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ARTICLE INFO ABSTRACT

Keywords: The most pressing need in cartilage tissue engineering (CTE) is the creation of a biomaterial capable to tailor the
Cartilage tissue engineering complex extracellular matrix of the tissue. Despite the standardized used of polycaprolactone (PCL) for osteo-
Polycaprolactone chondral scaffolds, the pronounced stiffness mismatch between PCL scaffold and the tissue it replaces remarks the
1,4-Butanediol thermoplastic polyurethane . Lo s e . . .

Rheolo biomechanical incompatibility as main limitation. To overcome it, the present work was focused in the design and
Microsti }1]1cture analysis of several geometries and pore sizes and how they affect cell adhesion and proliferation of infrapatellar fat
Porosity pad-derived mesenchymal stem cells (IPFP-MSCs) loaded in biofabricated 3D thermoplastic scaffolds. A novel

biomaterial for CTE, the 1,4-butanediol thermoplastic polyurethane (b-TPUe) together PCL were studied to compare
their mechanical properties. Three different geometrical patterns were included: hexagonal (H), square (S), and,
triangular (T); each one was printed with three different pore sizes (PS): 1, 1.5 and 2 mm. Results showed differ-
ences in cell adhesion, cell proliferation and mechanical properties depending on the geometry, porosity and type of
biomaterial used. Finally, the microstructure of the two optimal geometries (T1.5 and T2) was deeply analyzed
using multiaxial mechanical tests, with and without perimeters, pCT for microstructure analysis, DNA quantification
and degradation assays. In conclusion, our results evidenced that IPFP-MSCs-loaded b-TPUe scaffolds had higher
similarity with cartilage mechanics and T1.5 was the best adapted morphology for CTE.

Infrapatellar mesenchymal stem cells

biomaterials, cells, proteins, DNA, drugs, and growth factors to ease the
restoration and regeneration of injured organs. Among the wide di-

1. Introduction

Tissue engineering (TE) is a multidisciplinary research area focused
on assembling functional constructs that restore, maintain, or improve
damaged tissues or whole organs [1]. TE is based on three essential
pillars: cells, biomaterials, and external stimuli. In this context, 3D
bioprinting is a manufacturing methodology that makes use of

versity of 3D bioprinting strategies, droplet-based bioprinting (DBB),
extrusion-based bioprinting (EBB) and laser-based bioprinting (LBB) are
the most commonly used [2]. Each one has its strengths and: as high
cost, accuracy, or time-consuming. Perhaps, the main difference be-
tween the standard 3D bioprinting manufacturing methods is the
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capability to accurately control the microstructure geometry. In tailor of
fibers, it is essential not only to take into account their chemical
composition; but also their spatial arrangement because the spatial
distribution directly modifies the biomechanical behavior of the
construct [3]. Interestingly, the way by which cells interact with the
material also depends on the fiber distribution. Thus, the control of the
pore interconnectivity, size, and scaffold geometry is a key point to
achieve a suitable cell maturation and extracellular matrix formation to
have success in 3D bioprinting-based tissue engineering purposes [4].
Even more, tailoring porosity (e.g. pore size, geometry, and orientation),
the interconnectivity of the whole scaffold is controlled and together the
surface chemistry both are parameters that determine the behavior of
nutrient flow [5]. EBB is possibly the easiest way to parametrize the fiber
orientation thanks to the possibility to customize the layer degree lay-
down pattern. More precisely, changing fiber orientation during print-
ing will largely modify the final arrangement of the microstructure
without modifying the chemical structure of the material [5]. On the
other hand, traditional methodologies like gas foaming, salt-leaching, or
cross-linking provide high porosity but the resulting porous inter-
connectivity depends on several factors that make mandatory the pre-
cise control of porous distribution, size, and geometry [6,7].

One of the most widely used thermoplastic biomaterials for cartilage
TE (CTE) is poly(e-caprolactone) (PCL), which contrary to conventional
thermoplastic materials that have high melting temperatures (above
200 °C), presents a relatively low glass transition temperature (60 °C)
that is attractive in bioresorbable polymers [8]. It is also remarkable its
thermal stability since its decomposition temperature is around 350 °C
whereas other aliphatic polyesters only have a gap of 20-30 °C from
their melting point [9]. Among mechanical aspects, PCL is one the most
flexible biomaterials (Young’s modulus, E ~ 16 MPa in the solid-state)
and it is relatively easy to work with [10]. Moreover, 1,4-butanediol
thermoplastic polyurethane (b-TPUe) is a biomaterial with no preced-
ing studies in TE. In comparison with other TPUs (which are
petrochemical-based), b-TPUe uses bio-based chain extenders increasing
their biocompatibility and biodegradability, and, at the same time, their
thermal and mechanical properties are improved [11,12]. Also, b-TPUe
is closer to the viscoelastic properties of the cartilage with a storage
modulus (G') of 9.6 MPa and a damping factor (tans) of 0.18 [13].

Previous studies reported an array of mechanical and biological ana-
lyses of the porous architectures of the scaffolds [14-17]. Most of them
conclude that porosity depends on two principal aspects: the tissue
composition and the cell used [18-20]; however, no conclusive results
were reported about the geometry. The main focus of the present study
was to investigate and clarify which geometry and pore size tailor opti-
mally the conditions for cell adhesion and proliferation of infrapatellar fat
pad derived mesenchymal stem cells (IPFP-MSCs). IPFP-MSCs have pro-
bed their huge chondrogenic potential [21-23], which is the tissue that
needs to be replaced. In addition, they do not produce collagen type X
(cartilage hypertrophy) when they are exposed to chondrogenic differ-
entiation [24]. Even more, IPFP-MSCs maintain chondrogenic potential
larger times than chondrocytes obtained from OA patients [25]. Also
comparing IPFP-MSCs with bone-marrow MSCs, they produced higher
cartilaginous ECM; and, comparing with synovium-derived stem cells,
IPFP-MSCs under hydrostatic pressure [26], or under dynamic compres-
sion and a gradient oxygen tension presented higher chondrogenic
response [27]. Finally, IPFP-MSCs cultured inside decellularized cartilage
grafts also showed cartilage ECM synthesis and the zonal architecture
which resembles the native tissue [28].

For this purpose, we used for the first-time b-TPUe as 3D bioprinting
material in comparison to PCL. For each biomaterial, three different
geometries (triangular, square, and hexagonal) and three ranges of pore
size (PS) (1, 1.5, and 2 mm) were used. Patterns were analyzed from the
mechanical perspective with compression mechanical tests and pCT
technology. Besides, the biological behavior of IPFP-MSCs was evalu-
ated using Alamar blue assay, DNA content, and environmental scanning
electron microscopy.
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The complex structure of this article relapses in the necessity of
mixing several material properties with its cell response. In addition,
due to a large number of treated variables and samples, the number of
them has reduced thanks to the preliminary studies. Thereby: nine
different geometries were proposed for the proliferation assay, each one
was analytically studied. After, some of those geometries were discarded
to simplify deeper analyses, reducing the sample number. Finally,
selected geometries were exposed to mechanical assays, micro-
architecture analyses, viability tests, and cell-material interactions
inquiries.

2. Materials and methods
2.1. Bioprinter setup

REGEMAT 3D V1 bioprinter (Regemat 3D S.L., Granada, Spain) was
used as representative of the EBB technique, and the software REGEMAT
3D DESIGNER was used to build scaffold geometries. PCL was obtained
from Esun Industrial Co Ltd. (Shenzhen, China) and b-TPUe from
Recreus Inc. (Elda, Spain). Their manufacturer parameters are detailed
in Supplementary Table 1.

The layer height (LH = 200 pm), the scaffold diameter (14 mm), and
the number of perimeters (2 perimeters of 0.4 mm of thickness) were
kept constant. No bottom neither top layers were created to ensure that
the cells attach to the filaments. Retract speed was 20 mm/s; perimeter/
skirt speed 10 mm/s; infill speed 12 mm/s for PCL and 25 mm/s for b-
TPUe. Finally, different PS (1, 1.5, and 2 mm) and printing patterns were
arranged to modify the porosity. In Supplementary Table 2, it is repre-
sented the main parameters used to obtain the desired geometries:
hexagonal (H), square (S), and triangular (T). Melting points corre-
sponded with manufacturers’ ones.

2.2. Isolation and culture of IPFP-MSCs

IPFP-MSCs were obtained from patients with osteoarthritic knee
during joint replacement surgery. Ethical approval for the study was
obtained from the Ethics Committee of the Clinical University Hospital
of Malaga, Spain (ethic permission number: 02/022010 Hospital Virgen
de la Victoria, Malaga). Informed patient consent was obtained for all
samples used in this study. IPFP-MSCs isolation and characterization
were performed as previously described [30]. The samples were
extracted directly from osteoarthritic patients. The infrapatellar fat pad
was mechanically and enzymatically (collagenase type I; Sigma-Aldrich)
disaggregated at 37 °C heated ovens where they remained under stirring
for 2 h. When cells were isolated, the excess of collagenase was elimi-
nating with washes (10% phosphate-buffered saline (PBS) fetal bovine
serum (FBS; Sigma-Aldrich) and 1% antibiotic penicillin/streptomycin
(P/S)) and the obtained pellet was resuspended in culture medium
(DMEM (Sigma-Aldrich), 20% FBS, 1% P/S) and it was transferred to a
cell culture flask (75 cm?). Afterwards, IPFP-MSCs were incubated at
37 °C and 5% CO, with DMEM high glucose (Sigma-Aldrich, St Louis,
MO, USA) supplemented with 20% FBS (Lonza, Basel, Denmark) and 1%
of penicillin/streptomycin (Sigma-Aldrich, St Louis, MO, USA). At 80%
of confluency cells were sub-cultured.

2.3. Cell adhesion and proliferation assays in 3D scaffolds

For cell-seeding experiments, PCL and b-TPUe scaffolds were steril-
ized as follows: i) first, scaffolds were introduced in glass tubes of 30 mL,
rinsed out with 50% ethanol/water solution during 10 min; ii) after,
scaffolds were introduced into 70% ethanol/water solution for 24 h. iii)
Next day, dried scaffolds were deposited onto Petri dishes and they were
washed with phosphate-buffered saline (PBS) (0.01 M). iv) Then, they
were irradiated with UV light for 40 min. iv) Immediately after, scaffolds
were fitted inside 24 well plates and immersed into DMEM high glucose
(Sigma-Aldrich, St Louis, MO, USA) supplemented with 10% FBS
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(Lonza, Basel, Denmark) and 1% of penicillin/streptomycin (Sigma-
Aldrich, St Louis, MO, USA) overnight. All the previous steps together
with the printing protocol were carried out inside a sterile laminar hood.

Subsequently, to compute similar conditions 2 x 10° cells were
seeded onto the scaffolds. The data acquisition intervals were done at
day 1 (d1), day 7 (d7), day 14 (d14), and day 21 (d21); at those times
scaffolds were introduced in a new 24 well plate to avoid data
contamination of possible cells that were attached to the well bottom.

The proliferation rate of IPFP-MSCs in 3D constructs was assessed by
colorimetric alamarBlue® (BIO-RAD) assay. Samples were withdrawn
from the incubation media, rinsed with PBS, and immersed in ala-
marBlue® for 3 h. The alamarBlue® reduction pattern was analyzed
using a fluorescence spectrometer (Ex 530-560 nm/Em 590 nm BIO-
TEK synergy4 HT). After that time, the samples were repositioned in a
new 24 well plate with 200 pL of fresh culture media.

2.4. Porosity estimation and surface/volume ratio

The porosity (P) and surface/volume (S/V) ratios were theoretically
calculated, under the assumption that the fibers had a cylindrical shape.
P was also experimentally determined from the relative density p, as
follows: P = 1 — p,. The relative density was obtained by dividing the
experimental density over the theoretical one. More detailed informa-
tion is described in the supplementary material and methods section.

2.5. Wettability

The degree of scaffold hydrophobicity is one of the principal
biomaterial properties, which determines cell interaction [31]. Wetta-
bility was estimated by measuring the contact angle (CA) of a deposited
water droplet (100 pL of distilled water) over a planar section of each
material. An orthogonal image was captured after 2 s and the contact
angle was measured with ImageJ.

2.6. Angle frequency

To compute the number of angles that appeared by superposition of
fibers in the different geometries, the angle frequency (AF) (AF =

nAngleS/n Total Angl es) was calculated. Thus, this ratio implies which

geometry had a higher number of angles and how was the difference
concerning other conformations.

2.7. Mechanical testing of the scaffolds

Mechanical tests were carried out using two different devices to
explore a wide strain range of deformations. To explore the small strain
range (below approx. 0.2) a commercial rheometer (MCR302, Anton
Paar, SE Germany) was used. To explore the mechanical behavior in a
larger strain range (from approx. 1 to 20) a Universal Testing Machine
(Shimadzu Autograph AGS-X) was used.

The rheometer was operated with a parallel plate geometry. The
experimental protocol consisted of four steps. In the first step, a cylin-
drical scaffold was placed on top of the bottom plate of the rheometer
and the upper one was displaced downwards from the “lift position” to
the “initial position” hy = Hy (=5 mm). The initial position was always
larger than the thickness of the scaffolds tested. During this step, the
upper plate never touches the scaffold and therefore, data are not
recorded. In the second step, the upper plate was displaced downwards
at a constant velocity (10 pm/s) to compress the scaffold. The third step
began when the normal force reached a value of Fyy = 40 N. At this point,
the plate undergoes a small amplitude strain oscillation (strain ampli-
tude yo = 107°% and excitation frequency f = 1 Hz) during 10 s to
explore the linear viscoelasticity of the scaffold under shear kinematics.
In the fourth step, the upper plate was displaced upwards at a velocity of
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10 pm/s. All steps were performed in triplicates at 25 °C. The Young’s
modulus was calculated from the compression interval - as the slope of
the linear portion of the stress-strain curve (i.e. X-Y strain) by linear
fitting - while storage and loss moduli were obtained from the shear
interval -in the viscoelastic linear region (strain < 0.01).

A Universal Testing Machine was used to explore the mechanical
properties of the scaffolds in the large strain regime. For this aim,
scaffolds with a cubic shape were fabricated and tested in compression
along two different axes: the Axial ‘out of plane’ direction (i.e. orthog-
onal to the print plate) and the Radial ‘in plane’ direction (i.e. parallel to
the print plate).

2.8. Characterization of the microstructure throughout uCT technology

To analyze the porosity and the microstructure of the scaffolds in
deeper detail, pCT was applied in triangular geometries for PS of 1.5 and
2 mm (T1.5 and T2). For each material and PS, three samples were used
and analyzed inside an Xradia 510 Verse (Zeiss) for 24 h with an
acquisition voltage of 40 kV at 3 W. The emitting distance was 50 mm,
whereas the detector distance was 91 mm and the pixel size was 12.1
pm. The magnification objective was 0.4x and the exposure time 18-22
S.

2.9. DNA quantification

The 4, 6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich, St Louis,
MO, USA) assay was used to study the DNA content. Briefly, 50 pL of
papain-digested sample harvested from 3D scaffolds at d7, d14, and d21
were added into a 96-well plate and combined with 50 pL of DAPI dye.
Afterward, the absorbance at 358 nm was read at 461 nm. To determine
the DNA content of the samples, the DNA standard from Calf Thymus
(Sigma-Aldrich, St Louis, MO, USA) was used as standard.

2.10. Environmental scanning electron microscope (ESEM)

The scaffolds were imaged with a FEI Quanta 400 microscope
(Thermo Fisher Scientific-FEI, Fremont, CA, USA) with an Everhart-
Thornley detector (E-TD) for dry and conductive samples in high vac-
uum mode, and a gaseous SE detector (GSED) for wet samples in the
environmental model. Cell-laden PCL and b-TPUe scaffolds with trian-
gular morphology were analyzed at 2 weeks. Afterward, they were
fixated with 2% glutaraldehyde for 2 h at room temperature, and then
they were rinsed in 0.1 M cacodylate buffer and incubated at 4 °C. The
pressure curve adopted for the measurements was 720-1067 Pa.

2.11. Statistical analysis

All graphed data represented the mean + SD from at least three ex-
periments. All the statistics were performed with n = 3 in OriginLab Pro
™, For mechanical curves and because of simplicity linear interpolation
applying average was performed over all samples. To compute statistical
significance among geometries, a two-tailed Students t-test was done,
and homoscedasticity and normality tests were done before meaning
comparison. In graph representations, P-value less than 0.05 was rep-
resented */#; P-value < 0.01 with **/## and P-value < 0.001 ***/###,

3. Results and discussion
3.1. Fabrication approach

Among different options, thermoplastic polymers can be easily
printed using the extrusion EBB technology by fused deposition
modeling (FDM) consisting of a nozzle with a heater that melts a ther-
moplastic filament and deposits it in a controlled and organized manner,
layer-by-layer, on a surface [32]. The REGEMAT 3D software allows the
possibility of tailoring several parameters about the scaffold
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arrangement and, in contrast with other EBB-based bioprinters, it does
not apply mesh restrictions configuring patterns slightly different from
conventional 3D printers as could be the triangular and the hexagonal
[33]. In contrast with other common software it takes a 3D volume (in
STL format) and from such model makes the lamination [34]. Moreover,
this software directly configures the mesh distribution to facilitate the
presence of symmetries [33]. In our study, we investigated three
different patterns (triangular, square, and hexagonal) and three porosity
sizes PS (1, 1.5, and 2 mm). Fig. 1A-C shows the layer arrangement for
the three different geometries. The triangular geometry presents a
higher number of possible orientations (4), whereas hexagons only
present one. Together with the theoretical porosity, the cylindrical
approximation allows us to obtain the available surface (i.e. the exposed
material surface for cell contact) for the hypothetical volume (see Sup-
plementary Fig. 2) that would take the scaffold in the case of presenting
null porosity (see Supplementary Table 3). With all previous consider-
ations, the early defined geometries were fabricated for each biomaterial
(Fig. 1D-E). An adequate computer design that controls the thermal
conductance and viscosity of the polymer will result in a better fidelity
of the final patterns. Comparing Fig. 1D and E, it can be distinguished
that b-TPUe presents thinner filaments in comparison with PCL, possibly
due to the high thermal conductance of PCL [9]. Another relevant effect
that affects the final design is the stability of the pillars that are formed
because of the fibers’ superposition (see Supplementary Table 2). Thus,
it is important to control not only the initial CAD parameters but the
printing properties to ensure an optimal scaffold architecture [35].

3.2. Cell adhesion/proliferation assay

In the previous literature, it has been described several factors that
increase cell adhesion and proliferation in 3D bioprinted scaffolds [36].
Among others PS, interconnectivity in the scaffold microstructure and
surface conformation are key determinants [37-39]. In fact, the ex-
change of nutrients and cues depends on the porosity and its inter-
connectivity [16]. Also, surface conformation together with
hydrophilicity and PS increases biointegration [40]. Here, the interac-
tion of IPFP-MSCs (see Supplementary Fig. 3 for MSCs characterization)
with the two biomaterials (PCL and b-TPUe) was analyzed to charac-
terize their cell adhesion and proliferation profile.

Fig. 2 represents the fold increase proliferation of AlamarBlue®
assay for each geometry in both PCL and b-TPUe scaffolds in IPFP-MSCs-
loaded scaffolds, proliferation rate decreased from dl1 to d7 and
increased up to d21 for all geometries. When the fluorescence units were
normalized (fold increase) with respect to the values obtained on day 1,
it was observed that square and triangular conformations showed
similar proliferative levels at day 21, except the hexagonal geometries
for PS 1 and 2 mm that showed higher values (Fig. 2A). Fig. 2B and C
shows the raw fluorescence units of b-TPUE obtained from the Ala-
marBlue® reduction assay for d1 and d21 respectively. Four confor-
mations, T1.5, H1.5, S1.5, and S2, displayed higher adhesion at the
starting point (Fig. 2B); however, at day 21 all geometries achieved high
levels of fluorescence when comparing PS for each geometry, being H2
the one with significantly higher values (Fig. 2C).

On the other hand, Fig. 2D represents the fold increase proliferation
curves for PCL. As observed, very different behavior is found when
compared with b-TPUe. For all geometries, the proliferative response
increases from d1 to d7 and afterward decreases until d21 with ratio
values similar to d1. Despite this difference in behavior, there is a shared
similarity for PS 2 mm which seems to present a higher proliferative
response over the rest of the PS, undependably of spatial conformation.
Fig. 2E and F presents the raw data from reduction assays at d1 and d21
for PCL. In both cases, the triangular geometry is associated with the
higher levels of metabolism implying much higher adhesion. Similarly,
to b-TPU, S2 and H2 also reached very high levels of fluorescence when
comparing PS for squares and hexagons, respectively.

Overall, cell adhesion in PCL scaffolds was larger than b-TPUe at d1
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(see Fig. 2B and E). A reason for this result is the lower contact angle in
PCL (90 £ 1°) than b-TPUe (111 + 2°) that demonstrates a more hy-
drophilic character of PCL than b-TPUe. These results are in good
agreement with previous publications in the literature. In particular,
Metwally et al. established that wettability influences cell adhesion and
found an inverse correlation between the contact angle and cell prolif-
eration [41].

However, it is remarkable to point that, in contrast to PCL, the pro-
liferation rate is larger for b-TPUe on day 21. These results suggest a
better proliferative response for b-TPUe in the long-term in comparison
to PCL scaffolds. The higher proliferation response for large PS could be
explained because of the higher interconnectivity of the pores allowing a
better diffusion of the culture medium [42]. Conclusively, although the
cell adhesion results are different depending on the biomaterial; in
general, triangular patterns with large PS showed better response. This
is remarkable in the case of PCL, making this geometry the most
adequate candidate for optimal cell adhesion.

3.3. Correlation of proliferation with experimental porosity and S/V ratio

Based on previous investigations, it can be noticed that the
biochemistry and the microstructure of the biomaterial surface affect
cell adhesion and proliferation [43]. Also, it is expected that a higher
available surface for cell attachment would result in a higher cell
adhesion level [44]. Two parameters were used to quantify the amount
of surface that is available for cell attachment: the experimental porosity
and the surface-to-volume (S/V) ratio. In Supplementary Table 3, results
for the theoretical porosity (under the approximation that the fibers can
be represented by cylinders) are presented together with the experi-
mental porosity (obtained from p,). As observed, a very good agreement
is found between the two values suggesting that: i) the scaffolds almost
preserved the original computer design; and, ii) the theoretical model is
a good approximation. S/V ratios were also calculated using the cylin-
drical approximation and included in the Supplementary Table 3. The
largest S/V ratio is found for the triangular pattern.

In an attempt to look for correlations between the proliferation rate
and the physical characteristics of the scaffolds (porosity and S/V ratio),
in Fig. 3 we show the Alamar Blue® reduction fluorescence at days 1, 7,
14, and 21 for all the patterns investigated as a function of the porosity
(Fig. 3A) and S/V ratio (Fig. 3B). The fact that the curves are essentially
flat in Fig. 3 demonstrates that neither the porosity nor the S/V ratio is
the driving factor for cell adhesion and proliferation. Instead, the ge-
ometry plays a key role and in particular, triangular patterns are asso-
ciated with a larger proliferation rate in PCL.

To get a better understanding as to why the triangular pattern is
associated with a larger proliferation, in Fig. 3C we show the ratio of the
number of angular vertices that exist in a particular scaffold concerning
the others. In Fig. 3D it is shown a schematic representation of the
geometrical unit cells with their corresponding angles. Given Fig. 3C,
the number of angular vertices is larger for those patterns where a larger
proliferation is observed. Also important is to note that the connectivity
angles in a triangular pattern are also smaller (45° (T) < 90° (T, S) <
120° (H)) hence favoring water entrapment by surface tension [37].
From the observation of Fig. 3C, the higher values for the triangular
geometry could explain their good proliferation at day 21 in both
materials.

Based on all these results, it can be concluded that the triangular
geometry is superior over the rest in terms of cell adhesion and
proliferation.

3.4. Mechanical testing

Since these biomaterials and geometrical structures have a potential
translation for osteochondral replacements, in this section we analyze
both the compression and shear properties of the scaffolds. An adequate
mechanical behavior is critical for cellular proliferation as Nam el al.
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Layer 1 Layer 2 Layer 3 Layer 4

Layer 1 Layer 2

Fig. 1. A-C) STL models of the scaffolds of each layer-down topography (PS 1.5 mm). In A) layers 1,2,3,4 are inserted periodically one on top of the next one. B) The
hexagonal pattern only has one layer which is repeated along Z axis. C) In the Square pattern there are two different layers intercalated repeatedly. D-E) Cross-
sectional images of the fabricated scaffolds. Scale bars correspond to 2 mm in all cases.
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exposed. They showed how just stiffness changes in the fibers without
altering the microstructure inducing the expression of different gene
expression [45]. Raw compression curves for the scaffolds are shown in
Supplementary Figs. 4-5. These curves are obtained with the rheometer
to explore the low strain regime and with the Universal Testing Machine
to explore the large strain regime. From these curves, the compression
modulus can be obtained by fitting the linear region. Compression
modules are summarized in Table 1. As observed, the modulus is
strongly dependent on the technique employed in its determination. In
particular, the modulus measured with the rheometer is always larger
than the one measured with the Universal Testing Machine. Moreover,
in consonance with manufacturers’ data, b-TPU is clearly softer than
PCL and therefore more appropriate for biomedical applications; the
modulus of b-TPU is closer to that of cartilage that is around E = 10 kPa.
Generally speaking, a decrease in PS is associated with an increase in the
stiffness of the scaffolds [14,38]. However, for the scaffolds investigated
in this work PS has a minor influence on the compression modulus.

In Fig. 4 we show the stress versus strain curves under compression
tests using the Universal Testing Machine. Two important observations
are as follows: i) out-of-plane measurements generally give larger
moduli than in-plane measurements and ii) specimens with perimeter
generally give larger moduli than samples without a perimeter.

The mechanical behavior of the scaffolds under shear is summarized
in Table 1. In this table, we show the storage modulus. As observed, a
very similar value is obtained independently of the direction (in-plane or
out-of-plane), material (PLC or b-TPU), or porosity (PS). The only rele-
vant feature was the presence or absence of a perimeter surrounding the
scaffold even though previous works also reported an influence of PS
[13]; scaffolds with perimeters exhibited a larger shear modulus.

3.5. Characterization of the microstructure

A deeper study about the microstructure was also performed to un-
derstand the precise differences between candidate geometrical mor-
phologies. In 3D bioprinting, there are differences between the
computer design and the final printed scaffold. So, pCT technology is an
outstanding tool to probe how are the real architecture of the fibers

Table 1

Mechanical properties of the optimal scaffolds (i.e. triangular patterns with PS
1.5 and 2 mm) in the in-plane/out-of-plane. Ep, corresponds to the Young’s
modulus as obtained from the rheometer in the 2nd step of the measuring pro-
tocol. Eyry corresponds to the Young’s modulus as obtained from the Universal
Testing Machine. G,pe, corresponds to the Shear (storage) modulus as obtained
from the rheometer in the 3rd step of the measuring protocol.

PCL b-TPU
1.5 2 1.5 2
With perimeter
Erheo™ 6400 + 900/ 2200 + 100/ 350 + 10/970 1000 + 70/
1500 + 700 8040 =+ 40 kPa + 90 kPa 1400 + 200
kPa kPa
Eyrm™™ 47 + 8/140 = 250 + 40/150 0.32 + 0.02/ 0.36 + 0.05/
20 MPa + 10 MPa 11 +£ 2 MPa 10 £+ 0.5 MPa
Grheo™™™ 4.2 4+ 0.5/3.9 4.2 +0.5/4.3 4.5+ 0.4/0.4 3.1+ 0.6/2+
+ 0.2 MPa + 0.3 MPa + 0.1 MPa 1 MPa
Without perimeter
Erheo™ 1.1 +£0.1/0.6 0.099 £ 0.003/  0.14 + 0.04/ 0.04 £+ 0.01/
+ 0.5 MPa 0.6 + 0.1 MPa 0.67 + 0.04 0.11 + 0.02
MPa MPa
Eyrm™™ 1.0 £ 0.3/2.0 1.10 + 0.06/ 2.0 + 0.6/0.3 1.7 £ 0.6/1.5
+ 0.4 MPa 1.2 £ 0.3 MPa + 0.1 MPa + 0.3 MPa
Grheo™™™  31+2/0.4 %+ 1.0+0.9/5+ 0.07 £+ 0.03/ 1.0 +£0.9/1.3
0.3 MPa 1 MPa 0.3 £0.05 + 1 MPa
MPa

* rheometer Young’s modulus
** UTM Young’s modulus
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inside the scaffold [46]. Considering previous results, the characteriza-
tion of the microstructure was done in T1.5 and T2 geometries for both
biomaterials. In Fig. 5A to D, there are represented a cross-section cor-
responding to the middle plane in the axial direction of the scaffolds to
analyze not only the fibers’ disposition but also the “empty-space” across
those fibers [47]. In sagittal sections, it can be appreciated the real
distance (in different colors) between the pillars produced by filament
conglomeration. Although apparently, there were no significant differ-
ences among PCL geometries and b-TPUe; however, a deeper analysis
showed that b-TPUe presents lesser distance for both PS which seems to
be related to its higher regularity in fiber distribution.

On the other hand, the analysis of the porous interconnectivity (or-
ange ellipses) in the sagittal middle planes, showed that. The accuracy to
print perfect cylindrical fibers was almost lost at PS of 2 mm, although
for b-TPUe they present higher resolution and homogeneity. Also, there
is more homogeneity in the fiber disposition in b-TPUe resulting in
continuous lines in the coronal planes (Fig. 5A and C). Those irregu-
larities imply direct consequences because a higher irregularity is pro-
portional to lower space, and higher irregularity implies less isotropy,
which derives in pour mechanical toughness [48]. Nonetheless,
although the differences between T1.5 and T2 were lower in the b-TPUe;
however, these influenced proliferation rates at day 1 as appreciated in
Fig. 2D, indicating the necessity of high printing resolution to enhance
cell viability and ECM synthesis [49,50].

Further, the analysis of the estimated porosity with image segmen-
tation confirmed our previous results, showing that PS 2 mm had higher
porosity than PS 1 mm and that b-TPUe has a higher porosity than PCL at
the same PS (Fig. 5E).

3.6. DNA quantification

Once it was established that triangular geometries with PS 1.5 and 2
mm combined good optimal mechanical properties and a good prolif-
erative response, cell analysis was continued to elucidate the most
suitable combination of geometry and PS for IPFP-MSCs. For this pur-
pose, DNA quantification was used since it is a more rigorous technique
for the measurement of the real amount of viable cells inside the 3D
scaffolds [51].

The DNA content for each geometry at d7, d14, and d21 was deter-
mined (Fig. 5F). Interestingly, on day 7 the DNA content was higher in b-
TPUe in contrast with the proliferation curves, and in T1.5 for PCL the
DNA content was significantly lesser than the rest of the samples. These
results suggest that at early stages there were more cells attached to b-
TPUe but with a lower metabolism, indicating a possible poor cell-
biomaterial interaction [52]. Moreover, DNA increased in a time-
dependent manner up to day 21 for both biomaterials in T1.5 and
decreased for T2. These results agree with those obtained in the micro-
structure study since the real pillar distance was lowest for triangular
geometry and lesser PS in each material. Thereby, from the DNA quanti-
fication assay, it can be extracted that this final configuration, b-TPUe
T1.5, is the one with a better viability response. A main requisite for
regenerative medicine applications in the maintenance of cell viability of
biofabricated scaffolds over time [53]. Perhaps, it is very important to
consider how small variants in mechanics also directly affect cell viability
[50,54]. In agreement, our results probed that both geometry and porosity
modify mechanics and the microstructure and how both parameters in-
fluence cell proliferation and viability. Moreover, we demonstrated that
IPFP-MSCs-loaded b-TPUe scaffolds are suitable to maintain growth and
viability up to day 21, which makes it a good candidate for cartilage tissue
engineering as previously has been proved for other polyurethane scaf-
folds with regenerative properties [49].

3.7. Study of interactions between cells and biomaterials by ESEM

All previous results evidenced that cell viability and proliferation
were better at d21 for T1.5 b-TPUe and T2 PCL. Then, the interactions
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Fig. 5. A-D) uCT cross-sectional images (coronal and sagittal middle planes) of T1.5 and T2 geometries. Inside orange circles are presented the ‘pillars’ formed
because of filament superposition among layers. Color bars represents the real distance among those ‘pillars’ (which should be PS), in the legend they are aligned for
comparing sizes between samples. Orange bar corresponds to T1.5 b-TPUe, red bar T1.5 PCL, green bar T2 b-TPUe and blue bar T2 PCL. E) Porosity ratio obtained
from segmentation image analysis from pCT technique for b-TPUe and PCL, geometries: T1.5 and T2. P-value less than 0.001 was represented with *** for b-TPUe
and with ### for PCL. (n = 3) F) DNA content for PCL and b-TPUe in T1.5 and T2 geometries. P-value less than 0.05 was represented *; P-value < 0.01 with ** and
P-value < 0.001 *** among equal material. P-value < 0.001 ### with respect the rest of cases. G) ESEM images of b-TPUe T1. In the amplified picture, it is localized
what seems ECM from ifpMSCs. b-TPUe seems to present some rugosity at microstructure, and, consequently there are found more cells attached. (For interpretation

of the references to color in this figure legend, the reader is referred to the web version of this article.)

between IPFP-MSCs and both biomaterials by ESEM were analyzed, a
technique that enables the investigation of both cell and material surface
morphology in hydrated conditions [55]. ESEM images on day 21
revealed that [IPFP-MSCs attached to the T1.5 b-TPUe scaffolds (Fig. 5G)
actively produced a dense ECM that covered the surface and enhanced
their integration with the material. On the other hand, T2 PCL showed
less ECM production and areas with lesser cells attached to the bioma-
terial surface (Supplementary Fig. 6).

In future work, it will be interesting to assess whether changes in
pore size or geometry will increase or decrease the chondrogenic po-
tency of the scaffold. Heang Oh et al. demonstrated a slight influence of
the diameter of cylindrical pores [56]. However, a lack of cartilage
control of induced chondrogenic MSCs, prevents an accurate compari-
son to extrapolate a real effect on how geometry influences chondro-
genesis. Contrarily, Singh et al. showed the importance of scaffold
stiffness for chondrogenesis [57] and evidenced that growth factors (like
TGF-B3) induce deeply this process. Thus, although geometry can opti-
mize the cell niche and ECM production; a combination of tailored
scaffold biomechanics, with specific growth factors, should be recom-
mended for cartilage tissue engineering. However, it would be inter-
esting to analyze the possible effects of geometry in the chemical cues’
doses. Despite this, such analyses are out of the scope of this research.

4. Conclusions

In this work, an extensive study was completed using two different
biomaterials (b-TPU and PCL) oriented to CTE applications. We demon-
strated how the pore geometry and PS of biofabricated IPFP-MSCs-loaded
scaffolds affected the final cell viability and adhesion. To fulfill this pur-
pose EBB was done with both biomaterials tailoring different aspects of
their microstructure to quantify the relationships between porosity,
design, and their mechanical properties. We confirmed that geometry is a
key parameter for cellular interaction with the biomaterial, not only
because of PS but also by fiber orientation as suggested by our analysis
from S/V ratio and AF. Thus, it was demonstrated that at higher inter-
connectivity of fibers and, as a consequence of higher exposed angle fre-
quency, presents higher biointegration. It was shown that decreasing the
PS increased the stiffness of the scaffold independently of the biomaterial.
Besides, it is the first time that the huge importance of the perimeter in
scaffolds rigidity was clearly exposed, making this aspect of scaffold ar-
chitecture a key factor for good cell integration and biomechanical
properties. A deeper analysis playing with the perimeter of cribbed ar-
chitectures (T1.5 and T2) was inspected making the T1.5 b-TPUe the
optimum geometry and biomaterial for IPFP-MSCs. In summary, our data
suggest the necessity of designing the pore geometry and the scaffold
microstructure to optimize the better 3D constructs for applications on
CTE. This will improve the reliability of a good biointegration of 3D
constructs in regenerative medicine of cartilage injures.
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