 90°
deposition pattern and 200pum pore size and 90° (top) and 500pm pore size with 60° and 30° patterns. Scale bar is 1mm. (b) Non-equilibrium compressive Young's
modulus of scaffolds shown in (a) submerged in PBS before culture and after 14 and 28 days of culture in differentiation media. Data is shown as mean + SD, n=3.
Statistical significance is calculated by two-way ANOVA; (****) p<0.0001, (***) p<0.001, (**) p<0.01 and (*) p<0.1.

Table 2

Porosity, closed porosity, surface area, total available pore volume and connectivity of fabricated scaffolds with a given dimension

of 4mm diameter and 4mm height (total volume of 50.2 mm3).

Scaffold pore size Porosity (%) Closed porosity Total surface Total pore Connectivity
and pattern angle (%) area (mm?) volume (mm?3) (Euler Number)
500 pm, 90° 47.8 0.038 271.3 24.0 -315

500 pm, 60° 39.8 0.099 263.1 19.9 -154

500 pm, 30° 46.2 0.031 266.3 23.2 -358

200 pm, 90° 18.9 0.092 238.0 9.5 -367

fully surrounded on all sides in 3D by solid (white) voxels), can
probably be ascribed to trapped air bubbles within the material.

3.4. In-vitro cartilage formation

ATDC5 cells were cultured on the additive manufactured scaf-
folds with different pore architectures and sizes for 2 and 4 weeks
in chondrogenic and basal media and the deposited tissue was
analysed by histology and immunofluorescence. Cell proliferation,
glycosaminoglycan deposition and phenotypic state of cells were
also studied. As comparison, ATDC5 cells were also analysed after
pellet culture, the gold-standard for in-vitro chondrognesis.

3.4.1. Cell proliferation and deposition of a specialized extra cellular
matrix (ECM)

Histological observation of the cell/scaffold constructs was
done via staining with Safranin-0, specific for glycosaminoglycans
(Fig. 3a), and Picosirius Red, specific for collagens (Fig. S2). After
14 and 28 days of culture a large amount of cells were visualized
growing on the outer perimeter of the scaffolds in all scaffold ar-
chitectures (Fig. 3a, top view and Fig. S2). However, a large amount
of cells were also observed growing inside the scaffold material
after 14 days of culture. A detailed observation of the samples
revealed a larger amount of cells growing inside the scaffolds after
28 days of culture in differentiation conditions as compared to
basal media and 14 days of culture (in both media conditions).
Contrary to this trend, samples with pore size of 200 um showed a
reduced cell number with extended culture time. We hypothesize
that the reduced pore size and the large amount of cells growing
on the outer perimeter of the scaffold restricted or limited the
oxygen and nutrient transport through these pore sizes. Samples
with a 500pum pore size and 90° angle showed the highest cell

number within the scaffolds, which became specially pronounced
after 28 days of culture. Scaffolds with a pore shape of 60° showed
a higher cell population than their counterparts at 30° (Fig. 3a).
An increased cell number was confirmed by quantification of DNA
content on the scaffolds after 14 and 28 days of culture in both
media conditions (Fig. 3b). After only 14 days of culture cell num-
ber increased to more than double (as compared to initial seeding
of 2-10° cells) in all scaffold architectures and culture conditions.
After 28 days, values of over 2-106 cells were measured, indicating
a continuous cell proliferation. As observed by histology, samples
with a reduced pore shape of 200um presented a lower cell
number after 28 days in both differentiation and basal media with
significant differences in differentiation media. A total cell number
in differentiation condition of 2.1+10% & 1.4+10°> was quantified ver-
sus the 2.5-10%+0.4 0-10°, 2.4+105 +1.3+10° and 2.5-10+ 1.1.10°
measured for the 500pum 90°, 60° and 30°, respectively. Control
pellets showed the same trend, with an initial cell doubling in
the differentiation condition and a rather senescent behavior on
the consecutive 2 weeks (Fig. S3). However, when normalizing the
calculated cell numbers to the actual free pore volume of each of
the scaffolds (as measured by pCT), we observed a totally different
trend (Fig. S8, a). Scaffolds with a 200 um pore size present a cell
number per mm? of 2.3-10° after 28 days in differentiation media
as compared to scaffolds with 500um pore size that present a
much lower cell density of 1-10° for 90° and 30° patterns and of
1.2+10° for scaffolds with a 60° pattern. These cell densities were
also significantly different after only 14 days of culture and in both
media conditions.

Articular cartilage has a characteristic ECM composition that is
rich in GAGs and Collagen II. Thus, it is important to verify that the
composition of the engineered neo-tissue resembles that one of
the native one. Optical observation of the stained samples showed
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Fig. 3. GAG deposition. (a) Optical microscopy images of scaffolds cultured for 14 and 28 days in differentiation and basal (control) media and stained with Safranin-O
(glycosaminoglycans, dark pink) and counter-stained with Weigert's iron hematoxylin (nuclei, black). Top view column shows the outer perimeter of scaffolds cultured for
28 days in differentiation media. Scale bar is 1 mm, insets are 735 x 735um. Cell number after (b), GAG content (c) and normalized GAG content after 14 and 28 days of
culture in differentiation and basal (maintenance) conditions. Data is shown as mean =+ SD, n=3. Statistical significance is calculated by two-way ANOVA; (****) p<0.0001,

(***) p<0.001, (**) p<0.01 and (*) p<0.1.

an overall increase of GAG deposition from day 14 to day 28 of
culture in differentiation as well as basal media (Figs. 3a). GAG
deposition was observed as a dark pink stain (in contrast to the
unspecific pale pink stain of the scaffolds) that became more in-
tense over time when comparing samples cultured for 14 and 28
days and for samples cultured in differentiation media. Similarly to

what was observed in terms of cell number, 200 um pore size scaf-
folds appeared to have very little amount of deposited GAGs, with
high depositions peaking in scaffolds wit 500 pum and 90° and 60°
patterns.

The deposition of GAGs was also analyzed quantitatively by
DMMB assay (Fig. 3¢ and d) for all scaffolds on the different
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structural designs. As observed via histological staining, the
amount of deposited GAGs was for all the cases higher in differ-
entiation conditions than in control conditions and after 28 days.
After 14 days of culture, samples in differentiation media deposited
around 0.5pg GAG per pg DNA (a total of ~ 2ng GAG per scaf-
fold) with no significant difference between different structures as
compared to the 0.3 ug per pg DNA measured for control samples
(a total of ~ 1ng GAG). After 28 days of culture the deposition
of GAGs in differentiation conditions increased, reaching values of
~ 8ng per scaffold but keeping constant the amount of GAG de-
posited per cell (0.5-0.6 ng GAG per pg DNA) (Fig. 3c and d). Simi-
larly, control samples maintained the amount of GAG deposited per
cell with total GAGs values of 2.5 - 4g with no significant differ-
ences between architectures. Pellet cultures showed after 28 days
of culture higher values of GAG deposition per cell in both differ-
entiation and basal conditions (~ 0.7 and 1.5pug GAG per pg DNA,
respectively) (Fig. S4). Similarly to the cell number, the GAG con-
tent and GAG | DNA was also normalized to the free pore volume
calculated from pCT data (Fig. S8, b and c). The calculated GAG
density was also significantly higher on scaffolds with the lowest
pore size, e.g. 200um, with 0.9ug /| mm? as compared to the 0.3,
0.3 and 0.4pg / mm3 of scaffolds with 500 pm pore size and 90°,
30° and 60° patterns after 14 and 28 days of culture in differentia-
tion media.

The specialized matrix of cartilage accounts for a high percent-
age of Collagen II. Evaluation of the total collagen being deposited
on the printed scaffolds was performed qualitatively via histology
and microscopic evaluation and the presence of specific collagens
(collagen type I and II) via immunofluorescence.

Histological evaluation of collagen deposition was done via Pri-
cosirius Red staining, a dye that stains in red/orange all collagen
types present (Fig. S2). Observation via optical microscopy showed
that the stain was concentrated mainly on the cell bodies in all
samples. As was observed for GAG stains, cells were concentrated
on the outside of the scaffolds, encapsulating them (Figures S5, top
view column). Higher amounts of collagen were present in differ-
entiation samples as compared to control conditions and also a
higher deposition was observed after 28 days than after only 14
days of culture. Samples with 500 um pore size at 90 and 60° pat-
tern showed the highest deposition of collagens presenting closed
pores as compared to the open pores observed for samples at
200 pm pore size and 500 pm and 30°.

The deposition of specific collagens was evaluated via im-
munostaining of collagen II (blue) and collagen I (red) on scaffolds
cultured in differentiation and control (basal) conditions after
28 days of culture (Fig. 4a). Scaffolds cultured in control me-
dia showed a lower amount of cells and presented, still after
28 days of culture, open pores. Only the surface of the fibers was
covered with cells. Contrary, samples cultured in differentiation
media appeared to be populated, presenting pores fully infiltrated
with cells. Large amounts of collagen type Il were deposited on the
shape of extracellular fibers in samples with a 500um pore size
at 90° and 60° pores shape (Fig. 4a, insets). Scaffolds with 200 pum
pore size revealed the presence of very few cells on the pores of
the scaffold and, scaffolds with 500 um and 30° structure showed
few cells invading the pores and only intracellular expression
of collagen II. Collagen type I was only present intracellularly,
localized on the cytosol of the cells, as shown on the inset figures,
for all scaffold types. As control, ATDC5 cells cultured on the
traditional pellet format were cryotomed and stained for the same
markers showing a similar result, with a larger expression of
collagen II than collagen I (Fig. S5).

3.4.2. Cell invasion and formation of homogeneous tissue
To study the overall cell invasion and tissue formation within
the scaffolds puCT scans were run (Fig. 4b and SI videos S9 - S12).

Scaffolds printed at 500 um and 90° pattern showed a great cell
invasion and deposition of ECM as visualized by the darker fibrous
areas present on the core of the scaffold (Fig. 4b). Scaffolds with
a smaller pore size of 200pum appeared to be nude, with only
some darker areas on the vicinity of the fibers. A high cell invasion
was also visualized on scaffolds with 500pum and 60° pore shape
that present the highest connectivity number (Table 2), where cells
could be clearly distinguished on the surface of the fibers. Scaffolds
with a more tortuous pattern (lower connectivity) such as the ones
with pore shapes of 500um and 30° presented a lower cell inva-
sion that their counterparts with 500 um pore size and 90° and 60°
pattern. These results are ascribed to the ease of cell penetration
into the scaffolds depending or the tortuosity of the path and the
size of the pores.

3.4.3. Chondrogenic re-differentiation

The capability of the 3D scaffolds on their different structures
to promote re-differentiation of ATDC5 cells was evaluated by RT-
PCR after 28 days of culture as compared to de-differentiated
monolayer cultures (Fig. 5). Cells cultured in differentiation me-
dia showed an upregulation of characteristic chondrogenic mark-
ers such as Collagen II (6-fold increase) and Sox9 (8- fold increase),
while cells cultured in pellet showed a lower upregulation of col-
lagen II (2.3-fold) (Fig. 5). Similarly to the gold standard pellet cul-
ture, cells cultured on scaffolds also showed an upregulation of
collagen I of 10- to 11-fold that was lower than that of pellets (12-
fold). However, these cultures also presented a lower expression
of RunX2 (1.5 to 2.2- fold increase) than the pellet cultures (5.6-
fold). Moreover, the collagen II to collagen I gene expression ratio
was more than 25-fold higher in scaffolds than on pellet cultures
(~5vs ~0.2, respectively), representing a more pronounced chon-
drogenic differentiation. No significant differences were detected
between the scaffolds with different pore architectures, suggesting
that this is solely a material effect.

To rule out the effect of the transport of growth factors and
molecules responsible for chondrogenic differentiation through the
scaffold materials and pellet cultures, we compared the gene ex-
pression profile of those cultured in basal conditions (Fig. 6). Over-
all, the use of basal media showed a very similar trend on the de-
differentiation of ATDC5 cells. The main differences were identi-
fied as a lower expression of collagen II and a higher expression of
RunX2. However, also a more intense downregulation of collagen X
was detected. Cells showed a higher expression of collagen Il and a
lower expression of collagen I and RunX2 on cells cultured on the
scaffolds than on pellet cultures. A collagen II |/ collagen I ratio of
~0.5vs ~0.1 was measured for cells cultured in scaffolds vs pellet
cultures.

3.4.4. Mechanical properties of tissue-scaffold construct

The Young's modulus (E) under compression in liquid and non-
equilibrium conditions was measured for the different scaffolds af-
ter 14 and 28 days of culture. All scaffolds showed an initial in-
crease of the mechanical properties after 14 days of culture, which
is generally taken as an indication of the deposition of ECM by
the cells. After 28 days of culture, a decrease of the mechani-
cal properties was measured in all the samples, which we as-
cribed to an initial degradation of the polymer. The mechanical
properties were lower on differentiation media as compared to
maintenance media. (Fig. S7). Although a higher amount of ECM
was being deposited on the scaffolds on differentiation conditions,
the cell number was also higher, possibly creating a fast decrease
of the local pH surrounding the cells and therefore the scaffold,
with a potential increased degradation of the material. Overall,
and in accordance to previously presented data, the Young's mod-
ulus of the scaffolds increased with a decreased pore size (500 pum
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Fig. 4. Cell infiltration and specific ECM deposition. (a) Light scanning microscopy (LSM) images of scaffolds after 28 days of culture in differentiation and basal (control)
media were pores and fibres were imaged respectively. Cells were stained for F-Actin (Phalloidin, green) and nuclei (Hoechst, yellow), collagen II (blue) and collagen I (red).

Scale bar is 100 pm.

Inserts are 125 x 125pum. (b) Micro X-ray computed tomography (uCT) reconstructions of scaffolds after 28 days of culture on differentiation media

showing cell infiltration and ECM deposition. White arrows point at areas with high cell or ECM concentrations. Scale bar is 1 mm. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Gene expression analysis. Fold increase on the expression of Sox9 (a), collagen II (b), collagen I (c), RunX2 (d) and collagen X (e) of ATDC5 cells cultured for 28 days
in all scaffold architectures and pellet cultures in differentiation media relative to monolayer cultures. e) Relative mRNA expression ratio of collagen II |/ collagen I. Data is
shown as mean + SD, n=3. Statistical significance is calculated by two-way ANOVA; (****) p<0.0001, (***) p<0.001, (**) p<0.01 and (*) p<0.1.
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mean + SD, n=3. Statistical significance is calculated by two-way ANOVA; (****) p<0.0001, (***) p<0.001, (**) p<0.01 and (*) p<0.1.

Table 3
Non-equilibrium compressive Young's modulus of cell-scaffold constructs after 14
and 28 days of culture in differentiation media.

Scaffold architecture Compressive Young‘'s Modulus (E) (MPa)

14 days 28 days
500 pm, 90° 6+1 46+04
200 pm, 90° 15+1 7.3+03
500 pm, 60° 4.6+0.7 3.1+0.7
500 pm, 30° 3+1 2.2+0.1

vs 200pm). Samples at 90° pore shape presented higher com-
pressive modulus than samples at 60 or 30° (Table 3). After 28
days of culture all the scaffold architectures presented mechanical
properties that are above the ones reported for the native articu-
lar cartilage (0.3 - 0.8 MPa in unconfined compression) with val-
ues of 46+0.4; 7.34+0.3; 3.1+0.7 and 2.24+0.1 MPa for samples
500 um, 90°; 200pum, 90°, 500um, 60° and 500um, 30°; respec-
tively (Table 3).

4. Discussion

Biodegradable poly(ester)urethanes have shown their potential
in soft tissue engineering applications where high resilience is re-
quired. However, its exploitation has been limited to solvent-based
biofabrication techniques and, only recently its application in ad-
ditive manufacturing has been reported [48,49]. We have success-
fully optimized the FDM process, resulting in scaffolds with con-
stant molecular weight, and low printing error. Changing solely
the pore size and printing pattern we were able to produce scaf-
folds with compressive E that ranged from 1 to 15MPa, using the
same poly (ester urethane) and covering over one order of mag-
nitude. Other studies considering the range of mechanical proper-
ties that can be covered by changing the pore shape and size of

materials with lower elasticity, i. e. PEOT |/ PBT and poly(L-lactide-
co-caprolactone), showed lower tunability with E that ranged from
2.6 to 13.7MPa and from 0.22 to 0.27 MPa, respectively [31,56].
Mikos and co-workers also investigated the effect on compressive
mechanical properties of neat PCL scaffolds and its blends with
0 - 30% hydroxyapatite (HA) with a fiber spacing that vary from
0.2 to 0.9mm, resulting in Young's moduli that varied from 100
to 200 MPa independently of the HA concentration [57]. Thus, the
combination of elastomeric materials and FDM proved a great tool
for the fabrication of scaffolds that could target a great variety of
tissues. Moreover, the elastic regime of the PEU scaffolds ranged
from 20 to 50% strain, with increased elastic regime for architec-
tures with decreased pore size. The trend is likely explained by
the increased contact area between fibers from adjacent layers as
the deposition angle between layers decreases. The soft segment of
the PEU used here is synthesized from polycaprolactone (PCL) and
polylactic acid (PLA) blocks, traditional materials used for FDM.
While presenting high stiffness, PCL and PLA are generally brittle
and non-elastic with typical yield strain values of 6-8% and 2-5%
for PCL and PLA, respectively [37,38].

The application of this elastic PEU for the regeneration of artic-
ular cartilage appeared to be successful, resulting in the deposition
of an ECM with high amount of GAGs and collagen II, characteristic
of hyaline cartilage. Evaluation of the GAG deposition resulted on
values up to 8ng after 28 days of culture with higher GAG densi-
ties for scaffolds with lowest open pore space. These data are in
good agreement with previous findings reported by our group on
a study performed with primary bovine chondrocytes on PEOT/PBT
additive manufactured scaffolds where a reduced porosity resulted
on an increased GAG deposition [58]. On a similar study, culture
of ATDC5 cells in additive manufactured scaffolds based on PEOT
| PBT copolymer resulted on lower amounts of GAG deposition.
After 2 weeks of culture, GAG deposition values of 0.15 - 0.2 ug of
GAG | pg DNA were measured in basal media and of 0.2 - 0.4pg
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of GAG | ng DNA on cells cultured on ITS containing media [59].
These results evidence the potential that PEU scaffolds represent
over traditional materials.

Chondrocytes of hyaline cartilage are characterized by the ex-
pression of high amounts of collagen II, the transcription factors
Sox-9, Sox-5 and Sox-6 and, a low expression of collagen X, colla-
gen | and runt-related transcription factor 2 (RunX2) [10]. The ex-
pression of these factors gradually varies along the depth of the
tissue until the calcified zone where, hypertrophic chondrocytes
express higher amounts of collagen X and collagen 1. Monolayer
culture of chondrocytes leads to the de-differentiation of the cells
that will then express higher amounts of collagen I, collagen X and
RunX2, similarly to hypertrophic chondrocytes. In fact, a ratio of
collagen II [ collagen I lower than 1, has been traditionally consid-
ered as a marker of cell de-differentiation [60]. Moreover, culture
on stiff or 2D substrates generally results on cell spreading, ten-
sion and the formation of well-defined actin filaments, which has
been traditionally thought to be a non-chondrogenic cell environ-
ment leading to the de-differentiation of the cells [61]. Although
multiple examples exist on literature of FDM scaffolds for articu-
lar cartilage regeneration, these account for mechanical properties
that are well above those characteristic of the tissue. And, in many
cases, cells within such scaffolds present a phenotypic state char-
acteristic of hypertrophic chondrocytes.

ATDC 5 cells, a teratocacinoma derived cell line, express char-
acteristic markers of hypertrophic chondrocytes when cultured in
monolayer but represent a good model for endochondral plate de-
velopment when cultured in pellet [15,62,63]. Collagen II deposi-
tion by ATDC5 cells on PEU based FDM scaffolds was evidenced
via histological staining, immunofluorescence and gene expression
analysis (Fig. S2, 4 and 5) with collagen II |/ collagen I expression
ratios of ~5; 25-fold higher than that measured for pellet cultures.
Similar results were reported by Jian and co-workers on poly(e-
caprolactone) | polytetrahydrofuran urethane (PCL-PTHF) electro-
spun scaffolds coated with collagen I where human mesenchy-
mal stem cells were cultured for 21 days and showed a collagen
Il | collagen I ratio of ~6 [64]. This results is, to the best of our
knowledge, the highest reported for cells cultured on FDM scaf-
folds and highlights the importance of the use of softer elastic ma-
terials, more representative of cartilage. Further analysis showed
a lower expression of genes characteristic of hypertrophy such as
Collagen I, RunX2 and Collagen X in cells cultured in scaffolds than
in traditional pellet cultures. This result showed that cells cultured
within the scaffolds deposit a matrix characteristic of hyaline car-
tilage rather than the characteristic evolution towards hypertrophy
traditionally observed in-vitro for these and other cell types, and
also observed by us on pellet cultures [15,63]. Most importantly,
the media composition used in this study is insulin-based, without
the use growth factors such as transforming growth factor-8 (TGF-
B), that are common for the differentiation of stem cells towards
chondrogenic phenotypes. Insulin-based media, without the addi-
tion of TGF-B, has been shown to induce proliferation of ATDC5
cells and high expression of collagen I, X and RunX2. While TGF-
B supplemented media better induced the expression of markers
such as collagen II.

We further validated this hypothesis by culturing ATDC5 cells
on our scaffolds on basal media showing gene expression profiles
more characteristic of resting chondrocytes than those cultured on
pellet. These results in differentiation and also in basal conditions
suggest that not the 3-dimensional environment, nor the cell cul-
ture media used are the unique cause of the de-differentiation of
chondrocytes in our scaffolds, but the material itself (either by me-
chanical or chemical properties) has a positive influence on the
process of chondrogenesis. This chondro-inductive potential of PEU
is a material feature not observed or published before for other
synthetic degradable polymers. Thus, we hypothesize that the out-

standing performance of PCL and PLA based PEU as support mate-
rial enabling cartilage formation is a consequence of the softer and
more elastic properties of the polymer.

5. Conclusion

All together, we have demonstrated the fabrication of FDM scaf-
folds of an elastic and biodegradable PEU is possible without in-
ducing a significant degradation of the material. The mechanical
properties of these materials can be finely tuned by changing the
pore size and architecture of the scaffolds, covering more than one
order of magnitude. The elastic limit of the materials thus pre-
pared can be extended from 20 to 50%, much higher than its coun-
terparts, PLA and PCL. Comparison between the different scaffold
architectures chosen for this study showed that small pore sizes
of 200pum are not adequate for long term culture and results in
a decreased cell proliferation and scaffold invasion as observed by
LSM images and pCT scans. However, a slightly higher GAG deposi-
tion was detected for these pore architectures. Scaffolds with big-
ger pore sizes of 500 um allowed cell infiltration, matrix deposition
and cell de-differentiation. Within this bigger pore size, scaffolds
with a 30° pore architecture and thus a more tortuous (lower con-
nectivity) structure present a lower cell infiltration and GAG de-
position than that ones with a 60° or 90° structure. In-vitro car-
tilage engineering with ATDC5 cells resulted on a large deposition
of GAGs and the expression of characteristic chondrogenic mark-
ers, with a collagen II / collagen I ratio of 5-6. Most importantly,
the expression of chondrogenic markers was significantly higher
for cells cultured on scaffold materials than on the gold-standard
pellet cultures. A detailed analysis of gene expression and matrix
deposition by RT-PCR, immunofluorescence and histological anal-
ysis in differentiation and basal media revealed that the intrinsic
properties of PEU scaffolds materials enhance the cartilage forma-
tion and chondrogenic gene expression of cells cultured within as
compared to traditional pellet cultures, which presented a rather
hypertrophic phenotype. We also proved that the cell infiltration
and matrix deposition in scaffolds with a 500pm pore size and
90° and 60° pattern was higher than that of scaffolds with smaller
pore sizes (200um) or more tortuous structures (30° pattern). The
mechanical properties of the cell/scaffold constructs with 500 um
pore size and 90° and 60° pattern showed an initial increase in
the compressive Young‘'s modulus after 14 days of culture ascribed
to the deposition of neo-tissue, and suffered a slight decrease af-
ter 28 days of culture as the material starts to degrade. After 28
days of culture, Young's moduli of 3.1 and 4.6 MPa were measured
for the 60° and 90° patterns, respectively. Thus, PEU FDM scaffolds
fabricated here with 500 um pore size and 90° and 60° pattern ap-
pear as ideal candidates for the in-vitro formation of neo-cartilage
and potential regeneration of articular cartilage defects.
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