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Abstract

Tendonand ligamentinjuries are relevant clinical problemsin modern society, and the
current medical approaches do not guarantee complete recovery of the physiological
functionalities. Moreover, they present a non-negligible failure rate after surgery.
Failures often occur at the enthesis, which is the area of tendons and ligaments
insertion to bones. This area is highly anisotropic and composed of four distinct
zones: tendon or ligament, non-mineralized fibrocartilage, mineralized fibrocartilage,
and bone. The organization of these regions provides a gradient in mechanical
properties, biochemical composition, cellular phenotype, and extracellular matrix
organization. Tissue engineering represents an alternative to traditional medical
approaches. This work presents a novel biofabrication approach for engineering the
enthesis. Gradient-based scaffolds were fabricated by exploiting the combination of
electrospinning and three-dimensional (3D) bioprinting technologies. Studies were
conducted to evaluate scaffold biocompatibility by seeding bone marrow-derived
mesenchymal stem cells (BM-MSCs). Then, the scaffold’s ability to promote cellular
adhesion, growth, proliferation, and differentiation in both tenogenic and osteogenic
phenotypes was evaluated. Fabricated scaffolds were also morphologically and
mechanically characterized, showing optimal properties comparable to literature
data. The versatility and potentiality of this novel biofabrication approach were
demonstrated by fabricating clinical-size 3D enthesis scaffolds. The mechanical
characterization highlighted their behavior during a tensile test was comparable to
tendons and ligaments in vivo.

Keywords: Enthesis; Multiscale and multimaterial 3D bioprinting; Electrospinning;
Gradient scaffold; Human mesenchymal stem cells

1. Introduction

The musculoskeletal system plays a key role in maintaining the stability of the human body,
providing shape and support during locomotion. It is composed of two main systems: (i)
the muscular system, including muscles attached to bones through tendons, and (ii) the
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skeletal system, in which bones articulate with each other
forming joints whose stability and function are supported
by ligaments. Both tendons and ligaments (T/Ls) connect
to bones through the osteotendinous junction, also called
enthesis. This interface area is crucial for the structural
integrity and functionality of the entire musculoskeletal
apparatus. The enthesis is a specialized region that facilitates
load transmission between dissimilar tissues with a large
mismatch in constitutive behavior, such as bone and T/Ls.
Depending on the anatomical location, entheses appear
either as fibrous or fibrocartilaginous, showing different
structural and mechanical properties!'. In fibrous
insertions, T/Ls attach directly to bones with a 45 degrees
angle of incidence®’. Fibrocartilaginous entheses are
more complex and more relevant from the clinical point
of view. They comprise four adjacent tissues that create
gradients in topology, mechanical, physiological behavior,
and cellular type: (i) T/Ls, (ii) unmineralized fibrocartilage
(UFC), (iii) mineralized fibrocartilage (MFC), and
(iv) bone. The T/Ls structure is characterized by aligned
collagen type I fibrils arranged to form fibers, fascicles,
and fibroblasts that synthesize the fibrous collagen-based
matrix. Moving into the UFC region, the alignment of the
fibers decreases until reaching the MFC region, mainly
composed of randomly oriented collagen fibrils (types I, I1,
and III). Fibroblasts are replaced by fibrochondrocytes that
synthesize the extracellular matrix of fibrocartilage, giving
the enthesis the ability to withstand compressive loads!l.
The physiological line that separates UFC from MFC is
named tidemark. The last zone is bone, where the structure
becomes highly hierarchical and populated by osteocytes!!.
Due to this complexity constrained in its micrometer
sizel®, researchers consider this interface an organ”. In
modern society, musculoskeletal diseases are the leading
cause of disability worldwide, and T/L injuries are the
most common'®, where the injury or rupture of a tendon
or ligament often occurs at the enthesis. To date, surgical
approaches are unable to completely repair a damaged
enthesis, registering an increasing number of failures after
surgery. In light of this, tissue engineering (TE) provides an
alternative to traditional medical approaches. The additive
manufacturing technologies in TE allow complex three-
dimensional (3D) structures to be fabricated layer-by-layer
using biomaterials synthetized ad-hoc to replicate features
of the targeted tissues. In recent years, the study of interface
tissues has become crucial in TE. Several works have been
reported in the literature that gradient scaffolds were
successfully fabricated to mimic enthesis characteristics.
Nowlin et al.”! exploited the electrospinning technology
using a collector made of two aluminum bars separated
by an air gap. Researchers were able to fabricate a gradient
scaffold made of polycaprolactone (PCL) with aligned
fibers in the middle and randomly oriented ones externally.

Xie et al.'" followed a similar approach to provide a
volumetric 3D distribution of the graded tissue. After
electrospun-aligned PCL nanofibers on a gap collector,
mats were relocated to a planar collector, and random
PCL fibers were electrospun on top, obtaining a bilayer
construct. A different fabrication approach was used by
Xiong et al.'", fabricating a PCL-made gradient scaffold by
melt electrowriting (MEW) technology. It is composed of
a grid structure with decreasing porosity along the length
of the scaffold that mimics the morphological gradient that
occurs moving from the bone to the UFC and MFC regions.
The scaffold ends with PCL-aligned fibers that mimic
the anisotropic orientation of collagen fibers. However,
these fabrication approaches are limited to processing
only one material with one technology. To fabricate more
bioinspired enthesis-like scaffolds, a multitechnological
and multimaterial approach is crucial. In this context,
Criscenti et al.'?! fabricated a multiscale and multimaterial
triphasic scaffold by exploiting the combination of
fused deposition modeling (FDM) and electrospinning
technologies. The scaffold consists of PCL processed by
FDM and poly(lactic-co-glycolic acid) (PLGA) processed
by electrospinning to replicate the characteristics of bone
and T/Ls, respectively. The overlap of the two materials
mimics the gradient of the enthesis.

Given the complex 3D structure of T/L and the necessity
to scale these scaffolds up to clinically relevant, researchers
have investigated the fabrication of twisted, braided, or
knitted scaffolds!"*l. Barber et al.'" observed enhanced
mechanical properties as the braided bundles increased.
They fabricated a nanofibrous braided scaffold composed
of poly(L-lactic acid) (PLLA) electrospun mats. Sahoo
et al.'® developed a biodegradable scaffold fabricated by
electrospinning PLGA nanofibers onto a knitted PLGA
construct. Exploiting the same technique, Jayasree et al.!'*
fabricated a braided multiscale fibrous Achilles tendon
scaffold consisting of aligned PCL micro/collagen-bFGF
nanofibers that showed tendon tissue regeneration in vivo
after 12 weeks of implantation. However, all these scaffolds
lack the proper connection between the T/L and the bone.
The other pivotal player in enthesis engineering is cells!""..

Several types of cells have been integrated with the 3D
scaffolds in TE. Recently, induced pluripotent stem cells
(iPSCs) have been proposed!'”. However, the use of iPSCs
still faces several challenges, and mesenchymal stem cells
(MSCs) remain the main source of cells in musculoskeletal
TE and regenerative medicine"®.. MSCs are stem/stromal
cells with self-renewal and multilineage differentiation
abilities””). They are derived from different tissues.
Among these, the adipose-derived (AD-MSCs) and bone
marrow-derived (BM-MSCs) MSCs have been mainly
used in tendon regeneration. The challenge to recreate a
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multiphasic scaffold for enthesis healing has been faced
in two main approaches: (i) the direct use of stem cells
(i.e., BM-MSCs), or (ii) the use of differentiated cells
such as tenocytes, tendon fibroblasts, chondrocytes, and
osteoblasts (OBs)™". The accessibility of MSCs prompts
their choice; however, it requires the development of a
scaffold with regional biochemical or mechanical cues to
induce specific lineage differentiation in distinct zones!'>!7.,
In this context, this work aims to design and fabricate an
innovative multimaterial and multiscale scaffold capable of
inducing cells into a graded enthesis-like tissue comprising
a T/L region and a bone region. Specific fabrication
methods for different biomaterials were used to obtain
the enthesis scaffold. MSCs or pre-committed MSCs
into tenocytes and osteoblast were combined within the
multiphasic scaffold. With the aim to push forward the
T/L engineering, a clinically relevant construct fabricated
by braiding three enthesis scaffolds was also presented and
characterized.

2. Materials and methods

2.1. Materials

Extensive screening of commercial, medical-grade,
and bioresorbable natural and synthetic polymers was
conducted to select the most valuable polymers for T/Ls
and enthesis engineering. The following materials were
evaluated: (i) gelatin from porcine skin (Type A)®?" and
(ii) gelatin methacryloyl (GelMA)"*?! as natural polymers,
(iii) poly(l-lactic acid) (PLLA)®, (iv) PCL, and (v) 75:25
PLGA as synthetic polymers’?. Gelatin (gel strength
300, Type A) and PCL (Mn 80,000) were purchased from
Sigma-Aldrich (St. Louis, Missouri, United States). GelMA
was produced accordingly to the Chen et al. protocol®'.
PLLA and PLGA were purchased from Lactel (USA).
Solutions were prepared by a solvent casting technique
to fabricate scaffolds suitable for cell culture testing.
Gelatin solution (10% w/v) was prepared by following the
protocol of Pulidori et al.'*\. Briefly, the gelatin powder
was dissolved in a solution of acetic acid (puriss. p.a., ACS
reagent, reag. ISO, reag. Ph. Eur, 299.8% from Sigma-
Aldrich) and deionized water (DIW) at a ratio of 9:1
and stirred at room temperature overnight. After gelatin
dissolution, the 3-(Glycidyloxypropyl) trimethoxysilane
(GPTMS) (Sigma-Aldrich) was added as a crosslinking
agent. GeMA solution (10% w/v) was prepared following
Nichol et al.” protocol by dissolving it in a 1X Phosphate-
Buffered Saline (PBS) solution. Then, 2-Hydroxy-4'-(2-
hydroxyethoxy)-2-methylpropiophenone (98% from
Sigma-Aldrich, St. Louis, Missouri, United States) (0.5%
w/v) was added as a photoinitiator. The GelMA solution
was then cured under UV-A (365 nm) light for 30 min.
Solutions of PLLA and PLGA (10% w/v) were prepared by

Table 1. Slicing and printing parameters.

Parameters Settings Unit
Infill 50 %
Layer thickness 0.2 mm
Printing speed 12 mm/s
Printing pattern* Rectilinear -
Extrusion width 0.4 mm
Nozzle diameter 0.4 mm
Nozzle temperature 160 °C
Bed temperature 35 °C

*Each layer is 90 degrees oriented with the previous one.

dissolving the polymers in chloroform (Sigma-Aldrich,
St. Louis, Missouri, United States), while PCL (23% w/v)
was dissolved in acetic acid. Scaffolds were fabricated by
casting the prepared solutions into Petri dishes at room
temperature until solvent evaporation to perform the
biological validation.

2.2. Biofabrication of enthesis scaffold

This section is divided into three sub-paragraphs to explain
better the optimization of the fabrication parameters and
how the two different technologies were combined to
fabricate the enthesis scaffold. As a result of the polymer
screening (see results section), the PCL and the PLGA
were selected to replicate the bone and T/Ls tissues
characteristics, respectively.

2.2.1. Bone-like region

The PCL was processed using the FDM technology
to fabricate the scaffold region that would mimic the
characteristics of bone tissue. Pellets of medical-grade
PCL were used to fabricate filaments suitable for FDM
applications through the hot melt extrusion (HME)
technology!!. For this task, a Felfil Evo extruder (Felfil,
Turin, Italy) with an extrusion temperature of 100°C,
a screw speed of 4 RPM, and an extrusion die of 1.75
mm in diameter was used. A water-cooling element
was added to the already implemented air-cooling
system to rapidly lower the polymer temperature once
extruded and avoid the molten PCL sticky behavior.
The extrusion process was performed at room
temperature, T = 25°C, and relative humidity, RH, =
35%. The extruded PCL-based filament (final diameter
1.67 + 0.1 mm) was used to 3D print circular-shaped
woodpile grids for cell culture into a 24-multiwell plate
(diameter @ = 13 mm and thickness h = 1 mm) and
was suitable for bone tissue engineering applications?*l.
Scaffolds were fabricated using a Geeetech A10M 3D
printer from Geeetech® (Shenzhen, China). The slicing
and printing parameters are listed in Table 1.
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2.2.2. Tendon/Ligament-like region

To mimic the physiological, morphological,and mechanical
characteristics of T/Ls, a scaffold must exhibit an anisotropic
fiber orientation, as in native tissues. In T/Ls, collagen
fibers are oriented along the applied stress direction®!.
To replicate this characteristicc PLGA was processed by
electrospinning technology. For this application, using and
manipulating a strong electric field allow the nanofibers
to be extruded and collected in an adjustable manner.
To collect aligned fibers, a rotating drum collector was
used (drum diameter = 10 cm). PLGA nanofibers were
obtained by electrospinning a solution of 10% (w/v) of
PLGA dissolved in 1,1,1,3,3,3-hexafluoro-2-propanol
(HFIP). This solvent possesses a dielectric constant almost
4 times higher than chloroform allowing thinner fibers
to be electrospun®!. The electrospinning process was
performed using a Linari Engineering apparatus (Linari
Eng, Italy) featuring a commercial 10 mL syringe with a
21 G needle as its spinneret. Electrospinning parameters
were as follows: the applied voltage was 35 kV, the distance
between the spinneret and the grounded collector was 10
cm, the rotating speed of the collector was 800 RPM, and
the flow rate was 1 mL/h. The process was conducted for
2 h at room temperature, T = 21°C, and relative humidity,
RH, = 45%. Samples of electrospun PLGA for cell culture
into a 24-multiwell plate were prepared by die cutting.

2.2.3. Enthesis scaffold

The enthesis gradient in physical properties was replicated
by developing an ad-hoc biofabrication protocol in which
PCL was directly 3D-printed on electrospun PLGA mats.
Through the 3D printer, two layers of PCL (single layer
height 0.2 mm and oriented at 90 degrees to each other)
were extruded, fabricating a grid structure on the PLGA
strips. The extrusion parameters are the same as listed in
Table 1.

2.3. Biological validation of materials

2.3.1. Cell culture

MSCs (human mesenchymal stem cells (bone marrow),
SCC034, Millipore, Burlington, Massachusetts, United
States) were purchased and were maintained in xeno-
free medium (XF MSC expansion medium, cod: SCM045
Millipore, Millipore, Burlington, Massachusetts, United
States). Cells were grown at 37°C in 5% CO, and detached
using Trypsin with EDTA 1x (25-053-CI, Corning Inc.,
New York, United States) at 80% confluence, used until
passage 6.

2.3.2. Mesenchymal stem cells seeding protocol

All the tested scaffolds were sterilized by UV exposure
and then washed in phosphate-buffered saline (PBS);
moreover, the three synthetic ones were rapidly washed
in ethanol (70% in H,O) before the UV light exposure.

After sterilization, scaffolds were incubated overnight
in DMEM-F12, supplemented with 10% FBS, 100 U/mL
penicillin, and 100 mg/mL streptomycin. On the scaffolds
fabricated by solvent casting, the day after the soaking,
20,000 cells were seeded in each well (24-multiwell
plate). For the tridimensional scaffolds, 250,000 cells
were seeded on 3D-printed PCL in a 24-multiwell plate;
30,000 cells were seeded on an electrospun PLGA scaffold
in a 24-multiwell plate. Similarly, for the multimaterial
enthesis structure, 30,000 cells were seeded on the PLGA
side and 70,000 cells on the PCL side and used for further
experiments. As a control, 30,000 cells were seeded on
plastic in a 24-multiwell plate.

2.3.3. Viability tests

The MTS assay (CellTiter 96 Aqueous One Solution Cell
Proliferation Assay kit, Promega, Madison, Wisconsin,
United States) was performed on cells seeded on the
scaffolds fabricated by solvent casting in DMEM-F12,
supplemented with 10% FBS, 100 U/mL penicillin, and
100 mg/mL streptomycin, after 3 and 7 days of culture,
as described by the manufacturer. Briefly, 250 uL of fresh
medium was added to each well with 37.5 uL of the MTS
reagent and incubated for 2 h at 37°C in 5% CO,. The
supernatants were transferred in a 96-multiwell plate to
avoid the interference of the materials, and the absorbance
was read at 490 nm (Ensight, PerkinElmer, Waltham,
Massachusetts, United States).

2.3.4. Immunofluorescence analysis

Cells were seeded on the scaffolds fabricated by solvent
casting (or on the glass as control) and maintained in
DMEM-F12, supplemented with 10% FBS, 100 U/mL
penicillin, and 100 mg/mL streptomycin for 3 days. Then
cells were fixed in 4% paraformaldehyde (PFA) for 15 min,
rinsed three times in PBS, permeabilized in PBS-BSA
2.5% with Triton X-100 0.1% for 7 min, and washed and
incubated in the blocking solution (PBS-BSA 2.5%) for
1 h at room temperature. Then, samples were incubated
with primary antibody Anti-CD90 (HPA003733, Sigma-
Aldrich, St. Louis, Missouri, United States) and Anti-
Actin (MAB1501, Millipore, Burlington, Massachusetts,
United States) diluted in blocking solution overnight
at 4°C. The day after, samples were rinsed in PBS-BSA
2.5% and incubated with the secondary antibody (Anti-
Rabbit Alexa Fluor 488, A-11001, and Anti-Mouse Alexa
Fluor 594, 1:500, A-11012, Thermo Fisher Scientific,
Waltham, Massachusetts, United States) for 45 min at
room temperature. Finally, cells were rinsed in PBS and
mounted with the Fluoroshield mounting medium with
DAPI staining (F6057, Sigma Aldrich, St. Louis, Missouri,
United States), and images were acquired using a Nikon
E-Ri microscope with a magnification of 60x.
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Figure 1. (A) Typical setup for the tensile testing of the enthesis scaffolds, and (B) setup of the DIC model through the Ncorr tool. The black markers were
manually drawn onto the surface scaffold to better perform the DIC analysis.

2.4, Morphological characterization

The morphology of the enthesis scaffolds was characterized
from its nano- to macroscale, and its features were then
compared with those of the tissues constituting the
enthesis organ. The nanostructure of the enthesis scaffold
was studied by scanning electron microscopy (SEM)
imaging analysis (Quanta 450 FEG microscope, FEI,
Hillsboro, Oregon, USA). The images acquired by SEM
were analyzed by Image] software using the Diameter]
plug-in. Pore area, fiber diameter, and fiber orientation
were evaluated. The PLGA fiber integrity at the mixed
region level, after the PCL extrusion process, was also
evaluated. The study was conducted by analyzing samples
in triplicate.

2.5. Mechanical characterization

The enthesis scaffold is a multimaterial construct
composed of two structures processed through different
technologies and joined together. The interface region
can represent a critical point from the mechanical point
of view and must be deeply investigated. The mechanical
characterization was carried out by performing uniaxial
tensile tests using a universal machine Zwick-Roell Z005
ProLine equipped with a 100 N load cell. Rectangular-
shaped specimens, with a length-to-width ratio of 4:1
(length 20 + 0.15 mm and width 5 £ 0.3 mm), were tested
in triplicate until failure by setting a strain rate of 10%/
min of the initial length. The tensile tests were video
recorded to perform a Digital Image Correlation (DIC)
analysis to investigate the behavior of each region of the
enthesis scaffold®*?l. The DIC analysis was performed
by using the Ncorr tool of MATLAB® software. Figure 1
shows the tensile test setup and markers applied for each
scaffold region for DIC analysis. The DIC tool allows the
displacement field of the tested specimens to be mapped
and evaluated. The stress-strain curves were used to

calculate the following parameters: Young’s modulus E
(MPa), ultimate stress o (MPa), ultimate straine (%),
and toughness U (J/m?). The specimen failure modality
was also considered.

2.6. Biological validation of enthesis scaffold

2.6.1. Osteoblast differentiation and alizarin red
staining

MSCs were seeded on the 3D-printed PCL region of the
enthesis scaffolds as described above. The osteogenic
differentiation was initiated by the replacement of the
media with the Osteogenesis Differentiation Medium
(StemPro™ A1007201, Thermo Fisher Scientific, Waltham,
Massachusetts, United States). The medium was replaced
every 3days, and the mineralization was quantified after
14 days of differentiation. The quantification of osteoblast
differentiation was evaluated using alizarin red staining as
previously reported”®’. Briefly, scaffolds were washed in
PBS, and cells were fixed in 4% PFA solution for 20 min.
In the end, the scaffolds were washed three more times
with PBS. Alizarin red staining was performed by dipping
scaffolds in the alizarin staining solution (TMS-008,
Millipore, Burlington, Massachusetts, United States) for
1 h. In the end, the scaffolds were washed three times with
PBS, and then the absorbance was read at 550 nm (Ensight,
PerkinElmer, Waltham, Massachusetts, United States) by
dissolving the dye in a cetylpyridinium chloride solution.
Pre-differentiated cells were also used with the enthesis
scaffold. Specifically, cells were differentiated for 3 days
as described above, seeded on the scaffold or plastic for
further 14 days, and maintained in a growth medium for
the experiment.

2.6.2. Tenogenic differentiation and aniline blue
staining

MSCs were seeded on the electrospun PLGA region of
the enthesis scaffolds as described above. The tenogenic
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differentiation was initiated by the replacement of
the media with tenogenic differentiation medium
(DMEM-F12 supplemented with 5% FBS, 1%
penicillin/streptomycin, 100 ng/mL CTGF, 50 pg/
mL ascorbic acid, 100 ng/mL BMP-12, and 50 ng/mL
TGEF-B3). The medium was replaced every 3 days for
21 days. The aniline blue staining was used to quantify
the collagen deposition. Aniline blue staining was
performed using the trichrome staining kit (HT15,
Sigma-Aldrich, St. Louis, Missouri, United States)
following the manufacturer’s instructions. Briefly, cells
were treated with a phosphomolybdic/phosphotungstic
acid solution at a ratio of 1:1, stained with the dye,
and fixed with an acetic acid solution, and the dye
was extracted from the cells using DMSO. Absorbance
was read at 670 nm (Ensight, PerkinElmer, Waltham,
Massachusetts, United States). Pre-differentiated cells
were also used with the enthesis scaffold. Specifically,
cells were differentiated into tenocytes for 7 days, as
described above, then seeded on the scaffold or plastic
for further 21 days and maintained in a growth medium
for the experiment.

2.7. Fabrication of clinically-relevant scale scaffold
Three enthesis scaffolds were manually braided to fabricate
a clinical-scale scaffold and demonstrate the versatility
and potentiality of scaling up this novel biofabrication
approach. In this sense, scaffolds should replicate the T/Ls
in vivo morphology, structure, and size, but they should
also present a region that optimizes insertion into the
bone and reduces the risk of failure after surgery. These
clinically-relevant scale scaffolds were mechanically
characterized by performing the same uniaxial tensile tests
conducted for the enthesis scaffolds. The elastic modulus
was calculated by introducing the packing factor (PF)&%.
This parameter considers the air gaps that form during the
braiding process. The PF is defined as follows:

@

A
PF=n-—
Ab
where # is the number of enthesis scaffolds used in the
braiding process, and A and A, are the cross-sections of the
single enthesis scaffold specimen and the braided scaffold
approximated with a cylindrical shape, respectively. The PF
is used to calculate the effective elastic modulus E, of the
3D braided scaffolds with the following relationship:

_E

* PF
where E is the elastic modulus calculated from the stress—
strain curve without considering air gaps. At this stage,

no biological tests were conducted. Scaffolds were only
mechanically characterized.

(1)

2.8. Statistical analyses

Statistical analyses were performed using Prism 8
software version 8.2.1 (GraphPad software, United
States). Data were analyzed using one-way ANOVA
followed by Sidak multiple comparisons post hoc test.
All data are expressed as means + standard deviation
(SD), and a p value of 0.05 was considered significant
for all experiments.

3. Results and discussions

3.1. Polymers’ ability to support MSC adhesion and
growth

Scaffolds fabricated by solvent casting (N = 30 per
polymer type, diameter @ = 13 mm, and thickness
h = 0.5 + 0.1 mm) were biologically tested. Additional
information can be found in Figure S1 (Supplementary
File). The results of the biocompatibility tests are shown
in Figure 2. MSCs’ ability to adhere and grow on different
types of solvent-casting scaffolds was first evaluated
using the MTS assay (Figure 2A and B). MSCs were
seeded on polymers or plastic culture plates (CTRL) and
maintained in a growth medium for 3 or 7 days. Results
demonstrated the ability of all the tested solvent-casting
scaffolds to sustain the MSC adhesion after 3 (Figure 2A)
and 7 (Figure 2B) days. All the constructs showed an
average of five times lower number of adherent cells
with respect to CTRL. However, they were all able to
sustain the MSC growth rate, as evidenced by the lack
of difference in the percentage of cell proliferation after
3 or 7 days of culture with respect to CTRL. The PLGA
ones demonstrated the best ability to promote MSC
adhesion and growth among all the scaffolds. Based on
these results and literature data®®**), PLGA and PCL were
selected for other experiments. The ability of MSCs to
adhere to PLGA and PCL solvent-casting scaffolds was
further investigated by immunofluorescence analysis
(Figure 1C). MSCs were seeded on scaffolds (or glass as
control) and maintained in a growth medium for 3 days;
at the end, cells were stained with anti-CD90 (red) as a
marker of MSCs™! and anti-actin (green) as a marker
of cytoskeleton organization. Both PLGA and PCL were
able to support the MSC adhesion, in accordance with
the MTS results. Interestingly, the two solvent-casting
polymers differently modified the MSC cytoskeleton
organization. Cells grown on PLGA displayed overall
cell elongation and parallel cytoskeletal conformation,
as evidenced during the MSC differentiation to
tenocytes®*l. Conversely, several studies have reported
that MSCs exhibit a star shape during osteogenic
lineage commitment®*. In this respect, as evidenced
by immunofluorescence images, PCL mainly supported
star shape actin organization. These results prompted us
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Figure 2. (A) Evaluation of solvent casting scaffolds biocompatibility. MSCs were seeded on different scaffolds for 3 (A) or 7 (B) days. In the end, the
MTS assay was performed. Data are expressed as the percentage of cell proliferation versus MSCs seeded on plastic as control (CTRL) and represent the
mean +SD of three independent experiments. ***p <0.001 vs. CTRL (C) Representative images of MSCs adhesion on glass (CTRL), PLGA, or PCL. DAPI
(blue), CD90 (red), and actin (green). Scale bar = 50 um.

B C

Figure 3. (A) 3D-printed PCL bone-like scaffold suitable for cell culture in a 24-well plate (scale bar length = 3 mm) and (B) 6-well plate (scale bar length =
5 mm). (C) PLGA-made non-woven mats fabricated by electrospun onto the rotating drum collector.

Volume 9 Issue 5 (2023) 302 https://doi.org/10.18063/ijb.763



International Journal of Bioprinting

Scaffold for engineering enthesis organ

ePLGA

ePLGA+3DPCL

3DPCL

Figure 4. Illustration of the enthesis scaffold. From left to right: (i) region that mimics the T/Ls behavior made of electrospun PLGA (ePLGA), (ii) interface
region composed of PCL extruded onto the PLGA structure (ePLGA+3DPCL), and (iii) region that mimics the bone tissue characteristics made of PCL

(3DPCL). Scale bar length = 5 mm.

to select PLGA and PCL for tenogenic and osteogenic
differentiation, respectively.

3.2. Enthesis scaffold

Before fabricating the enthesis scaffold, the 3D printing and
electrospinning processes were optimized (data notshown).
Medical-grade PCL-based filaments with a diameter @ =
1.67 + 0.50 mm (additional information can be found in
Figure S2 in Supplementary File) were fabricated through
the HME technique and used to 3D-printed grid-shaped
scaffolds (Figure 3A and B). Additional information about
the setup of the 3D printing and electrospinning processes
is reported in Figure S3 (Supplementary File). The two
additive manufacturing technologies were combined to
fabricate the enthesis scaffold shown in Figure 4.

In Figure 4, three different regions can be identified:
(i) a T/Ls-like region made of electrospun PLGA (length
L = 15.0 £ 0.10 mm, width W = 5.0 + 0.10 mm, and
thickness h = 175.0 + 30.00 pm), (ii) a bone-like region
made of 3D-printed PCL (length L = 5.0 £ 0.10 mm, width
W =5.0 £ 0.10 mm, and thickness = 0.4 + 0.02 mm), and
(iii) an interface region (length L = 5.0 + 0.10 mm, width
W = 5.0 £ 0.10 mm, and thickness = 0.40 + 0.05 mm)
where the two structures interact to create a multimaterial
and multiscale scaffold with gradients in morphological
and material properties. The scaffold has length and width
in a ratio of 4:1, suitable for tensile tests.

3.3. Morphological characterization

The analysis of the electrospun region highlighted a
fiber diameter of 480 + 200 nm with 42% of fibers with a
diameter less than 500 nm. Obtained data are comparable
with collagen fibrils in human tendons, which present
20-500 nm in diameter and form a primary bundle of
sub-fascicles!!). Collecting fibers onto a rotating collector
at 800 RPM allowed non-woven mats presenting fibers

with anisotropy in the fiber orientation to be fabricated.
The 60% of fibers presented an orientation in a range of
+20 degrees. More in-depth information is illustrated in
Figure 5. Electrospun PLGA fibers (Figure 5D) showed
anisotropy orientation, a wavy shape, and both aligned and
crossed fibers like collagen fibers in the human tendon!
(Figure 5A). The PCL-region imaging study revealed a
fiber diameter of 440 + 15 um and 45% * 2.5% porosity, in
line with the printing parameters listed in Table 1 and the
literature data'®?!. The interface region imaging confirmed
that the two materials interact without interfering with
each other. The PLGA fibers were only melted at the line
of PCL deposited during the printing process. More details
are reported in Figure 6.

3.4. Mechanical characterization

The mechanical behavior of the scaffold was evaluated
by performing uniaxial tensile tests. The tensile
strength at the interface between the electrospun PLGA
and the extruded PCL in the mixed region was the
region under the “magnification glass” In all tested
specimens, the electrospun area underwent the largest
deformation. All specimens failed in the center of the
electrospun area, confirming that the mechanical tests
were correctly performed and the proper integration
between the bone and T/Ls-like regions. Both mixed
and PCL regions were stable and able to handle
the strain, as shown in Figure 7. The characteristic
stress—strain curve of the tested specimens (Figure
7D) shows behavior comparable to the electrospun
PLGA structures with aligned fibers***. This result
highlights how this area was the only one that deformed
to the point of failure. The PCL-printed and mixed
regions did not appear to affect the behavior of the
entire structure during the tensile test. This result
is confirmed by the DIC analysis. Figure 8 shows the
scaffold strain along the y-axis during the tensile test.
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Figure 5. Results of the PLGA scaffold region analysis. (A) SEM image of a sample obtained by electrospun PLGA onto the rotating collector at 800 RPM
(SEM parameters: high voltage HV = 10 kV, horizontal field of view HFV = 82.9 um, magnification mag = 5000x, working distance WD = 9.5 mm, and scale
bare length SBL = 20 um). (B) Pore area distribution histogram (y-axis label: frequency, min frequency = 0 and max frequency = 50,000; x-axis label: Pore
Area (um?), first pore area range 0.1-4.6 um? and last pore area range > 40 um?). (C) Fiber diameter distribution (y-axis label: frequency, min frequency = 0,
and max frequency = 6000; x-axis label: diameter (um), min diameter = 0 pm, and max diameter = 4 mm). (D) Fiber orientation distribution (y-axis label:
frequency, min frequency = 0 and max frequency = 50,000; x-axis label: angle (deg), min angle = 0 degrees and max angle = 180 degrees).

Figure 9 illustrates the specimen strain along the x-axis.
The strain modeled by the DIC analysis differs by 3.4%
from the value calculated from experimental data. The
color map of the strain field along the y- (Figure 8)
and x-axis (Figure 9) shows how along both axes, the
only region that deformed was the electrospun PLGA.
Therefore, it is possible to assume that the mechanical
behavior of the scaffold can be attributed to this region.
The mechanical parameters of enthesis scaffolds were E
=530+ 93 MPa, 0, =6.0%0.8 MPa, e, _=70% + 3%,
and U = 1.3 + 0.5 x 10° J/m?), which are in line with
data reported in the literature. The elastic modulus,
E, presents a mean value similar to the supraspinatus
tendon anterior sub-region*). The other parameters
are comparable with data reported in the literature
regarding electrospun PLGA mats with aligned
fibers***. When comparing data with the literature,
the enthesis scaffolds show improved mechanical
properties: Balestri et al.*¥! fabricated an in vitro model
of a bone-tendon-muscle interface that recorded an
elastic modulus of hundreds of kPa; Criscenti et al.l'!
provided an enthesis scaffold fabricated by electrospun
PLGA onto PCL grids registering Young’s modulus as
less than 100 MPa.

3.5. Biological validation

3.5.1. Osteoblast differentiation support by
3D-printed PCL

MTS assay was first performed to assess the ability of
the 3D-printed PCL scaffolds to prompt MSC adhesion
and growth (Figure 10A and B) by seeding MSCs on
them or plastic culture plates (CTRL) and maintaining
in growth medium for 3 or 7 days. Results demonstrated
the ability of 3D-printed PCL scaffolds to sustain the
MSCs adhesion after 3 (Figure 10A) and 7 (Figure 10B)
days, in accordance with the results on solvent-casting
scaffolds (Figure 2A and B). It was also able to sustain
the MSCs growth rate as evidenced by the lack of
difference in the percentage of cell proliferation after 3
or 7 days of culture with respect to the plastic. Then, the
ability of the 3D-printed PCL structures to promote and
maintain the osteogenic differentiation was evaluated
by assessing the mineralized matrix formation on the
scaffold (Alizarin red staining; Figure 10C-F). MSCs
were seeded on plastic culture plates or 3D-printed
PCL, and two protocols were used (Figure 10C): (i)
cells were maintained in growth medium (CTRL and
3D-printed PCL samples) or (ii) in osteogenic medium
(Osteo and Osteo 3D-printed PCL samples) for 14 or
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Figure 6. Illustration of the enthesis scaffold from macro- to nano-scale. (A-C) Full-size scaffold regions. (D, F) SEM and (E) optical microscope (20x
magnification) images highlighting the microscopic structure. Scale bar length: (D-F) 500 um. (G-I) SEM images of the scaffold at the micro- and nano-
scale. Scale bar lengths: (H, I) 200 pm and (G) 20 um.
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Figure 7. Uniaxial tensile test results. (A-C)Three different moments illustrating a sample of enthesis scaffold during a tensile test. (C) Failure occurs in the
central part of the PLGA region. (D) Characteristic stress—strain curve of the enthesis scaffold.
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Figure 9. Color map of the strain along the x-axis evaluated at three different time points during the uniaxial tensile test. The specimen exhibits a strain
along the x-axis. Minimum and maximum strain values: (A) min = 0.0144, median = -0.00, and max = -0.0138, (B) min = 0 and max = -0.18, and (C) min=0

and max = -0.45.

21 days. As expected, a significant difference in calcium
accumulation was evidenced in the samples cultured in
an osteogenic medium compared to cells maintained
in a growth medium. 3D-printed PCL scaffolds per se
were able to slightly stimulate the calcium deposition
when MSCs were maintained in a growth medium
for 14 days, and the increase became significant after

21 days of culture (Figure 10E) in accordance with
literature data®). MSCs grown on the scaffold and
maintained in the osteogenic medium were able to
significantly increase calcium and phosphate deposits
after 14 and 21 days (Figure 10F). The scaffold was not
able to support the differentiation process at the same
levels of MSCs seeded on plastic (Osteo) after 14 days
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Figure 10. Proliferation and differentiation of MSCs on 3D-printed PCL scaffolds (PCL 3D). MSCs were seeded on different constructs for 3 (A) or 7
(B) days. In the end, the MTS assay was performed. Data are expressed as the percentage of cell proliferation versus undifferentiated MSCs seeded on plastic
(CTRL). (C) Schematic representation of differentiation protocol used (up panel). Representative image of the 3D-printed PCL scaffolds after 14 days of
osteoblast differentiation (down panel). (D-F) Cells were seeded on the 3D-printed PCL scaffolds (PCL 3D) or on plastic (CTRL) and maintained in a
growth medium or differentiating medium (Osteo) for 14 or 21 days. In the end, alizarin red staining was performed, and representative images were
reported (D). Data are expressed as the percentage of mineralization versus non-differentiated (CTRL) MSCs grown on plastic. Data are the results of three
independent experiments. **p <0.01, **p <0.001 vs. ND; §$ p<0.01 vs. CTRL.

of differentiation, in accordance with the lower number
of adherent cells (Figure 10A-B). However, the level
of mineralization became comparable after 21 days of
differentiation, supporting the use of 3D PCL for the
generation of bone-like regions in the enthesis scaffold.

3.5.2. Tenogenic differentiation support by
electrospun PLGA

MTS assay was performed to assess the ability of the
electrospun PLGA scaffolds to prompt MSC adhesion and
growth (Figure 11A and B) by seeding MSCs on them or
plastic culture plates (CTRL) and maintaining in growth
medium for 3 or 7 days. The electrospun PLGA scaffolds
were able to sustain the MSC adhesion after 3 (Figure 11A)
and 7 (Figure 11B) days, in accordance with the results on
solvent-casting constructs (Figure 2A and B). It was also
able to sustain the MSCs growth rate as evidenced by the
lack of difference in the percentage of cell proliferation
after 3 or 7 days of culture with respect to the plastic. The
ability of electrospun PLGA in parallel fibers to promote

and maintain the MSC differentiation into tenocytes was
evaluated by assessing the amount of collagen deposition
on the scaffold (aniline blue staining; Figure 11C-F).
As for osteogenic differentiation, MSCs were seeded
on plastic culture plates or electrospun PLGA scaffolds
(Figure 10C) and were maintained in a growth medium
(CTRL and electrospun PLGA samples) or a tenogenic
medium (Teno and Teno electrospun PLGA samples) for
14 or 21 days. The amount of collagen deposition was not
significantly increased by PLGA scaffolds per se after 21
days of culture (Figure 11E). A significant difference in
collagen deposition was evident in the samples cultured
in a tenogenic differentiation medium compared to
cells maintained in a growth medium only after 21 days
of culture (Figure 11F). PLGA constructs were able to
sustain the tenogenic differentiation of MSCs when the
tenogenic medium was applied, reaching similar levels of
collagen deposition with respect to cells grown on plastic
(Figure 10F), supporting the use of electrospun PLGA for
the generation of T/Ls-like region in the enthesis scaffold.
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Figure 11. Proliferation and differentiation of MSCs on electrospun PLGA scaffolds (ePLGA). MSCs were seeded on different scaffolds for 3 (A) or 7
(B) days. In the end, the MTS assay was performed. Data are expressed as the percentage of cell proliferation versus undifferentiated MSCs seeded on
plastic (CTRL). (C) Schematic representation of differentiation protocol used. (D-F) Cells were seeded on the electrospun PLGA scaffolds (ePLGA) or
plastic (CTRL) and maintained in a growth medium or tenogenic medium (Teno) for 14 or 21 days. In the end, aniline blue staining was performed, and
representative images after 21 days were reported (D). Data are expressed as the percentage of differentiation versus non-differentiated (CTRL) MSCs
grown on plastic. Data are the results of three independent experiments. ***p <0.001 vs. CTRL.

3.5.3. Differentiation of MSC on multimaterial
scaffolds

To assess the ability of the enthesis scaffold to promote
and maintain both the osteogenic and tenogenic
differentiation, alizarin red and aniline blue stainings
were performed. Thus, undifferentiated MSCs were
seeded on the enthesis scaffold and maintained in a
growth medium for 14 and 21 days to assess the ability
to support osteoblast and tenocyte differentiation,
respectively (Figure 12A). In fact, the calcium
deposition was already significantly increased after
14 days of culture on the scaffold (Figure 10E and F).
Conversely, 21 days were needed to obtain a significant
deposition of collagen (Figure 11E and F). The enthesis
scaffold slightly induced osteoblast and tenocyte
differentiation when undifferentiated MSCs were used
(Figure 12B and C). Then to induce the differentiation,
MSCs were primed with osteogenic or tenogenic

medium  (pre-differentiated MSC) before being
seeded on the scaffold. Specifically, osteoblast pre-
differentiated cells were seeded on the PCL region and
tenocyte pre-differentiated cells on the PLGA region
and then maintained in a growth medium. As expected,
osteogenic pre-differentiated cells were able to improve
their differentiation into osteoblasts on enthesis,
with a significant increase of calcium deposition with
respect to the undifferentiated ones (Figure 12B).
Similarly, tenogenic pre-differentiated cells were able
to significantly increase the collagen deposition on
enthesis with respect to the undifferentiated ones
(Figure 12C).

3.6. Clinically-relevant scale scaffold

Uniaxial tensile testing results of 3D braided scaffolds
are shown in Figure 13. Analyzing the stress-strain
curve (Figure 13B), it is possible to distinguish: (i) the
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Figure 12. MSCs osteogenic/tenogenic differentiation support by the enthesis scaffold. (A) Schematic representation of protocol used. (B, C) MSCs or
pre-differentiated MSCs (PRE-MSC) were seeded on the enthesis scaffold (Enthesis) or plastic (CTRL) and maintained in a growth medium. (B) After
14 days of differentiation, alizarin Red staining was performed. (C) After 21 days of differentiation, aniline blue staining was performed. Representative
images were shown. Data are the results of three independent experiments. * p < 0.05, ***p < 0.001 vs. ND; § p < 0.05, §$ p < 0.01; # p < 0.05, ## p < 0.01,

### p <0.001 vs. CTRL.

toe, (ii) the linear, and (iii) the yield regions!*’. The stress
slowly increases with strain within the toe region (0%-
7% strain). This non-linear behavior can be related to the
braided structure. During the initial phase of loading,
the fiber bundles start to align from a wavy shape.
They elongate according to the direction of the applied
uniaxial force. The force is progressively transmitted to
the interconnected fiber bundles and their component
nanofibers, resulting in linear mechanical behavior with
a constant elastic modulus in the linear region (7%-12%
strain). As the applied stress increases, the yield region is
reached, extending the strain from 13% to approximately
65%. At this stage, the woven fiber bundles reached
maximum alignment, starting to deform plastically until
failure. The mechanical parameters of braided scaffolds

are as follows: E = 235 + 15 MPa, o, =8%0.25MPa,
e, .= 65%+ 12%, and U = 1.03 £ 0.25 x 10° J/m?>. These
data are in line with the literatures. As reported in the
work of Ramakrishna et al.l®, researchers fabricated
electrospun braided scaffolds made of poly(lactic acid)
(PLA) with Young’s modulus of in a range of 300-800
MPa. Mechanical parameters are also comparable to the
in vivo tissues such as the Achilles Tendon (AT), which
are presented as E =266 + 106 MPaand e _=48% + 15%.
The ultimate stress of the AT remains significantly higher,
with a value of 47 + 17 MPa, as reported in the study by
Brennan et al."l. In addition, the fabricated clinically-
relevant scaffolds have the unique characteristic of being
triphasic, while braided scaffolds in the literature present
a single phase.
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Figure 13. (A) 3D scaffold fabricated by braiding n = 3 enthesis structures and (B) characteristic stress—strain curve.

4, Conclusion

Enthesis engineering requires a multiscale and
multimaterial biofabrication approach in order to fabricate
scaffolds that exhibit physicochemical characteristics of
both soft and hard tissues. Current fabrication technologies
must be updated to replicate such complex tissues.
Extrusion-based bioprinting, for example, lacks recreating
the nanostructure of in vivo tissues. The electrospinning
technology can replicate the micro- and nanostructure of
human tissues, but it cannot be used to fabricate constructs
with complex geometries. The simultaneous or combined
processing of multiple materials to obtain graded scaffolds
is a challenge. The presented approach aims at overcoming
these limitations by exploiting the combination of different
additive manufacturing technologies. To this purpose, a
novel biofabrication protocol that exploits the combination
of 3D printing and electrospinning technologies was
developed. At first, the most valuable polymers for this
application were selected. Among all the tested materials,
PLGA and PCL showed a better ability to promote MSCs
adhesion, proliferation, and differentiation. PLGA showed
the ability to induce tenogenic differentiation of MSCs,
while the PLC differently affected actin fiber organization,
as evidenced by immunofluorescent staining, supporting
the ability to induce osteogenic differentiation of MSCs.
The enthesis scaffold was fabricated by 3D printing a PCL
grid onto the electrospun PLGA surface. It presented
three regions with different morphological, mechanical,
and chemical characteristics. Constructs showed optimal
morphological properties and enhanced mechanical
behavior comparing to the literature data. The interface
between the two materials was able to support the
strain during the tensile test. The enthesis scaffold also

demonstrated the ability to support MSC adhesion and
differentiation in both osteoblasts and tenocytes, supporting
its development as a tool for regenerative medicine in
enthesis engineering. Future lines of research should
investigate the effects of mechanical stimulations on cell
growth and differentiation. Although bioreactors able to
impose well-controlled physical and chemical stimuli have
been described-*?), the connection between the scaffolds
and the anchoring system is usually not straightforward.
Furthermore, the stimulation protocol should be carefully
tuned. In order to demonstrate the versatility of this
biofabrication approach, clinically relevant scaffolds that
showed optimal mechanical behavior comparable with in
vivo tendons and ligaments were fabricated by manually
braiding three enthesis scaffolds. Braided scaffolds reported
in the literature well replicated T/L characteristics but were
made of bundles of the same material. They also did not
present the enthesis region to optimize the insertion to the
bone, which was achieved with interference screws. On the
contrary, we presented a scaffold with a graded area typical
of the enthesis organ, featuring both T/L and bone regions,
envisioning a possible clinical scale-up.
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