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ABSTRACT: In recent years, fiber-based systems have been explored
in the frame of tissue engineering due to their robustness in
recapitulating the architecture and mechanical properties of native
tissues. Such scaffolds offer anisotropic architecture capable of
reproducing the native collagen fibers’ orientation and distribution.
Moreover, fibrous constructs might provide a biomimetic environment
for cell encapsulation and proliferation as well as influence their
orientation and distribution. In this work, we combine two fiber
fabrication techniques, such as electrospinning and wet-spinning, in
order to obtain novel cell-laden 3D fibrous layered scaffolds which can
simultaneously provide: (i) mechanical support; (ii) suitable micro-
environment for 3D cell encapsulation; and (iii) loading and sustained
release of growth factors for promoting the differentiation of human bone marrow-derived mesenchymal stem cells (hB-MSCs). The
constructs are formed from wet-spun hydrogel fibers loaded with hB-MSCs deposited on a fibrous composite electrospun matrix
made of polycaprolactone, polyamide 6, and mesoporous silica nanoparticles enriched with bone morphogenetic protein-12 (BMP-
12). Morphological and mechanical characterizations of the structures were carried out, and the growth factor release was assessed.
The biological response in terms of cell viability, alignment, differentiation, and extracellular matrix production was investigated. Ex
vivo testing of the layered structure was performed to prove the layers’ integrity when subjected to mechanical stretching in the
physiological range. The results reveal that 3D layered scaffolds can be proposed as valid candidates for tendon tissue engineering.
KEYWORDS: bead-on-string, electrospinning, wet-spinning, cell alignment, growth factors release, tendon tissue engineering

Tendon injuries and degenerative processes might affect
the population at each age, resulting in high-cost

associated procedures, which count annually about 30 million
surgeries.1 Tissue engineering (TE) aims to overcome the
disadvantages of existing treatment procedures (such as
autografts, allografts, and prostheses) by designing biomimetic
scaffolds and developing strategies for tissue repair and
regeneration.2−4 The most crucial aspect of TE is the design
of scaffolds that can be easily and precisely tailored in terms of
structural, morphological, and mechanical properties while
recapitulating the native tissue’s physiological conditions.5−7 In
this frame, many scaffold fabrication methods, as well as
synthetic and natural-based biomaterials, have been explored
for tendon tissue engineering. Fiber-based systems are
considered among the most promising candidates due to
their ability to mimic the collagen’s fibrillar structure and
architecture, as well as guide cells’ distribution, alignment, and
orientation.8−10 Synthetic electrospun fibers have been widely
utilized for tendon applications due to important advantages
such as fine nanofibrous structures and interconnected pores
combined with desirable mechanical properties.11−13 However,
the lack of cell binding sites of the synthetic polymeric

structures, slow degradation rate, and small pores resulted in a
poor biological response, limiting their use.14,15 On the other
hand, natural-based hydrogel fibrous constructs are considered
great candidates for 3D cell encapsulation, growth, and
orientation; however, they are generally insufficient to
recapitulate the mechanical properties of native tendons
adequately and cannot direct the organization of cells.16−18

For this reason, fibrous multilayered systems that combine
different biomaterials and/or fabrication techniques have
gained the attention of researchers.19−22 This approach allows
combining the beneficial aspects of each compartment,
obtaining ideal scaffolds which can potentially provide both
mechanical support and a 3D biomimetic microenviron-
ment.23−25
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Mesenchymal stem cells are considered one of the best
choices to be encapsulated into systems for tendon
regeneration due to their potential to differentiate into
tenogenic lines when treated with adequate stimuli.26,27

Recently, it has been demonstrated that tenogenic growth
factors (GFs) play a crucial role in inducing and promoting cell
differentiation toward tendons.28−30 In this frame, some
studies have proven that a few nanograms of BMP-12
supplemented in culture media led to efficient tenogenic
differentiation.31−33 Besides, novel strategies and approaches
for avoiding the external systematic provision of growth factors
during the culture/implantation time while maintaining the GF
bioactivity and sustained supplement have been explored.11,34

In this work, we propose a cell-laden 3D layered fibrous
scaffold composed of aligned wet-spun hydrogel fibers
deposited on an electrospun composite matrix loaded with a
tenogenic growth factor. The oriented organization of the
hydrogel fibers is expected to mimic the linearity of the tendon
tissue, while the electrospun fibrous component is expected to
provide mechanical support and loading of bone morphoge-
netic protein-12 (BMP-12). The viability, distribution,
maturation, and differentiation of human bone marrow
mesenchymal stem cells (hBM-MSCs) encapsulated in the

hydrogel fibers were investigated. Ex vivo mechanical stretching
was applied to the 3D layered construct to evaluate the
system’s response under physiological loads.

■ RESULTS AND DISCUSSION
A suitable scaffold for tendon TE should provide adequate
mechanical support and direct cellular organization to mimic
their axial and longitudinal directions in the native tissue.
Moreover, since tenocytes are hard to harvest and culture,
identifying other suitable cell sources to populate the final
scaffold is extremely important.
In this work, we have combined two fiber-based fabrication

techniques, namely, electrospinning, and wet-spinning, to
design and produce for the first time a 3D layered scaffold
formed from electrospun composite mats and cell-laden
aligned hydrogel wet-spun fibers for tendon tissue engineering
(Figure 1). Human bone marrow-derived mesenchymal stem
cells were chosen among various cell sources to be
encapsulated into the hydrogel fibers for their superior capacity
to differentiate toward tendons if treated with tenogenic
growth factors (e.g., BMP-12).20

Figure 1. Schematic of the 3D layered scaffold fabrication. Briefly, GelMA/Alginate solution was loaded with hBM-MSCs and wet-spun in the
presence of calcium chloride to obtain aligned hydrogel fibers. The fibers were then fully cross-linked by exposure to UV light and deposited onto
an electrospun composite mat composed of PCL, PA6, and MSPs loaded with BMP-12 in order to form a cell-laden 3D layered fibrous system.
(Numbers on the images indicate the layers: (1) hydrogel fibers layer; (2) electrospun matrix layer.)

Figure 2. Morphological properties. SEM images: (A) electrospun composite nanofibers of PCL, PA6, and MSPs; (B) cross section of highly
aligned GelMA/Alginate hydrogel fibers; (C) cross section of the layered system composed of hydrogel fibers deposited on the electrospun matrix
(numbers on the images indicate the layers: (1) hydrogel fibers layer; (2) electrospun matrix layer).
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The fibrous matrix was electrospun from a polycaprolactone
(PCL), polyamide 6 (PA6), and mesoporous silica particles
(MSPs) solution. The bigger dimension of MSPs (∼200 nm)
compared to fibers’ diameters (∼180 nm) permitted the
formation of homogeneous and defect-free bead-on-string
architecture, with a uniform dispersion of encapsulated MSPs,
as reported by Scanning Electron Microscope (SEM) images
(Figure 2A).35 After fabrication, fibers were immersed into a
BMP-12 solution to incorporate tenogenic growth factors into
the system and induce the differentiation of hBM-MSCs. This
simple loading method aimed to replace growth factor loading
prior to electrospinning, avoiding exposure of BMP-12 to high
voltage and harsh solvents during the scaffold production
process, which can negatively affect its bioactivity.
On the other hand, a solution of gelatin methacryloyl

(GelMA) and Alginate loaded with hBM-MSCs was wet-spun
in the presence of calcium chloride. The Alginate component
in the hydrogel precursor solution is essential to allow the
instantaneous gelation of the bioink when in contact with
calcium chloride during the fiber extrusion through a coaxial
nozzle. Afterward, the obtained fibers were exposed to
ultraviolet (UV) light to permit full cross-linking of the
GelMA component in the hydrogel fibers. The wet-spinning
setup provides a microfluidic coaxial extruder and a stepper
motor which allows the obtainment of highly aligned hydrogel
fibers of around 140 μm in diameter (Figure 2B), as previously
described.36 Wet-spun hydrogel fibers were then deposited
onto the electrospun mats, as shown in the SEM images of the
cross-section reported in Figure 2C; finally, the hydrogel
structures were secured on the nanofibrous substrate by being
covered with a layer of GelMA.
The electrospun matrix composition and fabrication

parameters were optimized to provide sufficient mechanical
properties to support the proper function of scaffolds
postimplantation at the sites of tendon injury. Mechanical
testing of the samples demonstrated that the tensile modulus

and ultimate tensile stress of the composite matrix were ∼10
MPa and ∼2 MPa, respectively (Figure 3A,B). These values
are on the same order of magnitude as the characteristics of the
native supraspinatus tendon (tensile modulus = 40−170 MPa;
ultimate tensile stress = 4.1−16.5 MPa according to the
location of the selected tissue strip).37 On the other hand,
hydrogel fibers have 1000-fold lower mechanical properties
(tensile modulus = 30.7 ± 5.7 kPa; ultimate tensile stress = 4.9
± 1.4 kPa), which appeared definitively insufficient to
recapitulate the native tissue features. However, considering
that hydrogel fibers are not strong enough to stand the force
needed to grip the layered system in clamps, it turned out that
it is not possible to perform the tensile test in that case. In such
a situation, it was decided to study the effect of the presence of
hydrogel fibers on the properties of the electrospun substrate.
To this point, the electrospun substrate covered with hydrogel
fibers was gripped as presented in Figure S1. Data show only
slightly lower values of the tensile modulus and the ultimate
tensile stress of the electrospun matrix covered with hydrogel
fibers compared to the sole electrospun matrix. However, the
observed differences are statistically nonsignificant, as also
supported by comparable values of ultimate tensile force
(Figure 3C). The ultimate tensile strain of the structures was
also evaluated, reporting comparable values among the
different conditions tested (in the range of 55−75%, Figure
3D). Results indicate no effect of hydrogel fibers on the
mechanical properties of electrospun matrix, demonstrating
that the electrospun component acts as mechanical support to
the final scaffold.20 Additionally, during the mechanical test, no
detachment or delamination of the hydrogel fibers on the
electrospun matrix was observed.
In order to test the biological response of the scaffold, hBM-

MSCs were encapsulated into the highly aligned hydrogel
fibers; meanwhile, the composite electrospun matrix was
loaded with BMP-12 to influence the cell fate of hBM-MSCs
into tenogenic phenotype.38

Figure 3. Mechanical characteristics and release profile. (A−D) Mechanical properties of hydrogel fibers, electrospun matrix, and electrospun
matrix covered with hydrogel fibers: tensile modulus (A), ultimate tensile stress (B), ultimate tensile force (C), and ultimate tensile strain (D).
(E,F) Release of BMP-12 from the electrospun matrix: daily release (E) and cumulative release (F). Significant differences are presented compared
to the hydrogel fibers condition: *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, and ****p ≤ 0.0001.
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The immersion of the composite matrix in a solution of
BMP-12 for 24 h was sufficient to load the growth factors into
the structure. The affinity of growth factors with the ceramic
component and its intrinsic mesoporous structure most
probably promoted an efficient absorption and loading of
BMP-12.39−42 Subsequently, the matrix was incubated and the
long-term release of BMP-12 was measured. The release
profile, reported in Figure 3E,F revealed a sustained linear
release of BMP-12 into the surrounding environment of about
60 ng/mL/day up to 30 days, which is considered sufficient to
promote differentiation of MSCs into tenogenic lines, as
previously reported.20 It is worth underlining that the proposed
system favored the linear and continuous release of loaded
growth factors, while several studies often reported phenomena
of burst release in the first hours of incubation, exhausting the
bioactive molecules in the short term.28,43−46 On the other
hand, pristine polymeric fibrous systems suffer from low
loading capacity and consequent lower, less linear, and
sustained release of growth factors over time (Figure S2).
Herein, thanks to the use of exposed mesoporous ceramic
particles in the composite matrix, we achieved a linear and
sustained release profile of growth factors in a relatively long-
term.47 For this reason, we speculate that the system can be
possibly implanted in the host body and potentially assist the
regeneration of tendon tissue during the healing time,
providing a continuous and sufficient amount of growth
factors for the differentiation of the inner and surrounding
cells.
Thus, the biological response of hBM-MSCs encapsulated

within the hydrogel fibers, 3D layered scaffold, and 3D layered
scaffold enriched with BMP-12 was assessed, evaluating cell
viability, orientation, and differentiation as well as collagen
production. To prove that the viability of hBM-MSCs was
maintained after encapsulation in the proposed layered system,

a Live/Dead kit was assayed 24 h after the fabrication process.
Fluorescence images showed live cells in green color and
nonviable cells stained in red (Figure S3A), highlighting that
most of the cells were alive (>88%, Figure S3B). Consistently,
there was no significant difference among the different
scaffolds. The results pointed out the preservation of cell
vitality, proving the suitability of the combination of
electrospinning and wet-spinning methods for fabricating
constructs for tissue engineering.
Furthermore, the highly aligned architecture of the hydrogel

fibers promoted longitudinally oriented cell spreading and 3D
distribution. In Figure 4A, one can observe the orientation of
the cell cytoskeletons in the fiber axis direction. Considering
the random distribution and orientation of hBM-MSCs into
bulk hydrogels reported in a previous study,20 the cell
alignment was probably stimulated by the orientation of the
bioink polymer chains at the molecular level occurring during
the extrusion process of the hydrogel fibers. hBM-MSCs
loaded into fibers and cultured for 14 days formed a highly
longitudinal-oriented 3D cell substrate, as previously re-
ported.36 The quantification of the cell orientation angle
(Figure 4B) showed that cells were aligned up to 35% in the
direction of the fiber axis, mimicking the physiological tendon
tissue anisotropy. Cell morphology appeared comparable in the
case of hydrogel fibers deposited onto the polymeric mats or
after the BMP-12 treatment.
Additionally, the function and maturation of the hBM-MSCs

loaded into the scaffolds were investigated. The specific
tendon-like ECM deposition was assessed through immuno-
cytochemistry of collagen I and III, which are known as the
primary protein components of the tendon ECM.48 All the
tested conditions reported an oriented and abundant
pericellular secretion of both proteins, without a significant
difference among the different conditions tested (Figure 5A,B).

Figure 4. Morphology of mesenchymal stem cells encapsulated within the hydrogel fibers, 3D layered system, and 3D layered system loaded with
BMP-12 after 14 days of culture. (A) Confocal images of Actin/DRAQ5 staining. (B) Quantification of cell alignment (0° is the direction of the
fiber axis).
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Figure 5. Biological performance of mesenchymal stem cells encapsulated within hydrogel fibers, 3D layered system, and 3D layered system loaded
with BMP-12 after 14 days of culture. Confocal images of collagen I (A), collagen III (B), and tenomodulin (C) expressed by hBM-MSCs and the
respective quantification of protein production. Significant differences are reported as *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.

Figure 6. Ex vivo testing of the 3D layered system. (A) Suturing of the 3D layered system onto human Achilles tendon. (B) SEM image of the cross
section of the construct. (C) Loading the system into a bioreactor chamber for application of cyclic tensile stretching. (D) Macroscopic photo of
the dried 3D layered system sutured onto native tendon tissue after cyclic tensile stretching. (E−G) SEM images of the layers of the 3D layered
system sutured on tendon tissue subjected to cyclic tensile stretching: hydrogel fibers layer (E), electrospun matrix layer (F), and tendon tissue
(G), showing the maintained integrity of the layers after mechanical loading. (H) Cross section of the 3D layered system subjected to cyclic tensile
stretching. (Numbers on the images indicate the layers: (1) hydrogel fibers layer; (2) electrospun matrix layer; (3) tendon tissue.)
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The collagen orientation is most probably related to the
alignment of the cells, since collagen expressed by hBM-MSCs
randomly distributed in a bulk hydrogel did not show
preferential orientation.20 Thus, aligned cell-laden fibers may
promote and induce the formation and deposition of organized
collagen fibers, which can potentially recapitulate the native
tendon ECM-oriented architecture. Finally, tenomodulin
(TNMD) expression, as the late tenogenic marker playing a
crucial role during tendon maturation, was investigated and
quantified to explore the potential tendon differentiation of
hBM-MSCs. Results showed that systems loaded with BMP-12
reported a significantly higher TNMD production level
compared to untreated samples (Figure 5C). These outcomes
confirmed the effective BMP-12 release from the composite
electrospun component of the layered scaffold and its positive
effect in promoting cell differentiation and tenogenic marker
expression.31

Finally, the system was tested ex vivo in order to investigate
its potential as a tendon substitute. In this frame, the integrity
of the 3D layered system was evaluated when sutured onto
human Achilles tendon and subjected to loads mimicking the
physiological conditions in vivo during normal walking
(stretching cycles between 2% and 4% strain for 5000 cycles
at 1.4 Hz).49 The construct was surgically sutured to the native
tendon from a human donor with two stitches in order to
immobilize it on the tissue (Figure 6A). SEM images of the
cross-section of the resulting construct showed the well-
defined layered structure of the system, visualizing the
electrospun mat, hydrogel fibers, and tendon tissue layers
(Figure 6B). The sample was then loaded into a bioreactor
chamber and placed between two grips (Figure 6C) prior to
applying cyclic mechanical stretching to simulate the
physiological load condition during walking. The samples
were dried and analyzed after mechanical stimulation in order
to investigate the influence of stretching on the integrity of the
scaffold’s layers. Evident macroscopic damage or platform
cracks were not observed (Figures 6D and S4). Additionally,
the SEM images displayed in Figure 6E−H show the intact
structure of each layer of the system after cyclic mechanical
stimulation. No damage, break, or failure of the hydrogel layer
(Figure 6E), the electrospun matrix layer (Figure 6F), or the
tendon tissue (Figure 6G) was reported. Results are consistent
and supported by the mechanical properties of the layers
presented in Figure 3D, which showed the ultimate tensile
strain at much higher values (>55%) than the maximum strain
applied during mechanical cyclic stimulation (4%). Addition-
ally, the cross section of the system did not show layer
delamination (Figure 6H), demonstrating the maintained
integrity of the layers when subjected to physiological loads
ex vivo. Thus, the results revealed that the 3D layered system is
mechanically functional as a scaffold for tendon tissue
engineering and can support ex vivo cyclic physiological
loads without failure. However, in vivo experiments are
necessary to determine the effective abilities for tendon tissue
regeneration.

■ CONCLUSIONS
In this work, we produced and characterized cell-laden 3D
fibrous layered systems combining for the first time an
electrospun composite nanofibrous matrix and wet-spun
hydrogel fibers for tendon TE. The composite mesh aimed
to provide mechanical support to the construct, while the
hydrogel layer was meant to create a suitable microenviron-

ment for cell attachment and proliferation. Moreover, the
electrospun composite substrate was enriched with BMP-12 to
induce the tenogenic differentiation of hBM-MSCs encapsu-
lated within the 3D layered system. Our results showed the
effective linear sustained release of BMP-12 up to 30 days, and
higher expression of tenogenic markers (i.e., tenomodulin) was
detected in the presence of BMP-12, revealing its positive
effect in inducing cell differentiation toward tenogenic lines.
Furthermore, hBM-MSCs cultured within oriented hydrogel
fibers result in a highly aligned cell distribution, mimicking the
tendon native tissue anisotropy. Finally, ex vivo mechanical
stretching of the construct showed the well-maintained
integrity of the layers under physiological loads, revealing the
potential of the system for tendon tissue engineering.
Finally, it is worth mentioning that this study holds high

potential for several other applications in tissue engineering.
The simple GF loading method makes the proposed system
highly versatile and available to be loaded with any growth
factors or small bioactive molecules that can show affinity with
the silica component, thus permitting the promotion of cell
differentiation toward different lines and engineering of other
tissues. Perspectives are related to the design of GF gradients
through the construct by immersing only one part of the
composite matrix into the GF solution, allowing the absorption
of the bioactive molecules from one edge only. In the same
manner, multiple GFs can be loaded into the scaffold in an
organized manner by immersing the opposite extremity of the
scaffold in solutions of two or more different GFs according to
the needs of the targeted tissues. This paves the way for the
fabrication of gradient scaffolds that can find their application
in more complex tissue engineering applications (e.g., tendon−
bone and tendon−muscle interfaces).

■ EXPERIMENTAL SECTION

Materials
All the chemicals, including PCL (Mn 80000), PA6 (Nylon-6), MSPs
(200 nm particle size, pore size 4 nm), acetic acid (98%), formic
(99.7%) acid, methacrylic anhydride, gelatin (Type A, 300 bloom
from porcine skin), 2-hydroxy-4′-(2-hydroxyethoxy)-2-methylpropio-
phenone (Irgacure 2959), ascorbic acid, Triton X-100, HEPES,
collagen I and III monoclonal antibodies (SAB4500362,
SAB4500367), tenomodulin antibody (ABC305), basic fibroblast
growth factor (bFGF), BMP-12, goat serum (GS), bovine serum
albumin (BSA), and hexamethyldisilazane (HMDS) were obtained
from Sigma-Aldrich. Alginate was kindly provided by FMC
BioPolymer. hBM-MSCs isolated from the bone marrow of healthy
adult donors were purchased from ATTC (Germany). Minimum
essential medium alpha (α-MEM), fetal bovine serum (FBS),
phosphate buffer solution (PBS), trypsin-EDTA, LIVE/DEAD Cell
Viability Kit, L-glutamine, Alexa Fluor 488 Phalloidin (A12379), Alexa
Fluor 488 antirabbit secondary antibody (A11034), and DRAQ5
(62254) were bought from Gibco Invitrogen (USA).
Preparation of the Highly Aligned Hydrogel Fibers
For the synthesis of GelMA, 10% (w/v) porcine skin gelatin type A
was dissolved in PBS at 60 °C and stirred at 240 rpm. Afterward,
methacrylic anhydride was added drop by drop to the gelatin solution
to attain a final concentration of 0.08% (v/v). The final solution was
stirred for 3 h at 50 °C and then loaded in dialysis membranes
(Spectro/Por molecular porous membrane tubing, MWCO 12−
14000, Fisher Scientific). Dialysis was carried out for 10 days at 60 °C
and 500 rpm. Lastly, the solution was freeze-dried, and lyophilized
GelMA was obtained.

The bioink was prepared by dissolving 4% (w/v) of low molecular
weight Alginate and 5% (w/v) lyophilized GelMA in HEPES
containing 0.1% (w/v) Irgacure-2959 photoinitiator. The solution
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was then loaded with 20 million hBM-MSCs/mL and flown into a
microfluidic coaxial needle extrusion system (inner needle: inner
diameter (ID) = 0.25 mm, outer diameter (OD) = 0.50 mm; outer
needle: ID 0.70 mm, OD = 1.00 mm). The flow rate of the cell-laden
solution was set to 30 μL/min, while a calcium chloride solution was
flown at 15 μL/min. As mentioned, during the wet-spinning, the
hydrogel was in contact with calcium ions that allowed a first cross-
linking of the fibers, which were then collected onto a drum with a
rotation speed of 30 rpm. The fiber bundle was then subjected to a
second cross-linking by exposure to 12.5 mW/cm2 UV light (Dymax
BlueWave 75 UV Light Curing Spot Lamp, 365 nm, Torrington,
CT).36

Preparation of Electrospun Fibrous Matrix Loaded with
BMP-12
For preparation of the electrospinning solution, 5% (w/v) MSPs were
added to a mixed solvent system composed of 3:4 (v/v) acetic and
formic acids. Subsequently, 12% (w/w) PCL and 17% (w/w) PA6
pellets were separately dissolved in the solution and mixed, obtaining
a final ratio of 2:3 (w/w) of PCL and PA6, respectively.35 The
electrospinning solution was loaded into 5 mL syringes and pumped
through 22G blunted needles. The electrospinning flow rate was set at
0.20 mL/h, the working distance was fixed at 15 cm, and the applied
voltage was 28 kV. After drying, the electrospun composite fibrous
mats were loaded with BMP-12 by immersion in a solution of 0.01%
(w/v) BMP-12 in PBS and shaken for 24 h.
Preparation of the 3D Multilayered Structure
In order to obtain the 3D multilayered scaffolds, electrospun fibrous
mats were coated by hydrogel yarns previously encapsulated with
hBM-MSCs. The whole structure was then covered with 5% GelMA
and cross-linked by 30 s exposition to 12.5 mW/cm2 UV light
(Dymax BlueWave 75 UV Light Curing Spot Lamp, 365 nm,
Torrington, CT).20

Morphological Characterization
The morphology of the electrospun matrix, hydrogel fibers, 3D
layered systems, and 3D layered system surgically sutured on tendon
tissue was evaluated using SEM (Phenom, Holland). Images were
acquired at 10 kV after sputtering the samples with gold. The
diameter of the fibers was measured from microscope images using
ImageJ (NIH, USA).
Mechanical Properties
The mechanical properties of the electrospun matrix, hydrogel fibers,
and electrospun matrix covered with hydrogel fibers were investigated
by stretching the samples at a constant deformation rate of 10%/min
by using the DMA Q800 instrument (TA Instruments, USA)
equipped with tension clamps. All the specimens were preloaded to
0.001 N. Specimens’ Young’s moduli were identified in the initial
quasi-linear range of the obtained stress−strain curves (up to 15% of
strain).
Release Assessment
The release of BMP-12 was evaluated for up to 30 days by incubating
the composite electrospun matrix loaded with the growth factor in
PBS. At each selected time point, the supernatant was collected and
replaced with fresh PBS. The supernatant was then analyzed using an
ELISA kit (LSBio) for BMP-12 detection to measure the protein
concentration.
Cell Studies
hBM-MSCs encapsulated into the hydrogel fibers, 3D layered
systems, and 3D layered systems loaded with BMP-12 were cultured
in alpha MEM supplemented with 10% FBS, 1% penicillin-
streptomycin, 2 mM L-glutamine, 0.2 mM ascorbic acid, and 1 ng/
mL bFGF for 14 days at 37 °C and 5% CO2.
Cell Viability. Cell viability was investigated by using a Live/Dead

assay kit to evaluate the vitality of cells encapsulated within the
scaffolds. After 24 h of culture, the structures were washed in HEPES,
and 0.5 μL/mL calcein and 2 μL/mL ethidium homodimer were
added. Calcein was introduced to stain viable cells in green, while

ethidium homodimer was used to stain dead cells in red color.
Scaffolds were incubated for 10 min at 37 °C and 5% CO2. Then, the
constructs were washed in HEPES and imaged with a fluorescence
microscope (Leica, USA). Alive and dead cells were detected from
fluorescence images, and their respective number was calculated using
the Cell Counter plugin of ImageJ (National Institutes of Health,
USA).
Cell Morphology. Cell morphology was evaluated after 14 days of

culture by staining actin filaments and cell nuclei using Alexa Fluor
phalloidin and DRAQ5, respectively. Scaffolds were fixed using
formalin 10% for 30 min and then washed thrice in HEPES for 5 min.
Afterward, samples were treated with 0.3% (v/v) Triton X-100 in
HEPES for 15 min and subsequently washed thrice. Then, 1% (w/v)
BSA in HEPES was added for 30 min to inhibit the nonspecific
binding, and incubation in 1:40 dilution of Alexa Fluor phalloidin in
HEPES was performed for 40 min at room temperature (RT). Three
washing steps were carried out. Subsequently, samples were treated
with 1:1000 DRAQ5 solution in HEPES for 10 min and washed again.
Imaging of the scaffolds was performed using a confocal microscope
(Leica, USA). Cell orientation was quantified based on confocal
images using ImageJ (National Institute of Health, USA) by
measuring cell cytoskeletons orientation (ImageJ software, Orienta-
tionJ).
Immunohistochemistry. Collagen I and III expressions were

investigated via immunohistochemistry to estimate the extracellular
matrix (ECM) deposition. In contrast, tenomodulin expression was
evaluated to assess the potential differentiation of hBM-MSCs toward
tenogenic lines. Scaffolds were fixed after 14 days of culture in 10%
formalin for 30 min. Afterward, 0.3% (v/v) Triton X-100 solution in
HEPES was added for 15 min, and washing steps of 5 min were
performed. Thirty min of incubation in 1% BSA-GS at room
temperature was carried out to block the nonspecific staining. Then,
the constructs were treated overnight at 4 °C with anticollagen I,
anticollagen III, or antitenomodulin antibodies produced in rabbits
(1:100 and 1:50 dilution for collagens and tenomodulin, respectively).
Washings steps were performed. Subsequently, Alexa Fluor 488
antirabbit secondary antibody produced in goat solution (1:300
dilution) was added for 2 h at RT in the darkness. After washing, 10
min of incubation in DRAQ5 solution (1:1000) was carried out to
stain the cell nuclei. The scaffolds were imaged with a confocal
microscope (Leica, USA). ImageJ was used in order to run image
quantification, measuring on the green channel the quantity of the
expression area of collagen I, collagen III, or tenomodulin.

Ex Vivo Testing
Sample Preparation and Mechanical Stretching. The 3D

layered system was surgically sutured on a human Achilles tendon
with two stitches. Achilles tendons were procured from 11 deceased
male donors, aged 30−40, at the Department of Forensic Medicine,
Medical University of Warsaw (Warsaw, Poland) up to 48 h after
death. Donors were evaluated for tissue donation and procurement in
accordance with Directive 2004/23/EC of the European Parliament
and of the Council on setting standards of quality and safety for the
donation, procurement, testing, processing, preservation, storage, and
distribution of human tissues and cells and other related acts
specifying the mode of operation of tissue and cell banks (OJ L 55,
9.4.2004) and Commission Directive 2006/17/EC of February 8,
2006 implementing Directive 2004/23/EC of the European Parlia-
ment and of the Council as regards certain technical requirements for
the donation, procurement, and testing of human tissues and cells (OJ
L 38, 9.2.2006). The procedure of processing Achilles tendon grafts
was carried out in clean rooms (class C) of the tissue and cell bank. It
included: mechanical cleaning of the collected tissues, rinsing and
defatting the bone fragments of the calcaneal tubercle, and placing
them in properly labeled double polyester-polyethylene packages,
which were sealed with a thermal seal. Achilles tendons were
radiation-sterilized by using an e-beam from the accelerator (LAE-10)
with a beam power of 10.2 MeV at the Institute of Nuclear Chemistry
and Technology in Warsaw (Poland) with a dose of 35 kGy.
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The final constructs composed of the 3D layered system sutured on
the tendon tissue were then mounted into a Ebers TC3 cyclic
mechanical stretching machine (Ebers Medical; Spain). The cyclic
test protocol provides stretching cycles between 2% and 4% strain
(physiological range) for 5000 cycles at 1.4 Hz (frequency of normal
walking).49

Microcomputer Tomography and SEM Analysis. Micro
Computed Tomography (μCT) and SEM were used to visualize
the integrity of the layered system when subjected to physiological
mechanical stimulation. Prior to imaging, the samples were
dehydrated using 50%, 70%, 90%, and 100% concentrated ethanol
solutions (2 h each). Subsequently, samples were immersed in HMDS
for 2 h and then dried in a fume hood overnight. For SEM analysis,
samples were coated with a thin layer of gold and imaged at 10 kV.
For μCT scanning, samples subjected to cyclic mechanical stretching
were compared to nonstretched samples, and analyzed in the area
between the two surgical stitches by using Xradia MicroXCT-400.
The scanning parameters were set as 40 kV voltage, 10 W power, no
filter material, 0.18° rotation step in an angle interval of 184°.50 The
voxel size was 5.2 × 5.2 × 5.2 μm3. Image analysis and 3D
reconstruction of the samples were implemented with Avizo 3D
software (Thermo Fisher Scientific).

Statistical Analysis
Samples were analyzed at least in triplicate unless specified, and data
were expressed as mean ± standard deviation. Experimental data were
statistically analyzed through one-way ANOVA analysis followed by a
Tukey’s multiple pairwise comparisons test calculated by Origin 8.
Values are reported as statistically significant when p ≤ 0.05: *p ≤
0.05, **p ≤ 0.01, ***p ≤ 0.001, and ****p ≤ 0.0001.
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(35) Rinoldi, C.; Kijenśka, E.; Chlanda, A.; Choinska, E.; Khenoussi,
N.; Tamayol, A.; Khademhosseini, A.; Swieszkowski, W. Nanobead-
on-String Composites for Tendon Tissue Engineering. J. Mater. Chem.
B 2018, 6 (19), 3116−3127.
(36) Rinoldi, C.; Costantini, M.; Kijenśka, E.; Heljak, M.; Monika,
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