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ARTICLE INFO ABSTRACT

Keywords: Tendon injuries present substantial challenges in clinical settings, where traditional treatments often lead
Tendon to suboptimal outcomes, including scar tissue formation, reduced strength, limited range of motion, and
Scaffold engineering re-ruptures. These difficulties primarily arise from the complex hierarchical structure of tendons and their
MEW-3D

limited healing capacity. Tissue engineering offers promising solutions for tendon regeneration and muscle-to-
bone reconnection, typically through the use of biodegradable scaffolds that mimic the extracellular matrix of
tendons, thereby supporting cell growth and tissue formation. However, several obstacles must be addressed
to develop tendon reconstruction strategies suitable for clinical application. In this study, we developed
computational models to design and produce Melt Electrowriting (MEW)-3D tubular structures that replicate
the mechanical properties of native mouse Achilles tendons, improving the guidance of tenocyte growth and
differentiation. These models incorporated a new approach to consider the non-continuum nature of printed
scaffolds formed by sets of fibers interacting with one another. Moreover, these structures facilitated cell
confinement, expansion, and alignment, resulting in bundle-like formations with enhanced tensile properties.
Importantly, tenocyte differentiation was achieved through a two-step cell culture protocol, which involved
transitioning cells from high to low serum media. This approach effectively mitigated the phenotypic drift that
often occurs with long-term cell cultures.

Tenocyte
Finite element method

Statement of Significance

Tendon injuries are a common issue in healthcare, often leading to scar tissue, weaker tendons, limited
mobility, and frequent re-injury. Tendon engineering aims to address these challenges by using biodegradable
“scaffolds” that mimic the natural tendon environment, supporting cell growth and tissue repair. In this study,
we developed computational models to design 3D tubular structures using a printing method called Melt
Electrowriting (MEW). These structures replicate the mechanical properties of mouse Achilles tendons, guiding
tendon cells to grow and differentiate effectively. By creating scaffolds from interwoven fibers, we closely
replicated how natural tendon fibers interact, allowing cells to form strong, organized bundles. This approach
may improve engineered tendon strength and durability, addressing key challenges in tendon reconstruction
strategies.
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1. Introduction

Tendon injuries are prevalent musculoskeletal clinical conditions,
causing significant morbidity, pain, and long-term disabilities. Inci-
dence rates vary based on demographics and lifestyle factors, with
Achilles tendon (AT) injuries being particularly common, especially
among athletes. Epidemiological studies report a notable worldwide
increase in the incidence of AT rupture over recent decades [1-7].

Tendons play a vital role in the musculoskeletal system by con-
necting muscles to bones to transmit the force generated by muscle
contractions. Primarily composed of collagen fibers organized in par-
allel bundles, tendons provide tension transmission and flexibility [8].
However, due to their reduced cellularity, low vascularity, and slow
nutrient supply, tendons exhibit delayed and ineffective natural healing
processes after injury, often resulting in scar tissue formation, causing
permanent reductions in flexibility and tension capacities. Various
surgical techniques exist to reconstruct tendon ruptures, using tendon
transfers, tenodesis or biological and synthetic grafts [9]. However,
these methods have limitations, such as morbidity, disease transmis-
sion, or immune responses in human recipients [10,11]. Additionally,
repaired tendons often exhibit biomechanical properties inferior to
native ones, increasing susceptibility to re-rupture [12]. This situation
is particularly challenging in the AT, as it is the largest and strongest
tendon in the human body, capable of withstanding forces that exceed
12 times the body weight during basic activities [13]. The absence
of optimal solutions poses a significant challenge for orthopaedic sur-
geons, emphasizing the need for a healing bridge that mimics native
tendon properties for effective repair or reconstruction.

Tendon engineering aims to develop artificial tissues for clinical
purposes [14,15]. However, significant challenges remain, such as
guiding cell alignment, migration, proliferation, and differentiation
within printed constructs to accurately replicate the intricate structure
of tendons [15,16], including their heterogeneous and anisotropic ex-
tracellular matrix (ECM). This is crucial for ensuring adequate loading
capacity [17] and for guaranteeing the efficacy and longevity of the
engineered tendons [18]. Various technologies aim to fabricate 3D scaf-
folds that replicate the anatomical features and mechanical properties
of native tendons. Among these, electrospinning is the most widely
used method. It allows for the incorporation of aligned and/or ran-
dom fibers, which favor tendon structural organization, efficient force
transmission and stress distribution or help emulate the tendon-bone
transition [19-21]. Electrospinning can also be used for the creation of
sinusoidal-like morphologies in the nanofibers [22-25], which is impor-
tant because variations in the crimped pattern of submicron-sized col-
lagen fibrils affect the mechanical properties of tendons. Additionally,
it can integrate grooved structures to guide cell differentiation [26] or
be used to prepare spun fibrous scaffolds through braiding or weaving
aligned nanofiber yarns [27]. However, while these advancements
allow for precise control over pore size and approximate the non-
linear tensile strain-stress behavior of tendons, they often prioritize
mechanical properties or cell-to-tendon transformation. For example,
crimped nanofibrous scaffolds increase mechanical performance but
limit cellular infiltration and alter the behavior of seeded cells by
reducing scaffold porosity [24]. Furthermore, the development of a
rich ECM in cell-assembled tendon equivalents necessitates prolonged
in vitro cell cultures. These extended culture periods are often associated
with cellular phenotypic drift [28,29], which compromises the quality
and functionality of the engineered tissue. Moreover, since scaffolds
serve as temporary structures that support tissue growth, their prop-
erties must mimic those of natural tendon tissue to facilitate proper
regeneration. Scaffold design presents another potentially challenge,
particularly when applying the finite element method (FEM) to Melt
electrowritting (MEW) scaffolds due to their intrincate nature. MEW
structures are typically composed of fine, microscale fibers arranged
in complex and often irregular patterns. Accurately capturing these
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features in FEM simulations requires a high level of mesh resolution,
which in turn increases both computational demands and complex-
ity [30]. Addressing these challenges is critical for the advancement
of tissue-engineered tendon replacements and their successful clinical
application.

Here, we have employed MEW additive manufacturing technology
to create highly defined 3D scaffolds with controllable architecture.
These scaffolds are designed as confinement structures to support cell-
to-tendon conversion, intentionally excluding the influence of scaffold
pore size and geometry on human tenocyte properties. At the same
time, they preserve the tensile strength of murine AT and replicate
its characteristic tubular, bundled structure. To achieve this, we have
developed a new constitutive model within a continuum framework
using FEM to predict the mechanical behavior of tubular scaffolds. This
numerical technique allowed us to select specific printing parameters to
closely mimic the native AT structure of mice. These tubular constructs
sustain human tenocyte expansion, alignment, and differentiation, and
provide the compliance and tensile strength of the original tendons. The
implementation of a two-step cell culture protocol, with static force
guides, permits the long-term culture of human tenocytes to create
an ECM tendon-like structure with an enhanced mechanical behavior.
The scalable manufacturing process of the 3D structures can be easily
adapted for producing scaffolds in various sizes and geometries, from
small-scale research prototypes to large-scale clinical implants. These
insights have significant potential applications in tendon regenerative
medicine.

2. Materials and methods

2.1. Melt electrowriting (MEW)

Fibrous tubular scaffolds were manufactured via MEW, using a
custom-built MEW device (Queensland University of Technology) with
medical grade poly-e-caprolactone (mPCL) pellets (Purasorb PC12, Cor-
bion). The mPCL jet was left to stabilize until its deposition was
homogenous (no coiling or pulsing). The fiber was collected onto a
rotating mandrel of 1 mm in diameter, with a 7 mm printing distance
form collector. Tube manufacturing was achieved by moving the nozzle
back and forth in the longitudinal direction. All tubes were manu-
factured with a voltage of 8.9 + 0.3 kV, and consisted of 300 layers,
understanding one layer as the full movement of the nozzle.

SEM Microscope. A Scanning Electron Microscope (SEM) was utilized
to obtain high-resolution and high-contrast images of the MEW-3D
constructs. To this end, scaffolds were mounted on aluminum SEM
stubs and coated in an Argon atmosphere with 16 nm gold in a sputter-
coater device (Emitech Ltd., Strovolos, Chipre, model K550). SEM
observations were made with a FE-SEM Zeiss model Sigma 300 VP
(Zeiss, Oberkochen, Germany).

2.2. Mechanical analysis

The biomechanical behavior of the MEW-3D tubular structures and
the native mouse AT were studied using an electromechanical Instron
Microtester 5248 testing setup (Illinois Tool Works Inc., Glenview, IL,
USA), equipped with a 5 N load cell with minimal resolution of 0.001
N. The tendons were tested immediately after sacrificing the animals,
which were carefully isolated. MEW-3D structures and tendons were
subjected to a displacement rate of 3 mm/min until failure, N = 5.
Force and displacement were acquired at 10 Hz and recorded in a data
file for further processing.
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2.3. Culture of human tenocytes

Tenocytes were isolated from human tendon biopsies, obtained
during surgical procedures from discarded hamstring tendon tissue
for anterior cruciate ligament reconstruction after written informed
consent in the Clinica Universidad de Navarra (CEI 2019.116), or
from cadavers (CEI 2020.22), following mechanical and enzymatic
digestion with collagenase II/Dispase I for 16 h at 37 °C. For 2D cell
cultures, 20,000 tenocytes were cultured in 12-well dishes previously
treated with Matrigel (Becton& Dickinson). Cells were maintained in
growth medium (GM), consisting of 20% foetal bovine serum (FBS),
1% penicillin-streptomycin, and 2x10~> M L-glutamine in Dulbecco’s
Modified Eagle Medium (DMEM), at 37 °C and 5% CO, for 7 days.
Subsequently, some cells continued in GM, while others underwent a
switch to differentiation media (DM) composed of 2% FBS in DMEM.
Cells were maintained under these conditions for a 16-day period.

For 3D cultures, cells maintained in GM at low cell density were
collected, embedded in Matrigel, and casted into the mPCL-printed
tubular structures. These 3D structures were previously treated with
O,Ar plasma (Diener electronic, Plasma-surface-technology, Ebhausen,
Germany) for 2 min to reduce the structure hydrophobicity, washed in
ethanol, air-dried and exposed to ultraviolet light. The cell composites
were incubated at 37 °C for 30 min in 6-well dishes, after which GM
was added to cover the structure. After 11 days, cell composites were
subjected to tension from both ends using microsurgical clamps (S&T,
70008) and maintained in culture for an 18-day period. Then, GM was
replaced by DM for 34 days. GM and DM were changed every three
days.

Some cell-free constructs embedded in Matrigel were pre-treated
and treated as the cell-filled Matrigel composites for 9 weeks, and were
used as controls.

2.4. Morphological and phenotypical characterization of 2D and 3D teno-
cytes

Immunofluorescence. Cell composites were washed in PBS and fixed in
4% paraformaldehyde (PAF) for 10 min at room temperature. After
several PBS-washes, constructs were secured in 3% gelatine and frozen
in OCT. Constructs were longitudinally cryosectioned in 50-100 pm
sections, collected on silane:acetone (1/10) treated-slides, and kept at
—80 °C until use. 2D cell cultures were fixed in 4% PAF and stored
at 4 °C. Both 2D cells and 3D sections were permeabilized with 0.5%
Triton-X100/PBS for 5 min and incubated in blocking solution (BS;
20% goat serum/PBS) for 30 min. Then, collagen I (5 pg/ml; BioRad),
tenomodulin (10 pg/ml; Santa Cruz), decorin (10 pg/ml; Santa Cruz),
scleraxis (10 pg/ml; Santa Cruz) and g-tubulin (5 pg/ml; Cell Signaling)
antibodies were diluted in BS, added to the samples and incubated at
4 °C overnight. Primary antibodies were visualized with fluorochrome-
conjugated secondary antibodies (Molecular Probes) before mounting
in 0.1% glycerol/PBS medium. Nuclei were visualized by pre-treating
the living or fixed cells with 1X SPY live cell fluorogenic DNA label-
ing probe (Spirochrome), following manufacture’s instructions. Stained
cells and 3D sections were kept in PBS at 4 °C in dark until their use.
Image acquisition and processing. Tile and z-stack scans from living cell
composites, fixed 2D cells or fixed 3D sections were imaged combin-
ing 2-photon and confocal mode. A Zeiss LSM 880 microscope (Carl
Zeiss, Jena, Germany), equipped with a 2-photon femtosecond pulsed
laser (MaiTai DeepSee, Spectra-Physics, Newport USA), was tuned to
a central wavelength of 790 nm using a 25x/0.8 objective (LD LCI
Plan-Apochromat 25x/0.8, Carl Zeiss) in non-descanned mode after
spectral separation and emission filtering using 465-to 515-nm BP
filters. Confocal emission between 650-750 nm and 560-660 nm was
obtained by using the 633 nm and 543 nm lasers, respectively.

Digital images were processed using Zen lite 3.0 and ImageJ soft-
ware. When needed, images were composed and edited, and modifica-
tions were applied to the whole images using Photoshop CS6 (Adobe,
2015.1 version).

228

Acta Biomaterialia 197 (2025) 226-239

Cell alignment and nuclei roundness analyses. Image stacks from 2D and
3D samples were used for quantifying cell orientation and elongation.
Eight different planes were analyzed per cell composite, with an aver-
age mean of 292 cells per plane. One or two planes in two different
regions were analyzed in tenocytes grown in 2D, with an average
mean of 416 cells per plane. Nucleus orientation and roundness were
measured using a built-in function of ImageJ software.
Quantitative real time-PCR (qPCR) analysis. Total RNA was extracted
directly from culture dishes with TRIzol (Sigma) following the manu-
facturer’s instructions. RNA content and purity were determined using a
Nanodrop (Qiagen). Retro-transcription was performed using the Prime
Script RT Reagent (Takara) with up to 1 pg of RNA for each sample.
qPCR was performed with 10 ng of cDNA with the Applied Biosys-
tems™ PowerUp™ SYBR™ Green Master Mix in a QuantStudio 5 real—
time PCR thermocycler by using specific primers (Forward: 5’ — 3’;
Reverse: 5’ — 3’) for collagen type I (COLIAI: AGAAGAACTGGT-
ACATCA; CATACTCGAACTGGAATC), collagen type III (COL3A1: AT-
CTTGGTCAGTCCTATG; TATTATGTCATCGCAGAGA), scleraxis (SCX:
CACCCAGCCCAAACAGAT; CACCTCCTAACTGCGAATC), tenomodulin
(TNMD: ACAAGCAAGTGAGGAAGAA; GACGGCAGTAAATACAACAA-
T), and tenascin (TNC: CCTTGCTGTAGAGGTCGTCA; CCAACCTCAG-
ACACGGCTA). Glyceraldehyde-3—-phosphate dehydrogenase (GAPDH:
TTTAACTCTGGTAAAGTGGATAT; GGTGGAATCATATTGGAACA) was
selected as endogenous control. Primer specificity was confirmed by
melting curve analysis. All samples were measured in triplicate in
at least three independent experiments. Relative mRNA levels were
calculated by the 2 — AACt method.
Cell viability. 2D cell cultures were stained with the cell death detection
antibody in the Zombie-Green Fixable Viability Kit (423111, BioLe-
gend) following the manufacturer’s protocol. Samples were acquired
with a CytoFlex flow cytometer (Beckman Coulter) and data analyses
were performed using FlowJo software.

2.5. Constitutive material modeling

A strain energy density function (SEF) is a mathematical formu-
lation used in continuum mechanics to describe the energy stored in
a material due to deformation. To simulate the properties of mPCL
scaffolds operating within the elastic regime, a suitable SEF should
account for both nearly incompressible [31] and non-linear elastic be-
havior [32]. When this material is used to print complex 3D structures,
applying the continuum mechanics hypothesis presents a significant
challenge. To address this, we propose an approach that involves
modeling the entire scaffold volume using a SEF as follows:

vV,

¢=_S

¥ = ¢’
¢ 7

(€8]
where ¢ represents the volume fraction of the material, with (1 — ¢)
corresponding to the scaffold’s porosity, defined as the gaps within the
total volume where no material is present. Therefore, ¥’ can be defined
as:

=W () + P I I 0 = g(J — 12 4P P+ T+ 2

In this expression, the volumetric part of the SEF, ¥,,, depends
on the PCL bulk modulus (k) and the determinant of the deformation
gradient (J), the jacobian. The volume-preserving part has been defined
as a function of the first modified invariant of the right Cauchy-Green
deformation tensor (/) and three pseudo-invariants (I, Iy, I), associ-
ated with the printed preferential directions. The pseudoinvariants T,
and I, are defined as:

I,=a,-(Cag),  Ig=h,-(Chy) 3

where a, and b, are the initial orientations of the PCL fibers. To account
for the interaction between these fibers, we propose using an additional
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Fig. 1. Achilles tendon (AT) of an adult wild type mouse (a). Representative images of printed scaffolds (b; scale bar: 0.5 mm) and quantification of fiber angle (c). Representative
images of the tubular scaffolds taken by SEM microscopy (d; scale bars: 200 pm (left) and 20 pm (right)). Average (e) and frequency distribution (f) of fiber diameters. Diameters
from fibers from condition 1 (g) and condition 2 (h) were measured at five different positions. Data was collected from 5 independent replicates of each condition (n=5). F, Fiber;

Cond, condition.

pseudoinvariant to capture the angle change (4¢) between the two fiber
directions [33]:

€]

The SEF functions have been chosen in the form of the well-
known fiber contribution commonly used in the biomaterials field [34].
The function ¥, represents the isotropic contribution of the scaffold
material in regions where the fibers have fused together.

i ool
Iy = Ap = ¢ — ¢y ~ (I,I5) > ag - (Chy) —ay - by

= 1 = 2
i = S (I, -3) (5)

Since the fibers were deposited in two distinct directions during
printing, corresponding to the forward and backward movement of the
nozzle, ¥, and ¥, represent the elastic energy of the anisotropy induced

by these directions:
(ekz(fe—l)z - 1>

(i —1), = N
2k,

The elastic energy associated with the fiber angle change is ex-
pressed as:

=k

o= 3 ®)

Py = k3 (1_8)2 )
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The model parameters c;, k;, k,, and k3 in the function will be
calibrated based on experimental results.

2.6. Statistical analysis

All statistical analyses were performed using SPSS 26.0 (SPSS, Inc.,
Armonk, NY, USA). The Shapiro-Wilk test was used to assess the
normality of the data distribution. When the data were non-normally
distributed, variables were analyzed using the Kruskal-Wallis test,
followed by Mann-Whitney U tests for pairwise comparisons. When
the data were normally distributed, Levene’s test was performed to
assess the equality of variances. If the variances were equal, t-tests were
performed for pairwise comparisons. If the variances were unequal,
Welch’s test was used instead. For comparisons involving more than
two groups, one-way ANOVA was performed, followed by post-hoc
analyses using Bonferroni and Tukey’s HSD tests. All experiments were
performed with at least three independent biological replicates per
condition. Data are expressed as means + standard error of the mean
(sem). A p-value of p < 0.05 was considered statistically significant.



J. Grasa et al.

rce (N)

£ o8
06
0.4
0.2

1.08

Acta Biomaterialia 197 (2025) 226-239

Force (N)

—— Sample 1
—— Sample 2
—— Sample 3

Sample 4

Sample 5
—— Sample 6
—— Sample 7

0 . .
0 5 10
Displacement (mm)

(b)

15 20

Condition 1
Condition 2

Force (N)

Numerical Condition 1
— = Numerical Condition 2
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(b), mean and standard deviation of the force vs stretch relationship considering both printing conditions together with numerical model predictions (c).
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Fig. 3. FE model and results: FE mesh (a), representation of the two family of fibers oriented at 26.6° (b), displacement field along the z direction (c) and representation of the

stretch along the fibers (d).
3. Results

3.1. Design and fabrication of MEW-3D tubular structures with tendon
mechanical behavior

We designed and fabricated tendon-mechanical biomimetic 3D tubu-
lar skeletons formed of mPCL fibers to replicate healthy native tendons,
characterized by their fibro-elasticity and resistance to mechanical
tension. Fabrication was designed based on the anatomical features of
the AT isolated from adult mice (Fig. 1a), which presented a diameter
of 0.67 + 0.02 mm and a length, from the calcaneus to the proximal
insertion in the calf muscles, of 6.41 + 0.33 mm.

The structures were fabricated with a MEW-printing system by
simply tuning the rotational speed of the motor and collecting the
mPCL fibers on a 1 mm diameter cylindrical mandrel in continuous
rotation. By changing the orientation of the fibers with respect to
the horizontal axis, considering both the translation velocity and the
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rotating speed of the mandrel, we defined two different sets of printing
conditions. Condition 1, involved a translation speed of 285 mm/min
and a rotation speed of 400°/min, and its outcome was fibers arranged
at 43.2 + 3.5° (Fig. 1b—c). Condition 2, consisting of 500 mm/min and
350°/min, resulted in a fiber orientation of 26.6 + 2.6° (Fig. 1b-c).

To determine the spatial distribution and microscale structure of the
MEW constructs, samples were subjected to SEM. At high magnification
(Fig. 1d), the average diameter size of individual fibers was 27.87 + 0.9
pm and 28.16 + 0.71 pm for conditions 1 and 2 (Fig. 1e), respectively.
Independently of specific printing parameters, individual fibers size
ranged from 10 to 50 pm in diameter (Fig. 1f). Fibers with 30 pm
were the most frequent size for condition 1, while condition 2 showed
a preference for fibers with a 20 pm of size (Fig. 1f). Furthermore,
measurements taken at various lengths from the same mPCL fiber plane
were similar (Fig. 1g-h), indicating homogenous printing along the
longitudinal direction. Importantly, by using a cylindrical mandrel of
1 mm of diameter to collect the printed fibers, the final internal size
of the 3D structures was 0.65 + 0.4 mm, fitting the dimensions of the
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AT of adult mice. This dimension, together with the external diameter,
allowed us to obtain an approximate volume fraction of the material
by knowing the density of the bulk mPCL (1.145 g/cm?) and weighing
the samples. The volume fractions for samples under conditions 1 and
2 were 0.51 +0.23 and 0.48 + 0.37, respectively.

We next analyzed the uniaxial tensile behavior of the AT samples
isolated from mice. The curve in Fig. 2a represents the relationship
between force and the stretch ratio (1), showing the mean response of
the tendon samples under tension, with the standard deviation depicted
as the filled region.

Force—displacement curves for the samples with fibers arranged at
26.6 +2.6° are shown in Fig. 2b. Analyzing these curves, it is observed
that there is an initial region where a non-linear relationship between
the applied force and displacement is obtained, followed by a drastic
change in slope as the scaffold enters the plastic deformation zone. Fig.
2c shows the mean and standard deviation of the experimental and
numerical predictions force vs. stretch relationship (solid line) for the
two conditions. As observed, by varying the printing angle, the optimal
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value for reproducing the J-shaped stress—strain curves of the tendon
can be determined.

3.2. Computational modeling

The finite element (FE) model (Fig. 3a) is defined as a tube with a
length of 10 mm, an inner diameter of 0.65 mm, and an outer diameter
of 1.53 mm. The model reproduces the tensile test carried out experi-
mentally by embedding one of the ends and applying a displacement
of 1 mm in the longitudinal direction until an elongation of 1 = 1.1 is
achieved.

To define the anisotropy induced by the mPCL fiber structure,
two families of fibers were created in the software according to the
fabrication conditions. In Fig. 3b the discretized distribution of these
orientations are represented for condition 2. The continuous model
implemented in Comsol Multiphysics allows for the visualization of me-
chanical variables, such as displacements in the continuum geometry
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Fig. 5. Experimental schematic outlining the cell culture protocols (a). Graphs in b show mRNA expression levels of genes associated with tenocyte differentiation in differentiated
cells, relative to GAPDH expression levels. Data is expressed as mean+sem from five independent experiments carried out with cells obtained from different donors (n=5), where

expression levels were related to those found at day 0, which were considered as 1.

(Fig. 3c), or the deformation in the deformed configuration of the fibers
(Fig. 3d).

Before determining the model parameters that best fit the hypere-
lastic behavior of the available experimental data, a sensitivity analysis
was conducted to understand their effect on the reaction force in the
model during stretching. Figs. 4a, 4b, and 4c illustrate the sensitivity
to the mechanical parameters k;, k,, and k3, showing the effect of
fiber stiffening and their interactions. Fig. 4d depicts the effect of fiber
orientation, with ¢ 0 representing the extreme angle when the
fibers are aligned parallel to the longitudinal direction of the scaffold.
As observed, as this angle increases, the force required to stretch the
scaffold decreases. Fig. 4e shows that lower values of porosity corre-
spond to a stiffer structure, indicating the effect of material volume
fraction. Finally, Fig. 4f illustrates the effect of the number of elements
in the finite element mesh on the force at a stretch level of 41 = 1.1. As
observed, above approximately 50,000 elements, the solution varies by
less than 2%.

In order to find the constitutive parameters that allow the model to
predict the experimental tests of the scaffolds under the two fabrication
conditions, a series of Monte Carlo simulations were conducted. In
these simulations, the parameter range of variation was gradually
decreased until the root mean square error (RMSE) was less than 0.1 N.
The parameters found that provided an RMSE of 0.012 N for condition
1 and 0.066 N for condition 2 were: ¢; = 100 kPa, k; = 600 kPa, k, = 40,
ks = 400 kPa. A value of k = 1 GPa was assumed for the bulk modulus of
the mPCL taking and elastic compressive modulus of E = 300 MPa [35]
and a Poisson’s ratio of v 0.45 [36], being « E/(B(1 = 2v)).
Fig. 2c represents the numerical force vs. stretch predictions of the
model compared with the mean and standard deviation outcomes of
the experiments.

3.3. Scaffold colonization

A high-to-low serum transition enhances tenocyte differentiation
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We next proceeded to select a cell culture protocol aimed at fa-
cilitating the tenogenic differentiation of undifferentiated cells into
tendons. We selected human tenocytes from various sources due to
their inherent potential to differentiate into tendon tissue. Instead
of using biochemical growth factors or transforming growth factors
to induce tenocyte differentiation [37], we employed an alternative
strategy. After seeding the cells in Matrigel-coated 6-well dishes, they
underwent a 7-day expansion phase in mitogen-rich medium (GM),
followed by a 16-day differentiation period in mitogen-poor medium
(DM) containing 2% of serum, or they were maintained in GM through-
out the experiment (Fig. 5a). Tenocytes transitioned from GM to DM
showed a tendency to increase the expression levels of the tenogenic
genes scleraxis, tenomodulin, decorin and biglycan over time, com-
pared to those continuously maintained in GM (Fig. 5b). However, the
expression of tenascin and collagen mRNA was not affected by the
two-step cell protocol (Fig. 5b). The absence of statistically significant
differences among tenocytes cultured under different protocols may be
attributed to the diminished tenogenic potential of older cells [38,39]
rather than a decrease in cell viability. This conclusion is supported by
distinct variations in gene expression levels observed between tenocytes
isolated from young patients undergoing surgery (young samples) and
those obtained from cadavers (old samples) (Figure Sla). Importantly,
no signs of cell death were observed in old tenocytes across both
experimental conditions (Figure S1b).

To further corroborate the differentiation phenotype, immunostain-
ing was performed in young tenocytes. This technique confirmed the
increased accumulation of tenomodulin and decorin proteins in the
cytoplasm of the cells as they underwent differentiation (Fig. 6a).
Notably, this accumulation appeared more pronounced in cells tran-
sitioning from high to low serum media (Fig. 6a). Correspondingly, the
nuclear Scx signal was lost in differentiated cells, though some cells
in GM retained positive nuclear signals (Fig. 6b, arrows). Collagen I
accumulated in the cytoplasm of differentiated tenocytes, with their
cytoskeleton aligned into defined, larger fiber-like structures (Fig. 6b—
c). However, the presence of collagen I in the extracellular space was
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Fig. 6. Representative images of tenocytes co-immunostained for tenomodulin/decorin
(a), collagen I/scleraxis (b), and collagen I/p-tubulin (c¢) under growth (GM) and
differentiation (DM) culture conditions over time. SPY identified all nuclei. Scale bar
20 pm. All cell images were taken at the same exposure time.

more frequent in cells cultured in DM (Figure S2c, arrowheads), with
some spots forming fibril-like structures (Fig. 6¢c, arrows; Figure S2,
arrows), compared to cells continuously maintained in GM, suggesting
a more advanced stage of collagen maturation. Taken together, these
findings reinforce the idea that cells transitioning from high to low
serum content, without the addition of tenogenic promotion factors,
exhibit a more advanced differentiation phenotype.

Tubular MEW-3D scaffolds allow for tenocyte growth and differentiation

To expand and differentiate human tenocytes within the tubular
scaffolds, we selected those composed of fibers arranged at a 26.6°
angle, as they more accurately mimic the mechanical behavior of
native mouse tendons (Fig. 2a), and adopted a systematic cell culture
approach based on our earlier findings (Fig. 7a). The cells were em-
bedded in Matrigel, introduced into the tubular constructs (referred
to as cell composites), and maintained in culture for a period of 9
weeks. Following an initial 10-day period in GM, static mechanical
stimulation was applied both to guide the cells, as tendons undergo
physiological mechanical stretching during their functioning, and to
enhance cell proliferation [40]. After a 45-day period in GM to en-
sure thorough cell colonization of the structure, the cell composites
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underwent an 18-day phase in DM to enhance tenocyte differentiation.
We extended cell expansion period due to slower proliferation of cells
in 3D compared to 2D, likely because 2D cultures allow better access
to essential components in the medium [40,41] and offer increased
mechanical stiffness, promoting cell growth [42,43]. Throughout this
9-week timeline, the progression of cell composites was non-invasively
monitored using optical (Fig. 7b) and multiphoton imaging (Fig. 7c—
i). The inherent autofluorescence of both fabricated mPCL scaffolds
(Fig. 7c) and cells (Fig. 7d-i) was harnessed to capture and analyze
the tenogenic progression of the cells and their interaction with the 3D
structures.

By week 1, we observed that tenocyte growth was restricted to the
scaffolds (Fig. 7d; Figure S3a), with some cells interacting with the
mPCL fibers within the constructs (Fig. 7e). Z-stack imaging revealed a
progressive increase in cell density over time (Fig. 7f-i), demonstrating
that confining cells within the 3D structures promotes homogeneous
cell growth at any depth (Figure S3b-e). Following the stretching of
the constructs, there appears to be an enhancement in the cytoplasm-
to-nuclei (Fig. 7f-g; Figure S3b-c), a phenomenon that intensified upon
transitioning from GM to low-mitogen media (Fig. 7h—i; Figure S3d—e).
This was evidenced as an increase of the number of tenocytes aligned
along the longitudinal axis of the stretched construct skeletons (Fig.
7g; Figure S3e), which trend persisted throughout the culture period,
as evidenced in later time points (Fig. 7h—i; Figure S3d—e).

By week 9, nuclei within some living cell composites were visual-
ized, demonstrating the colonization of the constructs by tenocytes (Fig.
8a) and the formation of cell bundle-like structures at various depths
within the cell composites (Fig. 8b-d). To assess the alignment of teno-
cytes, we analyzed the position of their nuclei within the longitudinal
axis of the 3D structure, distinguishing 5 relative positioning degrees
(Fig. 8e). Tenocytes in composites exhibited a notable preference to
align along one main direction, in contrast to tenocytes grown in 2D
cultures (Fig. 8f), which displayed a more random alignment. Further-
more, the preferential positioning of the cells within the 3D structures
was consistently maintained at different depth levels, as evidenced by
analyses performed at various z-stacks (Figure S4). Additionally, the
quantitative analysis of nucleus elongation demonstrated an increasing
predisposition of cells within the composites to enlarge their nuclei
(Fig. 8g), compared to cells within 2D cultures. Finally, we assessed the
stress—strain curves of living cell composites by week 9, finding that
their tensile properties increased in comparison to cell-free Matrigel-
embedded constructs (Fig. 8h), which were subjected to the same
protocol paute than the cell-filled Matrigel composites. This outcome
suggested the production of ECM components by human tenocytes
within the 3D structures, corroborating their differentiated phenotype.

Together, these findings showed that the MEW tubular constructs
influence tenocyte behavior, growth, and differentiation, offering valu-
able insights into potential applications for tissue engineering.

Cell composites express tenogenic differentiation makers

To confirm the tenogenic differentiated pattern of cell composites,
expression of specific cell markers was analyzed by immunostaining at
week 9, after scaffold cryosectioning.

The cell composites expressed collagen type I both in the vicinity
of the mPCL fibers (Figure S5a—c) and in bundle tendon-like struc-
tures (Fig. 9a; Figure S5d—f), which co-expressed tenomodulin (Fig. 9b;
Figure S6a-d). Tenomodulin expression was more evident in aligned
cells (Fig. 9b; Figure S6a-d) than in non-aligned ones, where scleraxis
was mostly related to the nuclei of the tenocytes (Fig. 9c; Figure S6e—
h). Additionally, collagen type I and decorin co-immunostaining (Fig.
9d) confirmed ECM production by the cell composites, while g-tubulin
showed the cytoskeleton of the cells, which in addition to highlight
their positioning suggested the connection between the cells (Fig. 9e-f;
Figure S7a-i) and between the cells and the mPCL fibers (Fig. 9g; Figure
S7j-1). These findings suggest that the mechanical static stimulation
given to the cell composites is transmitted to the entire construct,
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Fig. 7. Schematic picture outlining the colonization of the MEW-3D structures and the analyses followed for their characterization (a). Representative optical image of cultured
tenocytes in the 3D tubular structures (b). Autofluorescence of the PCL fibers (c) and tenocytes (d-i) overtime, captured by non-invasive microscope. All cell images were taken
at the same exposure time. A total of four cell composites were analyzed at each time point (n=4). Scale bar: 20 pm.

since the cytoskeleton is a 3D network that can transmit biomechanical
stimuli between the extracellular and intracellular environments by
connecting the nucleus to the ECM, regulating many cellular functions,
including cellular differentiation.

4. Discussion

There has been a growing interest to fabricate artificial tendons over
recent decades [44,45]. However, despite extensive efforts to optimize
scaffold design by incorporating physical and biochemical stimuli to
promote tendon regeneration [46-48], their clinical translation remains
challenging. One major obstacle is the mechanical mismatch between
the artificial tendon and the recipient tissue, which can lead to local
inflammation, reduced cell viability, and limited cellular stimulation,
thereby impeding the overall healing process [49,50]. Another chal-
lenge lies in promoting the appropriate cellular responses within the
scaffold to ensure adequate cell alignment and differentiation with
a robust ECM structure [51], crucial for optimizing tendon repair
efficiency. Additionally, the invasive methods for in vitro validation of
the bioproducts hampers the translation of basic research to clinical
application.

Here, taking advantage of the unique capabilities of MEW over other
3D printing technologies, such as precise control over 3D architecture
and superior directional stability of thinner, uniform fibres [52-55],
we have designed and fabricated tendon-biomimetic 3D scaffolds that
preserved the inherent tensile properties of the murine AT, while
emulating their tubular packed bundle characteristic. Furthermore,
our computational modeling of the 3D constructs allows for the cus-
tomization of scaffold design, enabling the creation of patient-specific
products tailored to the individual’s tendon repair needs. The proposed
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constitutive law allows for simulating the non-continuous nature of
the scaffold using a continuous model, under the assumption that it
operates exclusively within the elastic or hyperelastic regime, with-
out accounting for damage. This innovative approach simplifies the
modeling process, eliminating the need for complex representations
and reducing computational demands [30]. Although further analysis
should be performed to verify the validity of the model for differ-
ent fiber arrangements and printing conditions, this initial approach
satisfactorily predicts mechanical behavior close to that obtained ex-
perimentally. Moreover, this technique serves as a powerful tool for
optimizing scaffold design, ensuring that the methodology can be ad-
justed to mimic the properties of various tendons, depending on the
animal model species and tendon type. Implementing more sophisti-
cated procedures to better determine scaffold porosity will undoubtedly
enhance the model’s outcomes.

Our tubular 3D scaffolds have been utilized as confinement struc-
tures optimized for tenocyte growth and differentiation, intentionally
avoiding the direct influence of scaffold pore size and geometry on
human tenocyte’s features [56-58]. MEW tubular designs have become
increasingly popular in various applications [59], including bone tissue
engineering and disease modeling [60,61], nerve guides [62], and
stents or synthetic vascular grafts [63-66]. Tendon engineering has
also benefited from these designs by creating structures that reconstruct
injured tendons and improve endogenous tissue healing [45]. The
main objective of these previous designs was to provide patterns to
enhance cell adhesion and guide tenogenic differentiation [25], by
mainly improving cell migration into the scaffold’s pore network [67].
Unfortunately, many cells remained at the 3D surface, and although
the presence of interconnected thick and thin fibers in longitudinal and
transverse positions favored scaffold’s mechanical strength, it was in
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detriment of cell alignment [25,68]. We used two-photon microscopy
to track the progression of cell composites over time by leveraging
the autofluorescence of both cells and mPCL scaffolds. This method
preserves the sample’s natural state and enables real-time imaging of
living cell composites at depths of up to 500 pm, with 1 pm resolution.
Under our conditions, human tenocytes progressively colonized the
entire scaffold and became aligned in a controlled orientation along one
main longitudinal direction, contributing to nuclei elongation and ten-
sile stress enhancement, suggesting an improved rate of ECM synthesis
and deposition. Importantly, these features were found after culturing
the cell composites for a 9-week period. Thus, our constructs address
the main challenges in producing artificial tendons: guiding stem cell
differentiation and preventing the loss of their tenogenic lineage due
to time in culture [68].

Material stiffness can influence tenocyte’s progression [57,69]. Pre-
vious publications suggest that soft substrates can help maintain the
tenogenic phenotype of the cells [70], while stiffer matrices might
promote cell spreading and proliferation but less differentiation [12,
71-73], likely because cells do not tightly attach to soft substrates [74,
75]. However, over time, cells loss their fidelity to their growth direc-
tion, likely due to the impact of scaffold depth and rigidity on nuclei
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alignment. Our findings suggest that our tubular scaffold provides a
mechanical anisotropy to the tenocytes, enhancing their expansion into
the provisional ECM Matrigel. Subsequently, cell-to-cell signaling may
amplify nuclei alignment, with cells generating their own ECM and
strengthening the microenvironment. This process likely contributes
to maintaining cell differentiation over a period of 9 weeks. Thus,
we can speculate that tenocytes in our constructs transition from a
soft to a stiffer microenvironment in parallel with their cellular pro-
gression from expansion to differentiation stages. As a result, our
bioproducts consisted of differentiated tenocytes, as evidenced by the
expression of scleraxis, tenomodulin, collagen I and decorin proteins,
along with increased nuclei alignment and elongation, and enhanced
tensile stress—all hallmarks of differentiated tenocytes. Thus, our bio-
constructs may prevent the loss of their tenogenic lineage due to time in
culture [68], providing sufficient mechanical strength for potential ap-
plications in tendon repair. However, this conclusion needs to be tested
in future in vivo studies. It is important to note that when comparing
the force-stretch curves from mechanical tests on scaffolds with and
without cells, the latter exhibit lower stiffness than those tested during
the initial design phase. This is likely because the scaffolds without
cells underwent the same treatments as those with cells, which may
have reduced the material properties of PCL while still preserving a
stiffer substrate for cell growth and differentiation. PCL is a degradable
polymer whose degradation occurs over extended timescales, especially
under physiological conditions. This is due to its high crystallinity
and hydrophobic nature, which confer excellent mechanical stability
and slow degradation rates, making it highly suitable for long-term
applications in tissue engineering [31,32,35]. Given the timeframe
of our experiments, significant degradation is unlikely to have influ-
enced the mechanical properties of the scaffolds. However, preparation
treatments may have influenced the mechanical properties of PCL as
reported in the literature for sterilization processes [36].

Tenocytes are more sensitive to mechanical than chemical condi-
tioning regarding cell commitment and the expression of differentiation
markers. This may explain the lack of a widely-adopted tenogenic
differentiation protocol [51]. Here, we followed a two-step cell culture
protocol to emulate the three-step concept for tissue-engineering in
vitro [76] by first enhancing cell expansion to achieve a maximal num-
ber of cells within the entire 3D structure (high serum content), and
then inducing and maintaining tenogenic differentiation (low serum
content). Cell morphology was influenced by tuning their local mechan-
ical properties through static force applied to the scaffolds, following
previous similar strategies [77,78]. Our findings align with recent
studies that have demonstrated that as cell density increases, there is a
gradual shift from isotropic migration of individual cells to the forma-
tion of aligned cell lanes [79], highlighting the importance of cell-cell
and cell-ECM interactions in guiding cell destiny. However, the role of
serum in driving tenocyte’s fate is under continuous debate. For exam-
ple, tenocytes can be distributed in thick, dense parallel collagen fibres
when cultured in high serum media [80], while some other studies
have observed the opposite effect, linking serum to tenocyte phenotype
drift [28,29,81]. Here, we have shown that tenocytes transitioning from
high to low serum media favored the expression of genes and proteins
associated with tenocyte-to-tendon conversion. Interestingly, this effect
appears to be restricted to younger tenocytes compared to older ones,
suggesting a link between tenogenic differentiation and aging, which
requires future work.

Study Limitations: We used human-derived cells to better replicate
human tendon biology, since the inherent differences between mouse
and human cells, especially stem cells and progenitors, may limit the
direct relevance of our results to human patients [82]. However, a key
limitation of our study is the use of human-derived cells combined
with scaffolds designed to mimic the mechanical properties of mouse
AT tendons [83] rather than human AT tendons [84]. This decision
was made to avoid unnecessary complexity at this stage (e.g.: larger
scaffold sizes, advanced mechanical guides, use of bioreactors, etc.) and
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Fig. 9. Representative images of z-stack projections of fixed cell composite sections after 9 weeks in culture immunostained for collagen type I (a), tenomodulin (TNMD, b-c),
scleraxis (SCX, c), and/or decorin (d). Images in e-g show z-stack projections from sections immnunostained for g-tubulin. All nuclei were visualized with SPY-DNA. A total of

four cell composites were analyzed (n=4). Scale bar: 20 pm.

to focus on cellular interactions and behaviors, such as differentiation
and ECM production, while isolating the effect of the scaffold on these
cellular responses. The use of mouse tendon mechanics was therefore a
simplification, enabling us to investigate the cellular dynamics without
introducing confounding variables. We acknowledge that this approach
may limit the immediate applicability of our findings to cases of com-
plete human tendon rupture. However, tendon repair often involves
partial rather than complete ruptures, which may justify the use of
tendon bundles — like those used in our study — over full mechanical
constructs, because scaffolds do not necessarily need to fully replicate
the mechanical properties of intact human tendons. Additionally, our
bio-constructs have the potential to be tested in immunosuppressed
mouse models of AT complete rupture, where it is essential for donor
and recipient tissues to share similar mechanical properties to reduce
graft-host tensile/strain mismatch. In future work, using our compu-
tational model, it will be possible to redesign the printing parameters
to adjust the biomechanics from the range of mouse AT to the range of
human AT. This will allow us to gradually scale up the model, simulate
mechanical loading and investigate the effects on human cells in vitro
before progressing to more complex in vivo studies. Finally, as the
model has been developed based on non-degraded PCL, it presents a
limitation due to the observed stiffness loss when preparing the mate-
rial for culturing. Since this loss can be described as a decrease in the
material’s constitutive parameters [31], a time-dependent volumetric
fraction scaling the strain potential could be fitted to account for it.

5. Conclusion

We have printed MEW-3D tubular scaffolds to mimic the mechanical
behavior of mouse AT. By reducing serum content from high to low
and applying static mechanical guides, these scaffolds enable the con-
finement, expansion, and differentiation of human tenocytes without
the need for additional biochemical signals. This approach replaces the
softer provisional Matrigel ECM with a stiffer, self-generated cellular
ECM. Our proposed constitutive law for simulating the scaffold’s non-
continuous nature using a continuous model simplifies the modeling
process, enabling the prediction of mechanical behaviors that closely
replicate real-in vivo conditions. This framework will facilitate the
scaling up of 3D scaffolds for human tendon rupture applications by
transitioning from mouse to human tendon mechanics.
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