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Abstract
Additivemanufactured three-dimensional (3D) scaffolds with tailored surface topography constitute
a clear advantage in tissue regeneration strategies to steer cell behavior. 3D fibrous scaffolds of poly
(ethylene oxide terephthalate)/poly(butylene terephthalate) block copolymer presenting different
fiber surface features were successfully fabricated by additivemanufacturing combinedwith
wet-spinning, in a single step, without any post-processing. The optimization of the processing
parameters,mainly driven by different solvent/non-solvent combinations, led to four distinct scaffold
types, with average surface roughness values ranging from0.071± 0.012 μmto 1.950± 0.553 μm,
average pore sizes in the x- and y-axis between 351.1± 33.6 μmand 396.1± 32.3 μm, in the z-axis
between 36.5± 5.3 μmand 70.7± 8.8 μm, average fiber diameters between 69.4± 6.1 μmand
99.0± 9.4 μm, and porosity values ranging from60.2± 0.8% to 71.7± 2.6%.Humanmesenchymal
stromal cells (hMSCs) cultured on these scaffolds adhered, proliferated, and produced endogenous
extracellularmatrix. The effect of surface roughness and topography on hMSCs differentiationwas
more evident for cells seeded at lower density, where the percentage of cells in direct contact with the
surfacewas higher compared tomore densely seeded scaffolds. Under osteogenic conditions, lower
surface roughness values (0.227± 0.035 μm)had a synergistic effect on hMSCs behavior, while
chondrogenesis was favored on rougher surfaces (1.950± 0.553 μm).

1. Introduction

The core concept in tissue engineering (TE) is the
combination of cells and/or biologically active cueswith
a supporting structure, in order to obtain a functional
construct that will aid the repair or regeneration of the
desired tissues [1, 2]. These supporting structures can
either be (i) scaffolds, which are porous networks on
which cells are laid, or (ii) hydrogel-likematrices, within

which cells are embedded. Besides their supportive role,
these three-dimensional (3D) structures might promote
important cellular activities including proliferation,
migration and differentiation [1, 2]. Consequently, the
scaffolds and matrices material(s), as well as their
structural properties, are of outmost importance as they
candirectly influence cellular activities.

Scaffolds can be processed in order to instruct cell
behavior through their physico-chemical properties.
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Controlling cell activity by exploiting only the physical
properties of the scaffolds presentsmajor benefits such
as manufacturing costs and stability, compared to
chemical (bio)functionalization [3]. The latter usually
requires more complex technological manipulation,
higher costs, a reduced shelf-life, and an increased
associated regulatory load when products are brought
into clinic [3]. Mesenchymal stromal cells (MSCs) are
currently one of the most promising cell types in
the regenerative medicine field mainly for their
multi-lineage differentiation capacity under specific
culture conditions [4]. Several works suggest that
MSCs may be guided to differentiate along a specific
lineage by substrate physical properties like surface
topography and roughness [5–10]. However, most
of these studies have been performed in two-
dimensional (2D) substrates, while it is currently well-
known that cells behave differently when cultured in a
3D environment [11]. There are just a few works
reporting the impact of the surface physical cues of
polymeric 3D scaffolds on MSCs behavior [3, 12].
Typically, the scaffolds used in these studies required
several fabrication steps to obtain the final structure
with a defined surface topography.

Additive manufacturing (AM) techniques have
been used to obtain scaffolds with well-defined
geometries, starting from computer-aided design
models [2, 13]. The concomitant development of
biomaterials that can be used with these techniques
allowed the fast development of this field, enabling
the fabrication of scaffolds with tunable and repro-
ducible properties [1, 2]. Some of these AM techni-
ques consist on the 3D deposition of consecutive
layers of biomaterials in a controlled manner, in
order to obtain a macroporous structure. The most
common approach to obtain these structures is fused
deposition modeling (FDM) [14, 15], which consists
on the extrusion of a molten polymer through a noz-
zle, controlling the extruded polymer fiber deposi-
tion using a computer-aided manufacturing system.
However, there is a limited number of biomaterials
that can be processed by FDM due to the high tem-
peratures needed to melt the material and the con-
sequent narrow processing window due to thermal
degradation. An alternative way to obtain biomater-
ial fibers is wet-spinning, a non-solvent induced
phase separation (NIPS) technique that allows the
processing of several natural and synthetic polymers
[16–21], and the incorporation of bioactive agents
on the polymer fibers that are temperature sensitive
but stable in the solvents used [22, 23]. Some of the
initial wet-spinning studies aimed at the manu-
facturing of TE scaffolds composed of randomly
oriented fibers, manually deposited in a non-solvent
[17], or by using a two-step method, in which the
obtained fibers are later physically bound together
[16]. In order to precisely control the fiber deposi-
tion, recent studies proposed the combination of
AM with wet-spinning, also termed computer-aided

wet-spinning [24, 25], to accurately deposit bioma-
terial fibers layer-by-layer, thus achieving a good
control over the internal architecture and external
shape [19, 20, 26].

Although AM scaffolds have been extensively
studied, the evaluation of cell behavior and tissue
built-up triggered by surface morphology in 3D
is often ignored. Surface characteristics normally
influence initial cellular activities like adhesion to the
substrate, but, as referred, may also trigger further
events like differentiation. Following the recent
reappraisal of biofabrication approaches for TE and
regenerative medicine [27], the fabrication through
AM of smart scaffolds able to steer cell activity is
considered a biofabrication strategy. In line with this,
here we propose a biofabrication single-step method
to obtain 3D scaffolds of poly(ethylene oxide
terephthalate)/poly(butylene-terephthalate) (PEOT/
PBT) with a defined geometry by combining AM with
wet-spinning. We show how the surface topography
of the resulting scaffolds can be modulated just by
varying the NIPS parameters. We used PEOT/PBT
copolymer as this polyether-ester exhibit a wide range
of physical properties like elasticity, toughness and
strength, in combination with easy processability by
changing the monomer ratio [28–31]; moreover, its
clinical applicability has been recently assessed in
humans [32]. The obtained 3D scaffolds were structu-
rally characterized and in vitro studies were performed
using humanMSCs (hMSCs).

2.Materials andmethods

2.1. Fabrication of PEOT/PBTadditive
manufacturedwet-spun scaffolds
PEOT/PBT was provided by PolyVation B.V.
(Groningen, The Netherlands). The composition used
in this study was 300PEOT55PBT45, following the
aPEOTbPBTc nomenclature, where ‘a’ is the
molecular weight (in g mol–1) of the starting PEG
blocks used in the copolymerization, while ‘b’ and ‘c’
are the weight fractions of the PEOT and PBT blocks,
respectively. PEOT/PBT was dissolved overnight
either using anhydrous chloroform (CHL, Sigma-
Aldrich) at room temperature (RT) or a mixture of
CHL and dichloroethane (DCE, Sigma-Aldrich), in
a 1:1 ratio at a temperature ≈35 °C, to obtain
homogeneous solutions. Solutions were placed into a
glass syringe fitted with a stainless steel blunt needle.
Different needle sizes used in previous AM/wet-
spinning studies (G21, G22 or G23) were tested in
order to allow further comparisons (data not shown).
This initial screening led to the selection of a smaller
needle size — G27 (inner diameter of 210 μm). A
syringe pump (NE-1000, New Era Pump Systems Inc.,
USA)was used to control the extrusion flow rate of the
polymer solution (figure 1(A)). A Teflon tube was used
to connect the syringe to a support structure placed on
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the plotter arm. This support structure connected the
tube to the needle. A container was filled with each
non-solvent isopropanol (ISOP, Sigma-Aldrich),
ISOP in deionized water (ddH2O) (90 vol%), and
ethanol (EtOH, Sigma-Aldrich) in ddH2O (90 or
80 vol%) -, fixed to the fabrication platform, and used
as precipitation bath. The extrusion temperature was
controlled using a heating pad around the syringe and
a heat control unit (Heater Kit, New Era Pump
Systems Inc., USA). An initial distance (Z0) was set
between the needle tip and the bottom of the
container. The layer-by-layer fabrication of the
scaffolds was performed using a 3D plotting machine
(Envisiontec GmbH, Germany) as previously
described [14, 33]. The lay-down design used in this
study is shown in figure 1(B), with a distance between
fibers in each layer (dxy) of 500 μm, the angle between
fibers on each layer of 90°, and the distance between
layers (dz) of 100 μm. The combination of the needle
motion in all axes allowed the fabrication of scaffolds
layer-by-layer. The processing conditions were
optimized by varying the dz, the solution feed rate ( F )
and the deposition velocity (vdep). Table 1 summarizes
the parameters used for the processing of the scaffolds.

After the plotting, the scaffolds were processed
similarly to what previously described [19, 20, 22, 26].
They were transferred to a fresh coagulation bath to
complete the exchange between the solvent and the
non-solvent. Then, the non-solvent excess was
removed and the scaffolds were left to dry under
the fume hood for 48 h. For all studies, scaffolds
were cored out from the manufactured rectangular
prism-like structures with a 4 mm diameter biopsy
cylinder punch (Integra®Miltex®).

2.2. Characterization of the PEOT/PBT scaffolds
2.2.1. Scanning electronmicroscopy (SEM)
All samples were gold sputtered (Cressington) prior to
being analyzed by scanning electronmicroscopy (SEM,
Philips XL 30 ESEM-FEG). Scaffolds from the in vitro
studies (section 2.3) were dehydrated in a series of

ethanol solutions (50, 60, 70, 80, 90, 96 and 100 vol% in
water), treated with hexamethyldisiloxane, and dried
overnight, before being sputtered.

2.2.2. Geometrical characterization
The porosity (P) was experimentally determined by
using the measured mass (m) and the volume (V) of
each scaffold [14] (equation (1)):

( ) [ –( )] ( )r= ´P m V% 1 100, 1/

where ρ is the specific density of the PEOT/PBT block
copolymer (1.2 g cm−3).

The porosity of 3D plotted scaffolds was also
calculated adapting the theoretical approach by
Landers et al [34] (Supp. Info.), considering the fiber
cross-sections as ellipses (equation (2)):

( ) ( – )
[ –( )] ( )

p
= ´
= ´

P V V

d d d d

% 1 100

1 4 100,
2

scaffold cube

M m xy z

/

/

where dM is the fiber major diameter, dm the fiber
minor diameter, dxy the fiber spacing and dz the
layer thickness. These geometrical parameters were
measured from the SEM images using ImageJ software
[35] (30 dxy, 10 dz, 10 dM and 10 dm measurements in
each of four independent scaffolds of each type).

2.2.3. Fiber surface roughnessmeasurements
A 3D laser scanning microscope (VK-9700, Keyence,
Japan) was used to image and measure the surface
roughness of the scaffold fibers. A 100x objective was
used to scan the samples with a z-pitch of 0.01 μm.
Roughness measurements were performed in three
scaffolds of each topography (onefiber per scaffold, six
measurements per fiber). Data was analyzed using the
VK Analyzer software (version 2.5.0.1, Keyence,
Japan) and the arithmetic average roughness (Ra) and
rootmean squared roughness (RRMS)were obtained.

2.3. In vitro studies
2.3.1. hMSCs culture
Human bone marrow-derived cells (hMSCs, Texas
A&M HSC, Institute for Regenerative Medicine, TX,

Figure 1. (A)Additivemanufacturingwet-spinning technique and (B) the lay-down design used in this study to obtain the 3D
scaffolds.
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USA) were expanded in proliferation medium (PM)
before the seeding of the scaffolds. PM consisted of
basic medium (BM) containing α-MEM (Gibco),
10 vol% of heat-inactivated fetal bovine serum (FBS,
Gibco), L-glutamine (2 mM, Gibco), ascorbic acid
(0.2 mM, Sigma), penicillin (100 UmL–1, Gibco), and
streptomycin (100 μg mL−1, Gibco), supplemented
with basic fibroblast growth factor (bFGF, 1 ng mL−1,
Instruchemie, the Netherlands). Cells were cultured at
37 °C, in a humidified atmosphere with 5% CO2.
Mediumwas refreshed every 2 days.

2.3.2. hMSCs culture on the 3D scaffolds
Prior to cell seeding, the scaffolds were sterilized using
either 70 vol% isopropanol or 70 vol% ethanol
(according to the non-solvent used during the
wet-spinning process) for at least 30 min,washed three
times with phosphate buffered saline (PBS), and then
incubated in BM overnight. Cells were cultured until
70%–75% confluence and were used before passage
three in all experiments. hMSCs were seeded on the
scaffolds by placing a droplet of 10 μL per scaffold
containing two different cell quantities: 25 000 and
125 000 cells (from now referred to as low and high
seeding densities, respectively). hMSCs were allowed
to adhere before adding 500 μL of BM per well. After
48 h in BM, the culturemediumwas switched to either
osteogenic medium, composed of BM supplemented
with 10−8 M of dexamethasone (Sigma-Aldrich) and
0.01 M of β-glycerophosphate (Sigma-Aldrich), or
chondrogenic medium, namely high glucose DMEM
(Gibco) supplemented with insulin-transferrin-
selenium (ITS, 1 vol%, Gibco), proline (0.35 mM,
Sigma-Aldrich), sodium pyruvate (1 vol%, Sigma-
Aldrich), ascorbic acid 2-phosphate (0.20 mM,
Sigma-Aldrich), penicillin (100 UmL–1, Gibco),
streptomycin (100 μg mL−1, Gibco), transforming
growth factor β3 (TGF-β3, 10 ng mL–1, R&D Systems)
and dexamethasone (10−7 M, Sigma-Aldrich). A set of
samples was cultured in BM as control. Medium was
changed every 2 days for up to 9 days of culture.

2.3.3. Determination of hMSCsmetabolic activity
hMSCs metabolic activity was estimated using a
resazurin-based assay (PrestoBlue®, Molecular
Probes). At the different time-points, culture medium
was removed from the wells and fresh medium with
10 vol% PrestoBlue® (Sigma-Aldrich) was added.

Cell-loaded scaffolds were incubated (37 °C, 5% CO2)
for 2 h, after which 200 μL/well were transferred to a
black 96 well plate and the fluorescence was measured
(λex ≈ 535 nm, λem ≈ 560 nm) using a plate reader
(Victor3, Perkin Elmer).

2.3.4. Biochemical analyses
For each time-point, cell culture media was removed
from the samples, gently washed with PBS, and stored
at −80 °C (without PBS) for at least 24 h. After
thawing, the samples were incubated in a lysis buffer
(consisting of 0.1 M KH2PO4, 0.1 M K2HPO4 and
0.1 vol% Triton X-100, at pH 7.8) for 1 h at RT. Using
the resultant lysate, the following analyses were
performed.

(a) Measurement of alkaline phosphatase (ALP)
activity

ALP activity was evaluated by a chemoluminescence
assay (CDP-star® kit, Roche). Briefly, 40 μL ofCDP-Star
reagent were added to 10 μL of the lysate. After 15min
of incubation at RT in the dark, the chemoluminescence
was measured with the previously mentioned plate
reader.

(b)Total DNAquantification

The cell lysate was mixed (1:1 volume ratio)
with a digestion buffer (Tris/EDTA buffer, pH 7.6, con-
taining proteinase K (1mgmL−1, Sigma-Aldrich),
iodoacetamine (0.185mgmL−1, Sigma-Aldrich) and
pepstatin A (0.01mgmL−1, Sigma-Aldrich)) and incu-
bated for 16 h at 56 °C. The total DNA was
quantified using the CyQuant® DNA assay (Molecular
Probes) following themanufacturer’s instructions,mea-
suring the fluorescence with the previously mentioned
plate reader (λex≈ 480 nm, λem≈ 520 nm), and using a
DNAstandard curve.

(c)Glycosaminoglycans (GAGs) quantification

The GAGs amount was determined
spectrophotometrically after the reaction of the lysate
with a dimethylmethylene blue dye solution (DMMB,
Sigma-Aldrich, in a 9.5 mM HCl solution containing
3.04 g L−1 of glycine and 2.37 g L−1 of NaCl, at pH 3)
[36]. A microplate spectrophotometer (MultiskanTM

Table 1.Additivemanufacturingwet-spinning parameters used for the processing of the scaffolds.

Designation Solvent Non-solvent Extrusion temperature (°C) Z0 (mm) F (mL h–1) vdep (mm min–1)

SA CHL EtOH (80 vol% in ddH2O) RT 2.0 1.5 750

SB CHL EtOH (90 vol% in ddH2O) RT 2.0 1.5 600

SC CHL ISOP RT 2.0 1.5 600

SD CHL/DCE (1:1) ISOP (90 vol% in ddH2O) 35°C 0.6 4.0 1200

CHL: anhydrous chloroform; DCE: dichloroethane; EtOH: ethanol; ISOP: isopropanol; ddH2O: deionized water; Z0: initial distance from

the needle tip to the bottomof the non-solvent container; F: feed rate; vdep: deposition velocity.
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GO, Thermo Fisher) was used to determine the
absorbance at λ ≈ 525 nm. The amount of GAG
was calculated using a standard curve of known
concentrations of chondroitin sulfate (Sigma-
Aldrich).

2.3.5. Gene expression analysis
The cell culture media was removed from the wells
and the samples were carefully washed two times with
PBS. Samples were transferred to Eppendorf®
tubes and TRIzol® (Invitrogen) was added prior to
preservation at−80 °C for at least 24 h. After thawing,
200 μL of CHL (Sigma-Aldrich) were added to each
sample and mixed by vigorously vortexing the tubes.
The TRizol®/CHLmixture was centrifuged at 12 000 g
for 20 min at 4 °C. Afterwards, the RNA-containing
phase was transferred to a new Eppendorf® tube and
mixed 1:1 with 70 vol% ethanol. Themixture was then
transferred to filter columns provided by the RNA
isolation kit (ISOLATE II RNA mini kit, Bioline) and
the subsequent steps were performed according to the
manufacturer’s instructions. RNA was eluted in 40 μL
of RNAse-free water and its concentration and
purity were determined using a spectrophotometer
(NanoDrop 1000, Thermo Scientific). The cDNA was
synthesized using iScript™ (Bio-Rad) according to the
manufacturer’s protocol. Quantitative polymerase
chain reaction (qPCR) was performed using
the obtained cDNA by using the iQ SYBR®

Green Supermix (Bio-Rad) and the primers listed in
table 2. PCR reactions were performed using CFX
Connect™ Real-Time System (Bio-Rad) and analyzed
with Bio-Rad iQ5 optical system software. The
obtained CT values were normalized for the ones of
the housekeeping gene (B2M).

2.4. Statistical analyses
Statistical analyses were performed using GraphPad
Prism software, using a non-parametric unpaired test
(Mann-Whitney), with a 95% confidence interval.
Statistically significant differences are specified on the
figure caption of the corresponding data.

3. Results

3.1.Optimization of scaffolds processing
The scaffolds optimization process was divided in
two main steps. The first one corresponded to the
wet-spinning of PEOT/PBT solutions, in which we
aimed at testing different PEOT/PBT solvent/non-
solvent combinations to obtain continuous and
uniform polymer fibers with different surface
topographies. The second step corresponded to the
optimization of the AM step, i.e. the controlled layer-
by-layer deposition of the optimized fibers in order
to obtain consistent 3D structures and avoid the
delamination of the fibers in the fiber-to-fiber contact
points (during the processing and after drying the

structures), thus ensuring that the scaffolds would
have open pores in all axes. Different solvents/non-
solvents of the PEOT/PBT were tested (supplemen-
tary information tables 1 and 2), but the more
consistent fibers were obtained using CHL (alone or in
combination with DCE) as solvent, and ethanol,
isopropanol, or mixtures of these with ultrapure water
as non-solvents. The optimal polymer solution con-
centrations were 15 and 20 wt% (supplementary
information table 2). Figure 2 shows examples of the
different surface topographies that could be obtained
when using different solvent/non-solvent combina-
tions. These candidates were then tested for consistent
3D layer-by-layer deposition using a 3D plotter
(figure 1(A)), by varying one AM parameter at a time
(e.g., the needle tip initial distance from the bottom of
the non-solvent container, Z0), while keeping all the
other parameters constant (vdep, F, dxy, dz), including
the lay-down design (figure 1(B)) (rectangular prism-
like shape, with the same number of layers). Despite
the range of different surface topographies that could
be obtained just by varying the NIPS parameters
(figure 2), the combinations and fabrication para-
meters (supplementary information table 3) that
allowed a more homogeneous and consistent scaffold
fabrication (figures 2(A), (B), (E) and (H)) are pre-
sented in table 1, and were used for further studies.
The four types of scaffolds (SA, SB, SC and SD) were
named after the surface roughness measurements,
from the lowest to the highestRa values.

3.2. 3D scaffolds characterization
The geometrical properties of the scaffolds (dM, dm,
dxy and dz) were measured from the SEM images
(figure 3). These were used for the calculation of the
scaffolds theoretical porosity (figure 4(A), T values),
which ranged from 69.4% to 84.3%. The porosity
calculated using the mass measurements ranged from
60.2% to 71.7% ((figure 4(A),M values). The distances
dxy and dz were significantly different (p < 0.05)
between scaffolds, except between SC/SB and SC/SD
(for dxy). When compared to the original design, and
after drying, the scaffolds had a shrinkage in the range
of 21%–30% in the xy plane and in the range of
29%–64% in the zz plane. It is possible to observe that
the different scaffolds have similar macrostructures,
and that the major difference relies on the fibers
surface topography. This was characterized by laser
scanning microscopy (figure 4(B)), and four signifi-
cantly different (p < 0.05) surface roughness values
could be obtained: 0.071 ± 0.012 μm (SA), 0.105 ±
0.016 μm (SB), 0.227 ± 0.035 μm (SC), 1.950 ±
0.553 μm (SD). In general, no significantly different
roughness values were found between scaffolds of the
same type (supplementary information figure S1A).
Besides the different surface roughness values, from
the SEM images it can be observed that the SD scaffolds
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have a surface topography quite different from the
other scaffold types.

3.3. hMSCs activity on the 3D scaffolds
The hMSCs seeded on the scaffolds were able to
adhere, as observed from the SEM images (figure 5(A))
and from the DNA quantification (figure 5(B)). Cell
quantity was higher for the higher cell seeding density.
hMSCs also presented a similar morphology, although
hMSCs on the SC scaffolds presented a more spindle-
like shape. Cells were metabolically active for all
seeding densities and scaffold types (figure 5(B)), but
metabolic activity levels were significantly higher for
cells seeded at the lower seeding density. Throughout
the 9 days of culture (figure 5(C)), cells proliferated
differently when comparing the different cell seeding
densities; for the low seeding density, cell number
increased in all scaffold types. For the high seeding
density, cell number remained essentially unaltered.
Representative images of hMSCs colonization of the
scaffolds after 9 days of culture are presented on
figure 6. Only SEM images of the scaffolds seeded with
a low density are presented, since for the high seeding
density scaffolds were fully covered after 9 days of
culture and no differences could be visually observed.
hMSCs colonized the scaffolds mainly in a radial way
under basic and osteogenic conditions, and had some
tendency to aggregate under chondrogenic conditions.
In general, and after 9 days of culture, differences in
ALP activity, GAG production, and gene expression
(figure 7) were more evident between scaffolds that
were seededwith a low cell density thanwith a high cell
density. Among the scaffolds seeded with a lower cell
density, the hMSCs cultured under osteogenic
conditions presented a lower ALP activity, but higher
RUNX2 gene expression on the SC scaffolds. The BSP
gene expression was low but similar between
the scaffold types with surface roughness �SC.
Interestingly, it seemed that below a threshold value of
≈0.227 μm, either gene expression or ALP activity was
influenced by surface roughness in synergy with
osteogenic media. The effect of surface topography on
hMSCs differentiation was more evident and clear for
the culture under chondrogenic conditions, where
significantly higher GAG production and expression
of SOX9 and COL2A1 were observed on the roughest
scaffolds.

4.Discussion

The main aim of the current study was the
optimization of a single step process based on AM and
wet-spinning to produce polymer fibers with a wide
range of surface topographies and roughness values.
This process has been previously described for the
manufacturing of linear poly(ε-caprolactone)
(PCL) [26], star shape PCL (*PCL) [19, 37] and poly
[(R)-3-hydroxybutyrate-co-(R)-3-hydroxyhexanoate]
(PHBHHx) [20] scaffolds for bone TE. The same
technique was herein investigated for the fabrication
of PEOT/PBT scaffolds with similar macrostructure,
but different fiber surface topographies, in just one
processing step.

The first part of the study focused on the
optimization of the extrusion process based on
NIPS, which led to a set of optimal parameters as pre-
viously described (table 1). During this process, a
homogeneous (thermodynamically stable) polymer
solution is transformed into a polymer-rich phase
(a high polymer concentration), and a polymer-poor
phase (a high solvent concentration) to minimize the
Gibbs free energy of mixing of the system [38, 39].
The thermodynamic interactions between polymer/
solvent/non-solvent and the concentration/phase
changes that occur during phase inversion are often
illustrated using the ternary phase diagrams [38, 40].
When this demixing occurs, polymer fibers with a spe-
cific surface topography are obtained.

Apart from fabricating PEOT/PBT scaffolds using
the combination of AM with wet-spinning for the
first time, we intended to explore the capability of
wet-spinning for the production of polymer fibers
with surface physical properties resultant from the
process itself, without recurring to any kind of
post-processing, in a similar way as bioactive factors
are incorporated during the fabrication of wet-spun
scaffolds [19, 22, 37, 41]. Based on the nature of the
NIPS technique and the insight provided by previous
works on polymer substrates or strands, where the
combination of parameters dictates the final fiber sur-
face and cross-sectional morphologies [19, 42, 43], we
were able to obtain a set of PEOT/PBT polymer fibers
with different surface topographies. Some of the NIPS
studies using other polymers like polystyrene-block-
poly(4-vinylpyridine) [43], PCL [26], *PCL [19, 37],
PHBHHx [20], poly(L-lactic acid) [42] or poly
(vinylidene fluoride) [44] report a porous cross-

Table 2.Primers used in the study.

Gene Forward primer Reverse primer

B2M 5′-ACAAAGTCACATGGTTCACA-3′ 5′-GACTTGTCTTTCAGCAAGGA-3′

RUNX2 5′-TGGTTACTGTCATGGCGGGTA-3′ 5′-TCTCAGATCGTTGAACCTTGCTA-3′

BSP 5′-CCCCACCTTTTGGGAAAACCA-3′ 5′-TCCCCGTTCTCACTTTCATAGAT-3′

SOX9 5′-TGGGCAAGCTCTGGAGACTTC-3′ 5′-ATCCGGGTGGTCCTTCTTGTG-3′

COL2A1 5′-CGTCCAGATGACCTTCCTACG-3′ 5′-TGAGCAGGGCCTTCTTGAG-3’
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sectional morphology. Differently, the structures that
we obtained did not present an internal nor external
porous morphology, but a dense internal structure
with different surface topographies. This compact
internal structure was also previously reported
for fibers of cellulose [45, 46], silk fibroin [47],
silk fibroin/poly(vinyl alcohol) blends [48] or
polyacrylonitrile [49]. Although not previously
described specifically for PEOT/PBT, we hypothesize
that the internal dense structure resulted from the
same phenomena described by Um et al [47]. The

cross-sectional morphology of wet-spun fibers results
from the combination of several parameters, where
the coagulation rate, which includes both the diffusion
rate of the coagulant and the precipitation strength
of coagulation, is among the most important ones.
Generally, a high rate of coagulation leads to a
porous cross-sectional morphology, while a slow rate
yields a more dense structure [47]. It is well described
in literature that structures with internal voids
usually also present porous surface morphologies
[19, 20, 26, 37, 42–44]. However, little is known

Figure 2. Scanning electronmicroscopy (SEM) images of examples of surface topographies obtained using different PEOT/PBT
solvent/non-solvent combinations (specified on top of each).
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regarding fibers obtained by NIPS displaying internal
compact cross-section and, at the same time, surface
features similar to those that we have obtained. Park
et al [50] described different morphological features at
the surface of for poly(L-lactic acid)/pluronic blend
films obtained by a NIPS technique, and we
hypothesize that the main factor leading to the surface
features that we observed in our fibers results from the
same phenomenon, mainly driven by the polymer
used and the solvent/non-solvent exchange.

The wider initial set of solvent/non-solvent
combinations was narrowed down to the four pre-
sented in table 1, as they allowed the most
homogeneous, consistent, and reproducible scaffolds
fabrication. The processing window of the optimized
conditions was also exquisitely defined (supplemen-
tary information tables 1–3). For example, keeping all
other parameters constant, a decrease of 20% on the
fiber deposition speed (vdep) or increasing the feed rate
( F ) for 25% led to collapsed pores in the z-axis; a layer
thickness (dz) higher than 100 μm led to the non-
attachment of the fibers in the fiber-to-fiber contact
points, or to the detachment of the fibers from each
other after drying of the fabricated structure. In addi-
tion to the surface morphology, the AM wet-spinning
process also intrinsically influenced the dimensions of

the polymer fibers formed. The shrinkage observed in
all planes of the produced PEOT/PBT scaffolds was
mainly caused by the demixing process itself. When
the polymer solution enters in contact with the non-
solvent and the precipitation process occurs, the sol-
vent present in the polymer solution disperses into
the non-solvent. Moreover, during plotting, the drag
forces in the interface between non-solvent and the
forming fiber induces stretching of the fiber before
it contacts the previously deposited layer. The
combination of these factors led to polymer fibers
thinner (average diameter: 69.4± 6.1–99.0± 9.4 μm)
than the nominal inner diameter of the needle used
(210 μm). The ellipsoidal shape of the fibers
cross-section is also a consequence of the deposition
process, as the forming fiber is still partially liquid
when it contacts the previously deposited layer.
However, this phenomenon promotes the fiber-to-
fiber bonding: fibers would not attach to each other if
the ones being wet-spun were fully precipitated when
contacting the previously deposited ones.

Several studies report the development of
PEOT/PBT porous structures as scaffolds for TE,
either by FDM [14, 51] or electrospinning [52].
However, this is the first study reporting the
fabrication of PEOT/PBT scaffolds by combining AM

Figure 3. Scanning electronmicroscopy (SEM) images of the scaffolds. The scaffolds’fibersmajor (dM) andminor (dm) diameters and
fiber spacing (dxy and dz) are identified on the cross-section of the scaffold type SC.
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with wet-spinning. Here, 3D structures were
successfully manufactured with average fiber dia-
meters in the scale range between FDM scaffolds and
electrospun matrices produced with the same
polymer, and presenting slightly lower porosity values.
For example, the fiber diameter of the scaffolds in the
current study ranged from 69.4± 6.1 μm (SA) to 99.0
± 9.4 μm (SD) (average of the dM and dm values of each
scaffold type), which is lower than the fiber diameter
(170 ± 15 μm) reported for PEOT/PBT FDM scaf-
folds processed with a needle with a similar inner
nominal diameter (200 μm) [14, 51]. Electrospun
fibers obtained from PEOT/PBT solutions [52] with a
polymer mass concentration (20 and 18 wt% in CHL
[52]) similar to the ones used in the current study pre-
sent an average diameter of 21.4 ± 6 μm and 10 ±
8 μm, which is lower than what we have obtained in
the current work. When comparing the morphologi-
cal characteristics of the scaffolds in the present study
with the few reports of additive manufactured wet-
spun scaffolds, we could observe a closer resemblance
to the morphological features of PHBHHx [20]

scaffolds, which present slightly lower fiber diameters
(47± 5 – 76± 9 μmusing needles with inner nominal
diameter of 410 μm (G21)) and higher porosities
(78.6%–88.4%), than the PCL additive manufactured
wet-spun scaffolds, which present higher fiber dia-
meters (189± 4 – 274± 8 μm [19], 223± 29 μm [37]
and 202 ± 12 μm [26] using needles with inner nom-
inal diameter of 337 μm (G23) [19, 26] and 410 μm
(G22) [37]), and lower porosities (20%–60%). The two
methodologies used to calculate the porosity of the
scaffolds in this work revealed distinct ranges. Poros-
ities calculated with equation (1) are normally more
representative of the real porosity as compared to the
theoretical approaches (equation (2)). The porosities
of the scaffolds obtained in the current work calcu-
lated with equation (1) (60.2 ± 0.8% to 71.7 ± 2.6%)
are slightly lower than reported porosities for
PEOT/PBT FDM scaffolds [14] or PEOT/PBT elec-
trospunmatrices [52] (85.4% and 83.0%, respectively)
calculated by the samemethod (equation (1)).

Overall, the combination of AM with
wet-spinning preserves the typical advantages of the

Figure 4. (A)Measurements of the scaffolds’ fibersmajor (dM) andminor (dm) diameters,fiber spacing (dxy and dz) from the scanning
electronmicroscopy (SEM) images, and porosity, whereT represents the theoretically calculated value using equation (2) (Landers
et al [34]), andM the value obtained from themeasuredmass and volume of the scaffolds, calculated by equation (1) (Moroni et al
[14]); the dotted line on each graph refers to the designmodel. (B)Heightmaps of thefiber surfaces obtained by scanning laser
microscopy and the corresponding arithmetic average roughness (Ra) and rootmean squared roughness (RRMS). The dxy and dz of the
different topographies are significantly different from each otherwith a p< 0.05 unless otherwise statedwith ‘ns’ (not significant); the
Ra andRRMSmeasurements of all topographies are statistically different from each otherwith a p< 0.0001.
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FDM techniques comprising a customized 3D
external shape, and controlled pore size and geometry
[26]. Moreover, the polymer fibers obtained by wet-
spinning (using similar needle gauges) are thinner
than the ones fabricated by FDM. Consequently, when
comparing the same macrostructure volume, the AM
wet-spun scaffolds usually present a higher porosity,

which offers advantages like an increase on the
degradation rate, increase of the mass transfer asso-
ciated with chemical release, and increase in activity of
seeded cells [19, 26, 53]. Wet-spinning may also allow
to load the scaffolds with bioactive agents that have
good stability in the solvents used, but that are
sensitive to the high temperatures employed by FDM

Figure 5. (A)Morphology (by scanning electronmicroscopy), (B)DNAquantification andmetabolic activity of humanmesenchymal
stromal cells (hMSCs, pseudo-colored orange) seeded on the different scaffold topographies after 24 h; (C)DNA fold change of the
hMSCs seeded on the different scaffolds from24 h to day 9 of culture (the last 7 days under basic or differentiation conditions). Low
and high refer to the seeding densities (25 000 and 125 000 cells/scaffold, respectively). Statistically significant differences are
markedwith * (p< 0.05), ** (p< 0.01) or *** (p< 0.001)when comparing different topographies seededwith the same cell density and
§ (p< 0.05), §§ (p< 0.01), §§§ (p< 0.001) or §§§§ (p< 0.0001)when comparing the same topography seededwith the two
different cell densities.
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[22, 23]. Despite these advantages, wet-spinning still
presents a few challenges to be solved. For example,
when compared to 3D fibrous structures obtained by
electrospinning, the additive manufactured wet-spun
scaffolds present a larger pore size and fiber diameter.
This results, in one hand, in better cell infiltration but,
on the other hand, in less cell-material interactions.

Moreover, wet-spinning requires the dissolution
of the polymer and relies on the potential need of
post-processing to eliminate the residual solvents,
the wet-spun structures present lower mechanical
performance when compared to the FDM scaffolds,
and usually there are morphological differences
between the designed virtual model and the final

Figure 6. Scanning electronmicroscopy (SEM) images of the different scaffolds seededwith the lowdensity of humanmesenchymal
stromal cells after a total of 9 days of culture (the last 7 days under basic or differentiation conditions).
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structure [26]. The geometry and the surface rough-
ness of the scaffolds obtained by AM wet-spinning
may be better controlled after a thorough study of all
the possible combinations of the several parameters
involved. As an example, the scaffolds geometry is
strongly dependent on the polymer fibers’ final
morphology; in turn, the fibers’ morphology is
dependent on the plotting procedure and on the dry-
ing of the fibers. Their diameter can be controlled by
changing the needle diameter, but a robust study
must be performed in order to establish correlations
between the needle internal diameter and the
fiber shrinkage for each possible combination of
parameters.

The use of physical cues to instruct cellular beha-
vior has been raising considerable attention due to the
advantages that it represents when compared to the
use of (bio)chemical stimuli alone [3], as previously
discussed. The great majority of related studies with
hMSCs have been performed in 2D substrates [5–10],
where a specific surface feature can be easily obtained,
when compared to the fabrication of porous 3D
constructs with a tailored surface topography [3, 12].
We successfully fabricated 3D PEOT/PBT scaffolds
with different fibers roughness values (from ≈0.07
to 1.95 μm) in one single step, and performed a
preliminary assessment of the impact of surface
roughness on hMSCs activity. In general, cells were
able to proliferate, produce endogenous ECM, and
differentiate in the developed 3D PEOT/PBT scaf-
folds, although significant differences were observed
when low or high seeding densities were used.

Regarding cell proliferation, the higher proliferation
rates observed for the lower cell density were most
likely related to the higher amount of space that these
cells had available to colonize the scaffold, as com-
pared to the higher cell seeding density, which may
have rapidly led to cell contact-inhibition.

Our focus was to obtain 3D fibrous scaffolds with
different surface roughness values, which is mainly
dictated by the solvent/non-solvent combination.
When this combination changes, all other AM
wet-spinning parameters have to be re-adjusted,
which ultimately impacts the structural and
geometrical characteristics of the final structure.
Although we have tried to keep the scaffold pore net-
work as similar as possible between scaffolds types,
different geometrical features could be observed, such
as dz or fiber diameter. These might also have
influenced the cellular behavior, in terms of cell-to-
cell contact and cell dimensionality, which have been
reported to influence hMSCs activity [52, 54, 55]. Cells
colonized the scaffold pores predominantly in a radial
way, which is in accordance with previous studies on
hMSCs space-filling growth in 3D porous scaffolds
[56]. At a later stage, a slightly different behavior could
be observed for the chondrogenic culture conditions,
namely some cell clustering [57] within the scaffolds’
pores and on top of the fibers. However, as we did not
assess the influence of each geometrical characteristic
individually, no direct correlations can be established
between the cellular behavior observed and the
scaffolds’ pore network.

Figure 7.Activity of the humanmesenchymal stromal cells (hMSCs) after a total of 9 days of culture (the last 7 days under basic or
differentiation conditions), in the different scaffolds, initially seeded at different densities (25 000 and 125 000 cells/scaffold, referred
to as low and high cell seeding density, respectively). (A)Alkaline-phosphatase (ALP) activity and glycosaminoglycans (GAGs)
content; (B) expression of osteogenic and chondrogenic-related genes (normalized for the B2Mgene expression) (n= 3–6).
Statistically significant differences aremarkedwith * (p< 0.05), ** (p< 0.01) or *** (p< 0.001)when comparing different topographies
seededwith the same cell density and § (p< 0.05), §§ (p< 0.01) or §§§ (p< 0.001)when comparing the same topography seededwith
the two different cell densities.
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Based on previous studies regarding the early
impact of surface features in cellular behavior
[5, 8, 58], and due to the fact that at later stages cells
start to be embedded in their own ECM, we have
limited the in vitro studies to the referred nine days of
culture. As recent studies indicate [10, 59], the
propensity for differentiation that hMSCs exhibit
when exposed to physical stimuli may cease if the
exposure to the stimuli also ceases, and thismight have
also happened in this study when hMSCs started being
embedded within the endogenous ECM. Using the
high cell seeding density, chosen based on our
previous data [60], we observed that the scaffolds got
populated very quickly; hMSCs created a layer that
partially covered the top fibers, and no remarkable
differences could be observed in terms of hMSCs
activity between topographies. Figure S2 in supple-
mentary information may help to illustrate this
phenomenon, where it can be observed that the ECM
deposited on top of the fibers may mask or dilute the
impact of the surface topography on the cells. In light
of this, the study with a lower cell density interestingly
unveiled the impact of surface roughness and/or
topography on hMSCs behavior that was not possible
to observe on the scaffolds seeded with the high cell
density. In fact, the percentage of cells still in direct
contact with the fibers surface, relatively to those
embedded in the endogenous ECM, was higher for the
low cell density, thus implying a higher exposure to the
topographical stimuli.

Under osteogenic culture conditions, hMSCs
exhibited a distinctive behavior on surface roughness
values lower than SC, presenting a slightly different
morphology and a shift on the temporal profile of
ALP production and RUNX2 expression [61], in
comparison with the other scaffold types. The differ-
entmorphology adopted by the hMSCs on the SC scaf-
folds may have been influenced by the topography. It
is well described in the literature that the morphology
adopted by hMSCs when in contact with specific sur-
face features influences their growth and/or differ-
entiation [7, 58, 62, 63]. Cells contacted with different
surface roughness profiles (supplementary informa-
tion figure S1B), which might have influenced the dif-
ferent way that hMSCs attached to the surface of SC
scaffolds, leading to a cytoskeleton re-organization
that resulted on the observed ‘spindle-like’ shape and,
consequently, on their different behavior.

Other studies analyzed the influence of 3D
scaffolds surface roughness and topography on the
osteogenic differentiation of hMSCs [3, 12], although
the use of different parameters make it difficult to
establish a direct comparison with our study. The PCL
FDM3D scaffolds (5 mmdiameter; 2 mmheight)with
surface roughened fibers by solvent-etching reported
by Kumar et al [3] fall in the roughness range of
our study (non-etched: Ra ≈ 0.21 μm; etched:
Ra ≈ 1.06 μm). Differently from what we found, the
roughest etched scaffolds induced hMSCs osteogenic

differentiation, proven by calcified tissue and
osteocalcin (OCN) secretion after 2 months (62 days)
of culture. However, for earlier time-points (7 and 21
days), which are closer to the latest time-point of our
study (9 days), no differences on cellular activity could
be observed between scaffold types, even if they used a
cell seeding density (5000 cells/scaffold) lower than
the one used in our study. Mata et al [12] used 3D
PDMS scaffolds and cultured the hMSCs up to 9 days
on smooth and texturized surfaces (posts with 10 μm
diameter and 10 μm height, separated by 10 μm).
While texturized 3D scaffolds presented higher
ALP mRNA expression by hMSCs, OCN mRNA
expressionwas comparable for both types of scaffolds.

Regarding the culture under chondrogenic
conditions, hMSCs seeded on the roughest SD
scaffolds were the ones that presented higher GAG
production and concomitant higher mRNA expres-
sion of SOX9 and COL2A1. This might be partially
related to the higher spatial proximity of the hMSCs
cultured in these scaffolds, promoted by both the
lower porosity and topographical features of the SD
scaffolds.

The preliminary assessment of the impact of using
different cell seeding densities on these scaffolds
indicates that this is a quite relevant parameter that
should further be explored in more detail. The range
of surface roughness values obtained in this study
(≈0.07–1.95 μm) could be further expanded in future
studies to better investigate their effect on cellular
activity. Our study supports that the physical cues
presented on the surface of 3D scaffolds can play an
important role in hMSCs behavior, but strengthens
the premise that a defined balance needs to be
established with all other parameters involved, like the
cell seeding density, to obtain a proper growth and
maturation of a specific type of tissue. In this respect,
future studies should also aim at dissecting the net
role of these interfacial properties when cellular
multilayers are formed during tissuematuration.

5. Conclusions

This study presents the use of AM combined with
wet-spinning for the fabrication of PEOT/PBT scaf-
folds with a good control over scaffold macro- and
micro-architecture. Furthermore, we report that
the methodology allows the production of 3D
scaffolds whose polymer fibers have a tailored surface
topography resultant from the process itself, and
thus in a single-step without recurring to any kind of
post-processing. The PEOT/PBT 3D scaffolds pre-
sented a highly porousmorphology, and polymer fiber
dimensions that fell in the range between FDM and
electrospun porous structures. The in vitro assays
performed using hMSCs showed that cells were able to
adhere, proliferate and produce ECM in the developed
scaffolds. The impact of the surface roughness on the
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osteogenic and chondrogenic fate-commitment of
hMSCs was also assessed, showing that these were able
to differentiate in both lineages, but the impact of
surface topographywas highly dependent on the initial
cell density. This suggests that, on this type of scaffolds,
the fine-tuning of surface roughness, topography, and
cell seeding density is essential for guiding hMSCs
differentiation along specific lineages.
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