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Nowadays, tendon injuries represent a global health issue that annually affects millions of individuals. An
innovative approach for their treatment is represented by the development of tissue engineered scaffolds able to
support the host cells adhesion, differentiation, and proliferation. However, the scaffold alone could be insuf-

Mechanotransduction ficient to guarantee an improvement of healing control. Magnetite nanoparticles (Fe304 NPs) are gaining interest
Polyhydroxybutyrate . . . . . . . . .
Gelatin due to their unique properties. In particular, when combined with bio-mimetic scaffolds, they should lead to the

cells mechano-stimulation, improving the tenogenic differentiation and allowing a deeper tissue reparation.

The aim of this work is the study and the development of scaffolds based on polyhydroxybutyrate and gelatin
and doped with FesO4 NPs. The scaffolds are characterized by an aligned fibrous shape able to mimic the tendon
fascicles. Moreover, they possess a superparamagnetic behavior and a slow degradation rate that should guar-
antee structural support during the tissue regeneration. The magnetic scaffolds promote cell proliferation and
alignment onto the matrix, in particular when combined with the application of an external magnetic field. Also,
the cells are able to differentiate and produce collagen I extracellular matrix. Finally, the magnetic scaffold in vivo
promotes complete tissue healing after 1 week of treatment when combined with the external magnetic
stimulation.

Magnetic scaffolds
Centrifugal spinning

1. Introduction degeneration is still difficult for surgeons, especially due to the poor

healing ability of the tissue, which often leads to re-rupture or debili-

Nowadays, tendon injuries represent a global health issue that
annually affects millions of individuals. As a result, tendon injuries place
a significant clinical load on health systems due to the high costs of
procedures, rehabilitation, and infiltrations [1,2]. In clinic, the recon-
struction of tendon defects secondary to trauma or intrinsic tissue
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tating impairments [3,4].

In recent years, the great scientific advances occurred in fields such
as materials engineering and bio- and physico-chemistry have led to the
application of tissue engineering approaches for the treatment of or-
thopaedic injuries, aiming at the regeneration of the damaged tissues [2,
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4]. In fact, the development of tissue engineered bio-mimetic scaffolds
able to support the host cells adhesion, differentiation, and proliferation
results as a promising approach for the treatment of tendon injuries.
However, the scaffold alone is insufficient to guarantee an improvement
of healing control [5,6]. In fact, the cells should migrate on their own
onto the scaffold after the implant in order to start its replacement with
the native tissue. On the other hand, the application of an external
magnetic field could be a great tool to guarantee a complete healing
control by guiding and stimulating the cells.

Recently, magnetic nanoparticles (MNPs), including magnetite
(Fe304) and maghemite (Fe;O3), have gained great interest due to their
biocompatibility and unique magnetic properties [7,8]. In fact, these
NPs are approved by the Food and Drug Administration for a wide va-
riety of applications, including local thermal therapy for tumors,
contrast agents, and iron replacement therapies [9]. Recently, their
potential in tissue repair in combination with scaffolds has also been
investigated. Preliminary investigations seem to suggest that the inclu-
sion of magnetic NPs into the scaffolds could results in the control of cell
signalling both in vitro and in vivo [8,10]. The supposed mechanism is the
mechano-stimulation. In fact, the nano-movements induced by the
application of an external magnetic field on the NPs seems able to cause
forces in the range of pN, and cells act in response to those mechanical
stimuli allowing a deeper tissue reparation and stimulating the teno-
genic differentiation of stem cells and cell alignment [10]. Furthermore,
their superparamagnetic behavior is of particular interest as the NPs lose
magnetism after removing the field, allowing a precise remote control
over their functions.

In literature, the potential of MNPs, and in particular of magnetic cell
sheets, has been revealed as they demonstrated to enhance angiogenesis
[11], and cardiac [12], bone [13], and skeletal muscle regeneration
[14]. More recently, other studies also reported the tenogenic potential
of MNPs combined with an external magnetic field, as they improved the
expression of tendon markers and the deposition of tendon-like matrix
[15]. Tomas et al. combined a 300 mT dynamic magnetic field with
scaffolds enriched with MNPs, leading to an improvement in the fibers
alignment and to a mechanical stimulation of mesenchymal stem cells
tenogenic differentiation [16]. In recent literature, static magnetic fields
from 15 mT to 50 mT were also found to mechanically stimulate cells,
leading to an increase of collagen I secretion and integrins expression,
and, consequently, to an improve in osteogenesis [8,17]. However, the
effect of magnetic fields of different extent combined with magnetic
scaffolds on cells alignment and proliferation has not been fully inves-
tigated to date. In particular, the effect of static magnetic fields in
mechanotransduction has not been widely investigated in tendon
regeneration.

On the basis of these premises, the aim of this work was the design
and the development of fibrous scaffolds based on polyhydroxybutyrate
(PHB) and Fe304 MNPs. In particular, the present research aims at the
improvement of the healing control thanks to the addition of MNPs,
which provide a mechanical stimulation to which the tendon cells
respond improving their alignment and ECM secretion.

PHB is the most widely studied member of the poly-
hydroxyalkanoates family, produced by numerous microorganisms,
including Gram-positive and Gram-negative bacteria, under conditions
with limited nutrients (such as potassium, magnesium, ammonium and
phosphate), and excessive availability of carbon. These unbalanced
nutrients result in an excessive intracellular storage, which are collected
as PHB granules [18,19]. In the last decades, PHB has attracted great
attention in a wide variety of medical applications, such as surgical
sutures, orthopaedic uses, and cardiac substitutes, together with tissue
engineering [20]. In particular, PHB is of particular interest since it
shows excellent barrier capacity, and tunable mechanical properties
based on its molecular weight and level of crystallinity [18,21]. More-
over, it also demonstrated good cell adhesion and proliferation with a
wide variety of human cells, such as fibroblasts, hepatocytes, and
endothelium cells. This is probably due to the fact that it has been found
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in cellular membranes of animals, and also in human blood [22,23].
Interestingly, PHB degradation product, the 3 hydrobutyric acid, has
been demonstrated to be a natural human metabolite found in brain,
lungs, liver, heart, kidneys, and muscular tissue [23]. Moreover, the
appropriate degradation period of scaffolds for tendon tissue engineer-
ing is crucial for ensuring that the scaffold supports tissue regeneration
while gradually being replaced by new tissue. Research indicates that
the ideal degradation time should align with the rate of new tissue
formation, typically ranging from several weeks to a few months. In
particular, scaffolds should provide structural support within 3 months
from the surgery [24]. At this purpose, PHB results an interesting
polymer for tendon reconstruction also due to its long degradation rate
in vivo (3—-6 months).

In this work, the PHB scaffold was also enriched with gelatin (Gel), as
it is a derivative of collagen able to sustain cell adhesion and prolifer-
ation typical of collagen without immunogenicity [25,26]. In particular,
the addition of Gel is intended to stimulate the cell adhesion onto the
scaffolds and consequently their proliferation, overcoming the PHB
hydrophobicity.

The developed scaffold should emulate the structural and biome-
chanical functions of the extracellular matrix (ECM) of the native ten-
dons. Moreover, it should respond to the stimulation of an external
magnetic field improving the host cell adhesion and proliferation
allowing a deeper tissue replacement.

2. Experimental section
2.1. Materials

Polymers: Poly 3-hydroxybutyrate (Biomer® P209, Biopolyesters),
and Gel (P5 150 medium alkaline Bloom gelatin, 160 gelling strength,
Rousselot Gelatin S.L.U., Paratge Pont de Torrent, Spain) were
employed. FesO4 NPs were synthesized by thermal decomposition of
iron acetylacetonate (Fe(acac)s), in high-boiling solvent (benzyl ether)
in the presence of surfactants (oleic acid, OA; oleylamine, OAM), which
has emerged as extremely effective in the formation of MNPs with
excellent results in terms of size distribution, morphology and crystal-
linity. The synthesis and characterization of Fe304 NPs coated with oleic
acid (Fe304@OA) are reported in the Supporting Information (Figs. S4
and S5).

2.2. Preparation of the polymeric blends

Table 1 reports the composition of the polymeric blends used to
obtain the corresponding scaffolds. PHB was dissolved in acetic acid
(Carlo Erba Reagents, Val-de-Reuil Cedex, France) under magnetic
stirring for 20 min at 90 °C. At first, different percentages of PHB were
used to evaluate the influence of the polymer concentration on the
spinning process and fibers morphology. The concentration that allowed
the fine formation of homogeneous fibers was selected to be enriched
with Fe304@OA and Gel. The safe quantity of MNPs to be loaded was
preliminarily determined by a cytotoxicity test (Supporting Information,
Section 2.2).

Table 1
Quali-quantitative composition of the polymeric blends. All blends were pre-
pared in acetic acid

Blend PHB (% w/w) Gel (% w/w) Fe304@O0A (% w/w)
P8 8

P20 20

P30 30

P20-Fe304 20 0.2

P20-Fe304-Gel 20 4 0.2




E. Bianchi et al.
2.3. Scaffolds preparation

The scaffolds were manufactured using a customized centrifugal
spinning equipment (Supporting Information, Fig. S1), equipped with an
AC motor (230 V, 50 Hz and 1030 W), a rotator system consisting of an
aluminium spinneret coupled with brass needles (@ = 1 mm), a speed
controller, a temperature controller coupled with a platinum sensor
thermometer (PT-100) and a digital thermometer (from 20 to 300 °C).
Finally, a static collector based on vertical steel bars was installed on the
rotor system. The polymeric blends were spun at 125 °C in order to allow
the complete solvent evaporation. The obtained scaffolds were insoluble
in water.

In order to improve the scaffolds mechanical properties, the cord
scaffolds were combined and manually braided to create a more
complex-structured braid scaffold.

2.4. Scaffolds chemico-physical characterization

The scaffolds morphology was assessed by means of scanning elec-
tron microscope (SEM) analysis (Tescan, Mira3XMU, Brno, Czech
Republich). The samples were sputtered with graphite. The fibers di-
ameters were assessed by image analysis software (ImageJ, ICY, Institut
Pasteur, Paris, France). At this purpose, to ensure that the measured
fibers were randomly chosen and representative of the whole scaffold, 3
different images were used, performing 30 analyses each, with a final
total of 90 analyses. Moreover, the inclusion of the MNPs into the fibrous
structure was evaluated by means of SEM-EDX, recording an EDX
spectrum.

The wettability of the scaffolds was assessed with a contact angle
meter (DMe-211 Plus; FAMAS software, Kyowa, Osaka, Japan). The
droplet shape (0.4 pL of PBS) was captured through the CCD camera at
1s and 3s after the droplet touched the scaffold surface.

2.5. Magnetic characterization

Hysteresis loops of the scaffolds were recorded in a superconducting
quantum interference device magnetometer (SQUID-VSM, Quantum
Design), with magnetic field ranging from —20 to + 20 kOe at 5 and 300
K (room temperature). Zero-field-cooled (ZFC) and field-cooled (FC)
magnetization curves were also recorded with the same magnetometer
over the temperature range of 5-300 K and under an applied magnetic
field of 100 Oe. Around 10 mg of fibers were placed in gelatine capsules,
introduced in standard straw sample holders and attached to the
measuring rod. The magnetization units were expressed as emu per
gram of analysed sample.

The effective % of embedded Fe3O4@OA NPs was calculated by
means of ZFC-FC curves using the following formula:

Moment sample

% Fe304,@QOA incorporated =
0 eshe ™ P Moment Fe;04 nanoparticles

2.6. Structural characterization

Differential scanning calorimetry (DSC) and thermogravimetric
analysis (TGA) were performed by means of a TGA/DSC1 equipment
(TGA/DSC1/1100 SF, Mettler-Toledo GMBH, Spain) equipped with a
microbalance (precision 0.1 pg) and with a horizontal oven, in
25-900 °C temperature range and 10 °C/min heating rate, and in argon.
A final plateau in atmospheric air at 900 °C for 30 min was performed in
order to burn the whole organic content. Approximately 5 mg of each
sample were weighted in aluminum sample pans.

Fourier-transform infrared spectroscopy (FT-IR) analysis was carried
out using a Vertex 80v vacuum Fourier Transform Infrared apparatus
(Bruker, Billerica, USA). The spectra were recorded from 400 to 4000
cm ™! with a resolution of 2 cm L.

The scaffolds’ structure at the nanoscale was investigated by small
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angle x-ray scattering (SAXS). Measurements were performed at the
IDO2 high-brilliance beamline (ESRF, Grenoble, France) at room tem-
perature [27]. Small pieces were cut from each scaffold (0.1 x 0.5 cm)
along the alignment axis of the fibres, inserted in capillaries (ENKI,
Concesio, Italy) and hydrated in water for 2 h before measurements.

The scattered radiation was acquired at two sample-to-detector dis-
tances. Appropriate angular regrouping was performed to obtain the
scattered intensity profile as a function of the momentum transfer q in
the q region 0.006 < q < 3 nm L.

2.7. Mechanical properties evaluation

The mechanical properties of the scaffolds were measured using a
dynamometer (TA-XT plus, Stable Microsystems, Italy) equipped with a
5.0 kg load cell. Before testing, the scaffolds were cut 20 x 5 mm and the
strips were clamped between two tensile grips (A/TG probe) setting an
initial distance between the grips of 60.0 mm. Then, the upper grip was
moved forward at a constant speed of 5.0 mm/s up to break. Mechanical
properties were evaluated in dry and hydrated state, and force at break
vs. distance was recorded.

The evolution of the structure at nanoscale under mechanical stress
was investigated by SAXS measurements. Identical pieces of scaffolds
(25 mm x 5 mm) were hydrated and mounted in a tensile stage (Linkam
Tensile Cell TST350) with 15 mm gap at rest. The device was humidity
controlled, to avoid dehydration of the polymer matrixes. Measurements
of the scattered intensity were performed at increasing strain, with
elongation steps of 0.5 mm, up to the breaking point. During the scat-
tering measurements, the force to maintain each the set deformation was
measured as a function of time to observe the stress relaxation process.

2.8. Scaffolds in vitro degradation

To assess in vitro degradation, each scaffold was weighed (around 10
mg) and placed in 2 mL of PBS (phosphate saline buffer pH 7.4, Sigma-
Aldrich, Milan, Italy) at 37 °C. Samples were removed after 2, 4, 8 and
12 weeks from the solution, washed twice in distilled water, dried in an
oven at 60 °C for 3h, assuring their complete drying, and reweighed. The
weight loss (%) was calculated as the ratio between the weight after
degradation and the initial weight [28]. At every time interval (2, 4, 8,
and 12 weeks), the fibrous scaffolds morphology was evaluated using
SEM, as previously described (paragraph 2.4), in order to evaluate the
morphological changes during the degradation process.

2.8.1. Fe304@O0A NPs release

For the evaluation of the iron release from the scaffolds, the super-
natants collected from the in vitro degradation test after 2, 4, 8, and 12
weeks (as described in Section 2.8) were filtered with a 0.22 pm filter,
and then an elemental analysis was performed in triplicate by a Varian
720-ES inductively coupled plasma - atomic emission spectrometer (ICP-
AES). For the analysis, 1 mL of sample was digested in concentrated
HNOj3 and in presence of HyO, and analysed using germanium (Ge) as
internal standard.

2.9. Invitro evaluation

Proliferation and cell viability were carried out using normal human
dermal fibroblasts (NHDF from juvenile foreskin, PromoCell, WVR,
Italy; 1st-5th passages), and human adipose stem cells (hASC, ZenBio,
Durham, NC, USA; 1st-3rd passages).

hASC were chosen after an extensive investigation since they are
widely utilized to evaluate scaffolds for tendon tissue engineering in
vitro. Various research studies indicate that hASC can differentiate into
tendon-like cells and produce extracellular matrix components when
cultured in appropriate scaffold environments. In the work of Hordé
et al. hASCs showed the ability to differentiate towards a tendon
phenotype, producing ECM proteins and exhibiting visco-elastic
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properties in a 3D culture system, indicating successful maturation of
the tendon-like tissues [29]. Moreover, gene expression analysis
revealed the upregulation of tendon-specific markers (such as Scleraxis,
Tenomodulin, and collagen type I) during culture [30,31]. Various
scaffold designs were also tested to assess tenogenic differentiation on
hASC, indicating that they can be effectively used in tendon tissue en-
gineering and regerative therapies [32].

NHDF were cultured using DMEM growth medium (Sigma-Aldrich,
Italy) supplemented with 10 % v/v fetal bovine serum (FBS, Euroclone,
Milan, Italy) and with 200 IU/mL penicillin/0.2 mg/mL streptomycin
(Sigma-Aldrich, Milan, Italy). hASC were cultured in basal-a-MEM me-
dium based on minimum essential medium (a-MEM, ZenBio, Durham,
NS, USA), supplemented with 10 % v/v FBS, 0.22 % w/v bicarbonate,
and 200 IU/mL penicillin/0.2 mg/mL streptomycin. Both cell types were
grown into an incubator (COy Incubator, PBI International, Milano,
Italy) at 37 °C in a 5 % CO; atmosphere with 95 % relative humidity
(RH).

2.9.1. Cell proliferation assay

Each scaffold (5 mm diameters, 0.2 mm thickness) was sterilized by
UV radiation for 30 min and placed in a 96-well plate to perfectly cover
the bottom. NHDF or hASC were seeded onto the scaffolds at a density of
2 x 10* cells/well density and re-incubated. After 3, 7, 14, and 21 days
of contact with the scaffolds, the medium was removed, and 1 % (v/v)
Aqua Bluer solution (MoBiTec Molecular Biotechnology, Goettingen,
Germany) was diluted with the cell medium and added into the wells
(100 pL). After 4h of incubation in dark at 37 °C, the Aqua Bluer solution
was collected from the wells and transferred in a new plate. Each well
was then refilled with the culture medium and left in culture again. The
fluorescence intensity (FI) was recorded using a microplate reader
(Synergy H1 Microtiter Plate Reader, Biotek, Santa Clara, USA) with Aex
= 540 nm and Aem = 590 nm. The fluorescence intensity (FI) was
directly related to cell viability.

The same assay was used to evaluate cell proliferation with the
application of an external magnetic field.

Strong static magnetic fields were reported to have the potency of
regulating the orientation of cells in vitro and in vivo, and also of
enhancing their proliferation, both fundamental aspects of the tendon
regeneration [8,33].

In order to evaluate the effect of magnetic fields of different extent
onto the cells growth, 16 rod magnets (N40 magnetization, 10 mm
height, @ 6 mm, S-06-10-N; Supermagnet, Gottmadingen, Germany) and
a 96-well plastic culture plate were used to create the lower static
magnetic fields exposure system. Similarly, cube magnets (N48
magnetization, 12 mm height, W-12-N; Supermagnet, Gottmadingen,
Germany) and a customized plastic plate (obtained by means of a 3D
printer) were used to create the higher static magnetic fields (Supporting
Information, Fig. S2). Desired field intensities were established by
controlling the magnets position, using a Gaussmeter (475 DSP Gauss-
meter, Lake Shore cryotronics, Westerville, USA) to measure the in-
tensities in each well. The plates with magnets were then put under the
plates where the cells were seeded onto the scaffolds. In the present
study, three different intensities were selected for the investigation: 47
mT + 3, 155 mT + 5, and 285 mT &+ 5, in order to observe the cells’
reaction to different magnetic fields. The experiment was then con-
ducted on both NHDF and hASC as described at the beginning of this
section.

2.9.2. Cell morphology

The cell morphology after 21 days of contact with the scaffolds was
investigated using Confocal Laser Scanning Microscope (CLSM, Zeiss
LSM 780 Confocal Microscope, Oberkochen, Germany) after nuclei and
cytoskeleton staining. Cells grown onto the scaffolds were fixed using a
4 % (v/v) formaldehyde solution in PBS for 2h at room temperature. The
substrates were then washed three times with PBS. Cellular cytoskeleton
was stained with Phalloidin-TRITC (red, Sigma-Aldrich, Burlington,
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Massachusetts, USA; 50 pL at 50 ug/mL in PBS in each well, contact time
40 min), and the cell nuclei were then stained with DAPI (blue, Pro-
Long™ Gold Antifade Mountant with DNA Stain DAPI, ThermoFisher
Scientific, Waltham, Massachusetts, USA; one drop in each well). To
evaluate the hASC tenogenic differentiation, ECM was stained using
anti-collagen I rabbit polyclonal antibody (Thermofisher, Monza, Italy;
100 pL/sample at 10 pg/mL in PBS) to immuno-label collagen I pro-
duced from hASC differentiated in TEN-1 (24 h contact time at 4 °C). The
primary antibody was stained with ATTO 488 goat anti rabbit IgG
(Sigma Aldrich, Milano, Italy), as secondary antibody (green) as
described in a previous work [6]. Scaffolds were placed onto microscope
slides and imaged with Aex = 540 nm and Aem = 570 nm for
phalloidin-TRITC, Aex = 360 nm and Aem = 460 nm for DAPI, and Aex =
501 nm and Aem = 523 nm for ATTO 488 goat anti rabbit IgG. The
acquired images were processed with a software (Fiji ImageJ).

The cell morphology after 21 days of contact with the application of
the 155 mT magnetic field was also evaluated by SEM analysis (Phenom
Pure Pro, ThermoScientific, Waltham, Massachusetts, USA). The scaf-
folds were fixed using a 4 % (v/v) formaldehyde solution in PBS for 2h at
room temperature. Once dried, the scaffolds were mounted on SEM
supports and sputtered with 5 nm of gold (LUXOR Au, Luxor-Tec Gmbh,
Switzerland).

2.9.3. Pro-inflammatory immune response

An ELISA kit (Thermo Fisher, Italy) was used to evaluate the proin-
flammatory immune response by the quantification of the TNF-a (pro-
inflammatory cytokine) secreted by hASC after 3, 7, 14, and 21 days of
contact with the scaffolds. The method was linear (concentration range:
7.8-500 pg/mL; R? > 0.995). Lipopolysaccharide (LPS, 10 pg/mL for 24
h) was used as positive control [34].

2.9.4. Hemolysis test

The hemocompatibility of P20-Fe304-Gel was evaluated by hemo-
lysis test in vitro [35]. Fresh blood was taken from mice, and a stock
solution was prepared by diluting it with 0.9 % saline solution in a 4:5
vol ratio. 10 mg of scaffolds were then weighted and put in contact with
0.2 mL of the diluted blood. Sterile water was used as positive control,
while 0.9 % saline solution was used as a negative control. The samples
were put in an incubator at 37 °C for 1 h, then they were centrifuged at
3000 rpm for 5 min. Afterwards, the supernatants were collected, and
their absorbance were recorded using a microplate reader (Synergy H1
Microtiter Plate Reader, Biotek, Santa Clara, USA) at 545 nm.

Hemolytic rate (HR %) was determined as follows:

(ODyzsr — ODngg)

x 100
(ODpos — ODngg)

HR(%) =

where ODrggsr is the sample’s absorbance, ODygg is the negative con-
trol’s absorbance, and ODppg is the positive control’s absorbance.

2.10. In vivo evaluation

All animal experiments were carried out in full compliance with the
standard international ethical guidelines (European Communities
Council Directive 2010/63/EU). The study protocol was approved by
the Local Institutional Ethics Committee of the University of Pavia for
the use of animals and by ISS (Istituto Superiore di Sanita). 12 male
Wistar rats (Envigo RMS S.r.1.) with weights ranging from 200 g to 250 g
were anesthetized with equitensine at 3 mL/kg. All animals were
monitored for the following 3 days by animal care.

2.10.1. Evaluation of systems efficacy

A transversal cut was surgically made on the mice’s left Achilles
tendon, in order to cause an acute partial injury of the tissue (Supporting
Information: Fig. S3). The P20-Fe304-Gel scaffold was implanted in
order to fill the cut. The same cut was made on the right Achilles tendon,
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which was treated with traditional suture.

2 different groups composed of 6 mice each were involved: the first
group of 6 mice was treated with traditional suture (right Achilles
tendon) and with the scaffold (left Achilles tendon) without the appli-
cation of an external magnetic field; the second group of 6 mice was
treated with traditional suture (right Achilles tendon) and with the
scaffold (left Achilles tendon) with the application of an external mag-
netic field. N40 and N48 magnets were put under the cages and desired
field intensities were established by controlling the magnets position,
using a Gaussmeter (475 DSP Gaussmeter, Lake Shore cryotronics,
Westerville, USA) to measure the intensities in each cage. Based on the
results of the in vitro evaluation, the field intensity selected for the in vivo
investigation was 155 mT + 10. The tissue regeneration was evaluated
after 1, 3, and 6 weeks from the surgery. In clinic, the timing of post-
operative evaluation, particularly at 6 weeks, plays a crucial role in
determining the outcomes of tendon surgical repair. Research indicates
that early assessment can significantly influence recovery trajectories
and long-term functional results. In particular, early improvement at 6
weeks results predictive of greater final improvement and patient
satisfaction after 1 year. On the contrary, patients showing no
improvement after 6 weeks are less likely to achieve significant recovery
later, indicating the importance of early evaluation [36].

2.10.2. Histological analysis

As described in a previous work [28], the tissue samples were
immediately immersed in 4 % v/v neutral buffered formalin and
embedded in paraffin. One group of samples was stained with
hematoxylin-eosin (H&E), whereas the other with picrosirius red (PSR).
In order to apply PSR deparaffinized sections were hydrated, stained
with Weigert’s hematoxylin for nuclei, and afterwards stained with PSR
for 1 h. After the staining, the sections were observed using a light mi-
croscope (Carl Zeiss Axiophot) and imaged (Nikon DS-Fi2).

2.11. Statistical analysis

Statistical analyses were performed using Astatsa statistical calcu-
lator. One-way analysis of variance (ANOVA) was followed by Scheffé
for post-hoc comparisons. p < 0.05 was considered significant.

3. Results and discussion
3.1. Scaffolds chemico-physical characterization

A pre-formulative study was performed. The threshold concentration
required to allow the generation of polymeric fibers is 8 % w/w. How-
ever, 20 % w/w is the minimum concentration to obtain the formation of
regular and homogenous fine fibers without defects. Fig. 1 reports the
SEM micrographs of the pre-formulative study fibers (P8, P20 and P30).
The PHB concentration affects the fibers morphology: the lowest

P8

P20
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concentration (8 % w/w) leads to the production of a poor quantity of
big and rigid fibers, while the highest concentration (30 % w/w) pro-
duces fibers with a high presence of beads and knots. The optimal
concentration results the 20 % w/w, which allows to obtain a regular
production of homogeneous fibers without defects.

As the P20 blend allows to obtain fibers with the best morphological
characteristics, it was selected for the scaffolds’ development. In order to
improve the scaffolds mechanical properties, the cord scaffolds were
combined creating a more complex-structured braid scaffold, as shown
in Fig. 2a.

The scaffolds maintain their morphological characteristics in the
micro-scale, with an aligned conformation which mimics the hierar-
chical structure of the tendon collagen fascicles. On the other side, the
new more complex morphology on the macro-scale should increase the
scaffold mechanical properties and should result in an easier handling
during the surgical implant. As shown in Fig. 2b, the mechanical prop-
erties evaluation confirms that the braid structure is effective to increase
the mechanical properties, in both dry and hydrated state and in terms of
both maximum force at break (Fmax), elongation %, and Young’s
modulus (YM).

Due to the effectiveness of the braid conformation, the scaffold was
developed with this particular shape and enriched with MNPs and Gel,
in order to promote the cell adhesion and proliferation, and also to
induce the cells mechano-stimulation [10].

A cytotoxicity test was performed in order to evaluate Fe3O4 cyto-
toxicity and determine the adequate amount of NPs to be loaded into the
scaffolds without causing a toxic effect. Two different types of NPs were
tested: with (Fe3O4@OA) and without (FesO4) an oleic acid coating.
Results demonstrate that the NPs coated with oleic acid are character-
ized by a cell growth superimposable to that of the positive control,
meaning that they do not cause any toxic effect on the cells (Supporting
Information: Fig. S6). Based on this, Fe304@O0OA NPs were selected and
added at the final polymeric blend at the concentration of 2 mg/mL.

The final scaffolds, namely P20, P20-Fe304, and P20-Fe304-Gel,
were developed and characterized for their morphology, fibers di-
mensions, and wettability, as shown in Fig. 3.

Fig. 3a shows the SEM micrographs of the obtained fibers as spun and
after 1 week of hydration. It is possible to observe that all the fibers are
characterized by a smooth surface and an aligned conformation that
should mimic the tendon fascicles. More importantly, the fibers con-
taining gelatin are characterized by a significantly higher swelling than
P20 and P20-Fe304. This indicates that the Gel is effective in increasing
the scaffolds capability to adsorb water, which should result in a more
favorable surface for the cell adhesion.

Moreover, the identification of Fe3s04@OA NPs into the fibrous
matrix was studied using SEM-EDX. Fig. 3b reports the micrographs with
the corresponding EDX spectra, which underline the presence of
Fe304@O0A embedded into the fibers, represented by the white particles
detected in the micrographs. On the contrary, it is noticeable that no
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Fig. 1. SEM micrographs of centrifugal spun fibers based on P8, P20, and P30 blends. In the insets, the corresponding dimensional analysis is reported (mean values

+ s.d.; n = 90).
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Fig. 2. (a) SEM micrographs of centrifugal spun fibers based on P20 blend in cord (upper line) and braid (lower line) conformation, with the corresponding images;
(b) Mechanical properties of the P20 cord scaffold compared with the P20 braid scaffold in dry and hydrated state (mean values + sd; n = 4). ANOVA one-way;

Scheffé test (p < 0.05). * indicates statistical differences.

trace of Fe is detected into the P20 fibers.

Afterwards, the interfacial properties of the scaffolds and their hy-
drophilicity and wettability were evaluated using contact angle mea-
surements. Fig. 3c reports the shape, and the contact angle values for a
0.1 pL buffer drop released onto the scaffolds for 1s and 3s.

It is evident that the presence of Gel regulates the surface wettability.
In fact, P20 and P20-Fe304 scaffolds are characterized by a similar hy-
drophobicity (123° and 114° respectively), which do not change after 3s
of contact between the droplet and the surface. On the other hand, the
P20-Fe304-Gel scaffold after 3s of contact is characterized by a signifi-
cant increase in the surface wettability, reaching a value of 89.9°, which
could be considered a hydrophilic surface since it is less than 90° [37].
This indicates the effectiveness of the Gel loading into increasing the
surface wettability.

3.2. Magnetic characterization

Recent advances showed that the combination of scaffolds and MNPs
could result in unique properties to control cell signalling. In particular,
the magnetic force stimulation resulted effective in regulating the in-
flammatory response in tendon treatment [38], and also in promoting
the tenogenic differentiation of stem cells thanks to the mechanical force
that it generates [39]. More importantly, scaffolds enriched with MNPs
could lead to the cells mechano-stimulation, fundamental for the tendon
tissue regeneration. In fact, when a magnetic field is applied, the scaf-
folds could respond with vibrations generating a transient physical force
that could be transferred to the host cells [16]. One important aspect is

also represented by the superparamagnetic behavior of Fes04 NPs with
diameters of less than 20 nm, which is of particular interest as they lose
magnetism once the field is removed allowing a precise remote control
over their functions [10,40]. In fact, the MNPs superparamagnetic
characteristics present numerous applications in tissue repair and
regeneration, particularly in enhancing therapeutic strategies. These
nanoparticles can be manipulated using magnetic fields, allowing for
precise control over cellular behavior and tissue formation. In partic-
ular, MNPs have been shown to facilitate the guided migration and
differentiation of stem cells into specific cell types, by modifying the
cellular microenvironment. Moreover, they enable the formation of
structured cell assemblies and multicellular clusters, which are essential
for creating three-dimensional tissue constructs [41]. MNPs also seem to
play a role in controlling inflammation and reducing scar formation,
which are critical for effective tissue healing [42].

The magnetic properties of the scaffolds enriched with Fe304@0A
NPs were evaluated by SQUID measurements (Fig. 4).

The M vs poH curves (where M represent the magnetization and poH
the external magnetic field) indicate the typical magnetic behavior of
magnetite NPs (Fig. 4a). In fact, they show a superparamagnetic
behavior at 300 K as there is no hysteresis loop after the application of
the magnetic field, due to the fact that every crystal of the NPs acts as a
single magnetic domain. On the other hand, the scaffolds show a ferri-
magnetic behavior at 5 K, since a hysteresis loop is clearly visible in the
M vs poH curves, meaning that the magnetic moments stay aligned even
in the absence of the external stimulation of a magnetic field [43]. These
results confirm that, after their incorporation into the P20 and P20-Gel



E. Bianchi et al.

(a) P20
1.21um * 0.31

P20'Fe304
1.45um £ 0.41

Materials Today Bio 32 (2025) 101699

P20-Fe,0,-Gel
1.18um * 0.34

Fl.SBpm +0.38
|

%i =14%

hydrated

2.05um + 0.59

%i = 41% , |

(b) Element Atomic Weight
Symbol Conc. Conc.
>
o~ C 72.22 66.12
-9
[¢] 27.78 33.88
Element | Atomic | Weight
- Symbol Conc. Conc.
o c 53.84 | 30.08
—
= 0 2996 | 20.06
o~
=9 Fe 19.19 49.86

Element Atomic | Weight
Symbol Conc. Conc.
—
P
EIJ c 7572 | s7.41
-
@) o 1701 | 17.18
L2
;_;“: cr 1.01 3.32
=)
5 Fe 626 | 22.09

| 224um *0.58
%i = 90%

_

(c)
150 A
* *
7 120 -
Q2
® 90 -
©
©
© 60 1
.
=
5
O 30 A
0 - 1
P20-Fe304 P20-Fe304-Gel
v 12375180 114.4:4.1°™ 107.5:4.8°l
E
o
) LL—‘L
-
g 122.482.2°™ 1116049 g0.0:a.5°
o
o
o
m

0 06 __a

Fig. 3. (a) SEM micrographs of P20, P20-Fe304, and P20-Fe304-Gel scaffolds in dry state and after 1 week of hydration in water at 10.0kx magnification (scale bar: 5
pm). In the insets, the corresponding dimensional analysis is reported together with the percentage of fibers increase after hydration (%i) (mean values + sd; n = 30);
(b) SEM-EDX of P20, P20-Fe304, and P20-Fe304-Gel scaffolds with the corresponding spectra (left panel scale bar: 100 pm; right panel scale bar: 10 pm). The white
particles represent the detected Fe304@OA NPs; (c) Contact angle measurements of the P20, P20-Fe30,4, and P20-Fe304-Gel scaffolds evaluated after 100 ms and
3000 ms of contact between the droplet and the surface (mean values + sd; n = 4). ANOVA one-way; Scheffé test (p < 0.05). * indicates statistical differences with

P20-Fe304-Gel 3000 ms.

matrices, the NPs maintain the superparamagnetic characteristics,
indicating that the polymers do not influence their intrinsic behavior.
The ZFC-FC (Zero Field Cooled - Field Cooled) curves of the
magnetization indicate the size of the Fe304@OA NPs (Fig. 4a, right
panel). These curves are typical of relatively large NPs (around 20-30
nm). Since the loaded NPs should have a diameter of 10 nm, these results
could indicate that small particle clusters are present in the polymeric
matrix. This could be also confirmed by the SEM-EDX analysis (Fig. 3b),
which shows the presence of particle clusters within the fibers.
Furthermore, the ZFC-FC curve allows to calculate the % of Fe304@O0A
NPs effectively embedded into the scaffolds (Table 2). Both P20-Fe3O4
and P20-Fe304-Gel scaffolds have an effective % of embedded NPs
similar to the theoretical one, indicating the effectiveness of the
manufacturing process. This could be also confirmed by the comparison

of the scaffolds’ M vs poH curves (Fig. 4b) which almost overlap. This
means that they have similar magnetism and therefore the NPs have
been incorporated in the same amount.

As a proof of concept, scaffolds containing an increasing quantity of
Fe304@O0A NPs were also evaluated for their magnetism (Supporting
Information: Fig. S7). A constant increase in the moment directly related
to the magnetite concentration is clearly visible in all the curves.
Moreover, the calculation of the % of FesO4@OA NPs effectively
embedded into the scaffolds (Supporting Information: Table S1) also in
this case demonstrates that the concentration of NPs effectively
embedded into the scaffolds is similar to the theoretical one, ulteriorly
confirming the effectiveness of the manufacturing process.
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Table 2
% Fe304@O0A NPs effectively incorporated into the scaffolds.

Scaffold % Fe304@O0A NPs incorporated % theoretical
P20-Fe304 0.23 0.20
P20-Fe304-Gel 0.29 0.20

3.3. Structural characterization

The scaffolds were studied by means of infrared spectroscopy and
thermal analysis. Fig. 5a reports the FTIR profiles of the scaffolds
compared to the raw materials, Fig. 5b reports the TGA analysis, and
Fig. 5c reports the DSC analysis.

The FTIR spectrum of Fe304@OA NPS shows characteristics peaks at
580 cm (peak 1) related to the Fe-O stretching vibration [38]. The
same peaks are present in the P20-Fe3O4 and P20-Fe304-Gel spectra with
lower intensity. This could suggest that the NPs are embedded into the
polymeric matrix. Moreover, the bands near 1300 cm™! (peak 2) and
3400 cm™! (peak 3) are related to the O-H stretching vibration of the
Fe3O4@OA NPs [43,44]. As it concerns the Gel spectrum, the band near
1330 cm™! (peak 4) is related to the vibration of the proline side chains,
whereas the peaks between 1100 em™! (peak 5) and 1460 em™! (peak 6)
could be attributed to the presence of type I Gel. Moreover, a peak

related to the amide I C=0 stretching at 1640 cm ™! and a peak related to
the amide I N-H deformation at 1500 cm ™! (peak 7) are present in the
P20-Fe304-Gel scaffold [45].

The TGA and DSC spectra are mainly typical of the PHB, since it is the
main component of the scaffolds. However, the TGA confirms the
incorporation of the FesO4@OA, since the plateau performed at 900 °C
for 30 min leaves the inorganic components. On the other hand, this is
not present in the P20 scaffold spectrum, where the matrix is completely
burned.

As a general trend, all the scaffolds independently of their compo-
sition are stable until 250 °C, also confirming that the manufacturing
process is compatible with the material properties. From this point, they
start showing a fast and intense weight loss until 300 °C, with the
exception of the P20-Fe304-Gel, which keeps on losing weight until
450 °C due to the presence of Gel.

The architecture of scaffolds at the nanoscale was investigated by
SAXS. Fig. 5d reports the SAXS spectra of the scaffolds (right panel) and
of the Fe304@O0A NPs (left panel). The spectra show the characteristic
features of a polymer matrix at the nanoscale. A broad peak is present in
all systems at q = 1.15 nm ™, corresponding to a characteristic polymer
chain distance of 5.5 nm inside the PHB matrix, preserved in the pres-
ence of 20 % relative w/w Gel. At low-q, corresponding to distances of
the order of the hundreds of nms, the scattered intensity of the hydrated
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scaffolds follows a I(q) + q >° decay, revealing a surface fractal
arrangement of the fibers, with compact internal packing and moderate
surface roughness.

In the central region, the presence of Fe304@OA NPs is clearly visible
in the two loaded samples. The spectrum of Fe304@OA NPs is reported
for comparison. The NPs are partially clusterized in aggregates, that can
be anyway embedded in the scaffolds, as already suggested by the SEM-
EDX (Fig. 3b).

3.4. Mechanical properties evaluation

Fig. 6a reports the mechanical properties evaluation (Fmax, elon-
gation %, and YM) performed on the scaffolds in both dry and hydrated
state. All the systems display different mechanical properties in the dry
and hydrated state. The higher elongations at break, induced by lower
Fmax, reveal that the hydrated scaffolds are more ductile with a more
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extended plastic regime. Also, they are less rigid, showing a lower YM in
the elastic regime. The presence of Fes04@OA into the matrix seems to
affect the mechanical properties of the scaffolds. Both a decrease of the
elongation and Fmax at break are visible, suggesting a lower ductility or
higher fragility. The mechanical properties could be influenced by the
presence and the distribution of the Fe304@OA NPs into the fibrous
matrix. In fact, they may have reduced the flexibility of the scaffolds by
decreasing the free volume between the polymer chains and, conse-
quently, their mobility [46]. In the elastic regime the scaffolds with
Fe304@O0A show a higher YM than P20 in the dry state, corresponding
to a higher rigidity, while displaying a similar elastic behavior upon
hydration. The mechanical properties of human tendons greatly vary
according to their location, with an ultimate tensile strength that ranges
from 5 to 100 MPa and a strain of failure between 10 and 15 % [47]. The
developed scaffolds could not sustain a complete tissue breakage.
However, they could successfully mimic the elastic regime of tendons,
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Fig. 6. (a) Mechanical properties of the P20, P20-Fe304, and P20-Fe304-Gel scaffolds in dry and hydrated state (mean values + s.d.; n = 4). ANOVA one-way; Scheffé
test (p < 0.05). * indicates statistical differences between the results; (b) SAXS intensity profiles of P20 scaffolds in the region of the characteristic peak at increasing
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P20-Fe304-Gel scaffolds (red). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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supporting a 15 % elongation (the strain of failure of native tendons)
without breaking. This could guarantee the structural support of a
partial breakage, where it is fundamental for the host cells to find a
pattern that mimic the native ECM, consequently stimulating a more
rapid regeneration of the tissue. Finally, the tendon stiffness greatly
influences the YM in vivo. Similarly, the YM of the developed scaffolds
could be modulated by increasing or reducing their stiffness in order to
adapt the corresponding YM to the one required.

The macroscopic mechanical properties were correlated with the
nanoscopic mechanics of the polymer matrix. The evolution of the
nanoscale structure while the scaffolds were subjected to elongation,
were observed acquiring the scattered X-ray 2D patterns at several
consecutive strain increments Al = 0.5 mm, corresponding to an elon-
gation €macro of 3.3 %. Fig. S8 reports the 2D patterns collected for the
different PHB-based samples in hydrated conditions at 0 % and 25 %
elongation. At 25 % elongation, patterns are asymmetric, with a
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shrinkage along the direction of the tension. The contraction observed in
the direction of the fibre axis in the 2D patterns indicates an elongation
of the internal structure of the polymer matrix in the direction of ten-
sion. The analysis of the scattered intensity profiles at increasing elon-
gation was performed by observing the shift of the characteristic
structure peak at ¢ = 1.15 nm™}, as reported in Fig. 6b (left panel). The
displacement of the peak towards lower g-values indicates an increase in
the characteristic distance between polymer chains (from the initial d =
5.5 nm) within the polymeric matrix. The local elongation e,an, Was
calculated and reported as a function of the macroscopic elongation
€macro i0 Fig. 6b (right panel) for P20 and P20-Fe304-Gel scaffolds. P20-
Fe304 results are similar to the ones of P20-Fe304-Gel system. Notably,
the nano-scale strain is significantly smaller than the macroscopic strain
along the loading direction. Results indicate that the polymer PHB
matrix does not simply deform under tension, but rearranges itself,
deforming locally less than expected. The ratio between the two
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Fig. 7. (a) Weight loss (%) evaluated for the scaffolds after 2, 4, 8, and 12 weeks of degradation (mean values =+ s.d.; n = 3); (b) Fe?t/Fe®* released from the scaffolds
after 2, 4, 8, and 12 weeks of degradation (mean values + s.d.; n = 3); (c) SEM micrographs of the scaffolds at different times of degradation at 10.0kx magnification
(scale bar: 5 pm). In the insets, mean fibers diameters and % of fibers increase (%i) upon degradation are reported (mean values + s.d.; n = 90).
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elongations (€nano/€macro) i ¥ for PHB up to 20 % macroscopic elon-
gation. At higher macroscopic strains, a plateau in the local structure is
observed until the breakpoint. The peculiar behaviour is enhanced by
the presence of Fe304@OA NPs and gelatin, as visible in Fig. 6b (right
panel). The ratio between the two elongations (enano/€macro) is about 1/6
up to 20 % macroscopic elongation and the limit local deformation is
reached at higher strains (emacro > 30 %), close to the breakpoint.

During SAXS acquisitions, the forces necessary to keep the imposed
values of strain were measured. At each elongation increment, Al = 0.5
mm, a time evolution of the force was observed, indicating a stress
relaxation process in all the systems. Results are reported in Fig. S9,
confirming the viscoelastic behaviour of the scaffolds under tension, as
expected for polymer networks. The presence of gelatin seems to in-
crease the relative importance of the viscous contribution to the me-
chanical behaviour of the P20-Fe304-Gel scaffolds.

3.5. Scaffolds in vitro degradation and Fe304@OA release

The degradation was investigated in vitro in PSB to simulate the pH
and ionic strength of aqueous environment, site of scaffold implant.
Fig. 7a reports the scaffolds in vitro degradation, whereas Fig. 7b reports
the Fe?'/Fe®! release during the degradation, and Fig. 7c shows the
SEM micrographs of the scaffolds at different degradation times (2, 4, 8,
and 12 weeks) with the corresponding dimensional analysis.

It is noticeable that the scaffold with Gel is characterized by a strong
weight loss of about 20 % during the first month and then it reaches a
plateau, while the scaffold of just PHB is stable and characterized by a
low weight loss of about 6 % in 3 months. This is probably due to the loss
of the Gel, which could remain for the time needed to allow the cell
attachment and initial proliferation, and then degrade leaving the strong
structure of the PHB as a support. The P20-Fe304 scaffold also shows a
slight degradation of about 10 % in 12 weeks, that could be due to the
loss of superficial magnetite NPs which were not embedded in the
polymeric matrix.

During the degradation, the scaffolds are characterized by a low
Fe?t/Fe3" loss, as shown in Fig. 7b. In fact, at every time interval the
Fe?" /Fe3* detection is in the order of ppb, meaning that, in all cases, the
Fe304@O0A NPs are well integrated into the polymeric matrix. In
particular, the iron loss in 12 weeks was less than 0.05 % of the total
MNPs amount, suggesting that iron ions therapeutic effect could be
considered not significant. Interestingly, the P20-Fe304-Gel scaffold is
characterized by a higher Fe?!/Fe>* loss after 8 weeks, which is prob-
ably related to the faster degradation of Gel and the cosequent loss of
more superficial NPs. However, in all cases Fe?"/Fe®" is neglegible
(<0.05 % w/w of the total MNPs amount) suggesting that Fe304@0A
NPs are firmly entrapped into the polymeric matrix that completely
surrounds them, and the released amount is probably related to the
residues present on the fibers’ surface.

However, the scaffolds maintained their integrity in terms of
morphology and fibers orientation after 3 months of degradation,
showing an increase in the surface roughness and a linear increase in the
fibers dimensions (Fig. 7c). Interestingly, the P20-Fe304-Gel scaffold is
characterized by a significantly higher fiber swelling after 4 weeks of
degradation, while the same parameter decraeses after 8 weeks. This
could ulteriorly confirm the weight loss results showed in Fig. 7a. In fact,
the Gel could lead to an increase in the water adsorption during the first
month, while after its degradation it could leave the PHB skeleton,
which needs to be re-hydrated.

3.6. Cell proliferation assay

The application of external magnetic fields on cells was proven to
improve cells migration, homing efficiency, and differentiation poten-
tial, having beneficial effects in therapeutic applications [48,49]. Since
this field was widely explored in literature, this research mainly aimed
at the investigation of the potential synergic effect of magnetic field and
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ECM-like scaffolds, to improve the rehabilitation capability in respect to
the results reported in literature on scaffolds or magnetic fields alone.
Starting from this statement, the cell proliferation due to the combina-
tion between MNPs-enriched scaffolds and external magnetic stimula-
tion is here reported (Fig. 8a). The test was performed on the scaffolds
with and without the application of different magnetic fields for 21 days.
It is clearly visible that after 3 days of growth the higher fields (155 and
285 mT) seem effective on the cell growth when combined with the
scaffolds enriched with magnetite. On the other hand, the control of cells
grown in standard conditions (GM) and the P20 scaffold are character-
ized by a cell proliferation that is similar with and without the appli-
cation of the magnetic field.

Moreover, the Gel seems also effective since the cells are able to grow
better in respect to the other scaffolds. The same trend is observed after
7, 14, and 21 days, with the P20-Fe304-Gel scaffold having the best
performance. In particular, after 21 days the cells growth onto the P20-
Fe304-Gel scaffold with the application of the magnetic fields reaches
values considerably higher than that of the GM and the P20 scaffold.

More importantly, the CLSM images (Fig. 8b) and the SEM micro-
graphs (Fig. 8c) confirm the effectiveness of the combination of the
scaffolds and the application of an external magnetic field also on the
cells’ alignment. It is clearly visible that the cells are randomly oriented
when no external magnetic field is applied on the scaffolds loaded with
Fe304@O0A NPs, and they always appear randomly oriented onto the
P20 scaffold. On the other hand, when the magnetic field is applied onto
the P20-Fe304 and P20-Fe304-Gel scaffolds (especially the higher fields
of 155 and 285 mT) the cells assume an elongated shape and they appear
aligned onto the matrix. Moreover, the Gel is also effective on the cell
adhesion, since the P20-Fe304-Gel is characterized by a higher attach-
ment than the other scaffolds after 21 days.

The same trend is observed with hASCs (Fig. 8d). In fact, after 21
days of culture, the hASCs seeded onto the P20-Fe304-Gel scaffold
together with the application of the higher magnetic fields (155 and 285
mT) show a growth significantly higher than the ones grown without the
magnetic stimulation. Moreover, even in this case the cells grown in GM
and the P20 scaffold are characterized by a cell proliferation that is
similar with and without the application of the magnetic field. More
importantly, the CLSM images (Fig. 8e) show that hASCs are able to
differentiate and produce collagen I matrix when the NPs-doped scaf-
folds are combined with an external magnetic stimulation. In fact, the
cells result elongated onto the scaffolds and a green signal correspond-
ing to collagen I is visible in the cells proximity. This is probably due to
the magnetic stimulation, which seems to upregulate the expression of
tendon-associated genes, as mentioned also in previous studies [38,39].
Research works indicate that mechanical loading via magnetic stimu-
lation can repress matrix-degrading enzymes like matrix
metalloproteinase-3 (MMP-3), which is crucial for maintaining tendon
matrix integrity [50] Moreover, exposure to low-frequency static mag-
netic fields has been shown to influence cytoskeletal organization,
which is linked to enhanced mechanosensing and gene expression in
stem cells, further supporting tenogenesis [16]. In fact, this can lead to
significant upregulation of genes such as scleraxis (SCX), Collagen Type I
Alpha 1 (COL1A1l), and Tenascin C (TNC) in tendon-derived cells,
enhancing their regenerative potential [38]. Finally, as already
mentioned, magnetic stimulation seems able to modulate inflammatory
cytokines, favoring a pro-regenerative environment beneficial for
tendon healing [51].

On the other hand, the cells grown onto P20 scaffold maintain
hASCs’ phenotype, and no green signal is visible.

From these results, it is possible to conclude that the super-
paramagnetic Fe304@O0A NPs embedded into the polymeric scaffolds
and the static magnetic field acted synergically to stimulate the cell
adhesion and proliferation.

As already mentioned, the supposed mechanism is mechano-
stimulation. In fact, the nano-movements induced by the magnetic
field on the scaffolds seem able to stimulate cells proliferation,
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Fig. 8. (a) Aqua Bluer assay at 3, 7, 14, and 21 days of fibroblasts culture onto the scaffolds, with and without the application of different magnetic fields. Cells
grown in standard conditions (GM) were used as a positive control and Triton 10 % v/v was used as negative control (mean values + sd; n = 6). ANOVA one-way;
Scheffé test (p < 0.05), * indicates statistical differences; (b) CLSM images of fibroblasts grown onto the scaffolds for 21 days with and without the application of
different magnetic fields (nuclei stained in blue: DAPI; cytoskeletons stained in red: Phalloidin-TRITC) (scale bar: 50 pm); (c¢) SEM micrographs of fibroblasts grown
onto the scaffolds for 21 days with the application of the 155 mT magnetic field; (d) Aqua Bluer assay at 3, 7, 14, and 21 days of hASCs culture onto the scaffolds, with
and without the application of different magnetic fields (GM: positive control; Triton 10 % v/v: negative control) (mean values + sd; n = 6). ANOVA one-way;
Scheffé test (p < 0.05), * indicates statistical differences; (e) CLSM images of hASCs grown onto the scaffolds for 21 days with and without the application of
different magnetic fields (nuclei stained in blue: DAPI; cytoskeletons stained in red: Phalloidin-TRITC; Collagen I matrix stained in green: ATTO 488 goat anti rabbit
IgG) (scale bar: 50 pm). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

alignment, and differentiation, allowing deeper tissue reparation [10].
This stimulation primarily occurs through the interactions between cells
and ECM, influencing cell behavior through various signaling pathways,
primarily by modulating intracellular mechanisms and cellular re-
sponses. The modulation occurs via several key processes, including
inflammatory responses and ion channel dynamics, which collectively
contribute to the therapeutic effects observed in tissue regeneration
[51]. In particular, the forces are transmitted via the integrin membrane
protein, triggering a series of pathways that influence the cells behavior.
The main route for mechanical force transmission within cells is through
filamentous actin (F-actin), which plays a role in various processes such
as adhesion, proliferation, and changes in morphology. When an
external force is applied, the extracellular a-chain of integrin is acti-
vated, relaying the signal to the F-actin cytoskeleton, which induces
internal contractility, consequently forming integrin-based focal adhe-
sion complexes that connect with the ECM [52,53]. Additionally,
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membrane ion channels also serve as mechanosensitive sensors. Their
molecular structure can change in response to mechanical stimuli,
altering the membrane’s permeability and influencing cell fate. In
particular, G-protein-coupled receptors (GPCRs) are key ion channels
that detect external forces, releasing signaling molecules that lead to the
remodeling of the surrounding matrix. When exposed to mechanical
stimuli, specific signals to the membrane proteins, like integrins and
GPCRs, can regulate gene expression through various pathways,
involving biochemical signals in the cytoplasm that are transmitted to
the nucleus [54,55]. These lead to gene expression regulation and
increased cell proliferation, consequently deepening tissue repair
[56-58].

3.7. Pro-inflammatory immune response and hemolysis test

The interplay between inflammation and stem cell behavior is crucial
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Fig. 8. (continued).

for tissue repair and regeneration, as stem cells respond to inflammatory
cues by releasing pro-inflammatory mediators. In fact, stem cells can
secrete cytokines, such as TNF-a and IL-1b, and chemokines that
modulate immune response, influencing inflammation and tissue repair
processes [59,60]. In particular, inflammation drives the mobilization of
stem cells from their niches, enhancing their availability for tissue repair
[59]. Conversely, while stem cells can produce inflammatory factors
beneficial for tissue repair, excessive inflammation can lead to detri-
mental effects, such as chronic inflammation and tissue degeneration,
highlighting the need for a balanced inflammatory response in stem cell
therapy and regenerative medicine [61]. For these reasons, a pre-
liminary evaluation in vitro on the proinflammatory immune response
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was performed on hASC cells after the contact with the scaffolds, in
order to assure the avoidance of the risk of excessive inflammation and
unbalanced tissue repair.

The pro-inflammatory immune response of the cells was evaluated
by ELISA assay after 21 days of contact with the scaffolds with and
without the application of the magnetic fields (Fig. 9). LPS was used as
positive control, Triton as negative control. No significant secretion of
TNF-a cytokine is visible after the contact with the scaffolds, meaning
that the systems are safe, and they do not cause any excessive inflam-
matory reaction on stem cells.

Moreover, the hemocompatibility of P20-Fe304-Gel was evaluated
by hemolysis test in vitro, by incubating the samples with fresh blood. As
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growth medium; LPS: lipopolysaccharide) (mean values + sd; n = 6). ANOVA one-way; Scheffé test (p < 0.05), ** indicates statistical differences with the cells

treated with LPS 2 pg/mL (p < 0.01).

shown in Table 3, the scaffold is characterized by hemocompatibility
properties. In fact, the hemolysis rate results lower than 5 %, suggesting
that no hemolysis occurred [62,63].

3.8. In vivo efficacy evaluation

The in vivo efficacy of the scaffolds was investigated in a murine
model; biopsies of intact tendon (Fig. 10a) and of the lesion treated with
traditional suture alone (Fig. 10b-f,1) and combined with an external
magnetic field of 155 mT =+ 10 (Fig. 10c-g,m) were also taken as positive
control.

In Fig. 10a, the healthy tendon shows fibrous connective tissue with
parallel bundles. The fundamental substance is anistic and not very
abundant, therefore not visible. The bundles of collagen fibers arranged
in parallel are clearly visible, according to the lines of force to which the
tendon is subjected. Rare cells, in particular tenocyte and tenoblasts, are
arranged peripherally at the border with the surrounding connective
tissue (endotenonium).

Fig. 10b-f,]1 show the tendon tissue treated with traditional suture
alone after 1, 3, and 6 weeks respectively. After 1 week, an area affected
by inflammatory cells is still evident in the central part of the tendon,
mostly polymorphonuclear leukocytes and monocytes-macrophages
which are completing the removal of necrotic tissues. This represents
the end of the inflammatory phase, and the beginning pf proliferative
phase. After 3 weeks, the inflammatory cells disappear and the structure
of the tendon appears rebuilt, with the collagen fibers reorganizing
themselves along the longitudinal axis. After 6 weeks, remodeling be-
gins, leading to the consolidation of the structure and the restoration of
the tensile strength of the tendon.

Fig. 10c-g,m show the tendon tissue treated with traditional suture
combined with the external magnetic field after 1, 3, and 6 weeks
respectively. After 1 week, an area affected by inflammatory cells
(polymorphonuclear cells and monocytes-macrophages) and neoangio-
genesis is evident, representing the inflammatory phase. After 3 weeks,

Table 3

P20-Fe304-Gel HR%.
Scaffold HR%
P20-Fe304-Ge 0.77 £ 0.50
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proliferative phase begins. Both inflammatory cells and tenocytes/
tenoblasts, which are rebuilding the matrix, are still abundant. The
orientation of the newly formed collagen is not yet along the longitu-
dinal axis. After 6 weeks, the cells disappear, and the collagen is ori-
enting itself.

Fig. 10d-h,n show the tendon tissue treated with P20-Fe304-Gel
scaffold alone after 1, 3, and 6 weeks respectively. After 1 week, the
injured area is affected by inflammatory cells and tenoblasts/tenocytes
that synthesize collagen and amorphous matrix, representing the end of
the inflammatory phase, and the beginning of the proliferative phase.
The proliferative phase continues after 3 weeks, since the inflammatory
cells are no more visible, and the tendon structure appears rebuilt, with
the collagen fibers reorganizing themselves along the longitudinal axis.
After 6 weeks, remodeling phase begins, leading to the consolidation of
the structure and the restoration of the tensile strength of the tendon.

Fig. 10e-i,0 show the tendon tissue treated with P20-Fe304-Gel
scaffold combined with the external magnetic field after 1, 3, and 6
weeks respectively. Interestingly, after 1 week of treatment the damaged
area is already compacting, and, unlike the other samples, in this case
the lesion is completely closed, and already in the proliferative phase.
After 3 weeks newly formed collagen appears already oriented. After 6
weeks, the collagen is organizing itself along the longitudinal axis,
leading to the consolidation of the structure and the restoration of the
tensile strength of the tendon. All phases of treatment do not show
degenerative events nor adipocyte infiltrations [64]. More importantly,
no sign of inflammatory process was recognizable after 6 weeks of
treatment, with no leukocyte recruitment or foreign body response.

An important issue is related to the implant’s degradation, since it
should degrade within the three months of treatment following the
surgery in order to guarantee structural support, mimicking the native
ECM, stimulating the cells homing and proliferation and potentially
reducing medical complications. From the histology performed after 6
weeks, it is possible to observe that no scaffold residual is visible after
the treatment, suggesting that in vivo scaffold’s degradation is more
rapid probably due to its replacement with native tissue.

These results highlight the potential of P20-Fe304-Gel scaffold in
combination with an external magnetic field to speed up the tendon
healing process.

Another important issue could involve the possible accumulation of
FesO4 NPs in the body. It is already known that the MNPs primarily
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6 weeks after surgery

Fig. 10. H&E and PSR sections of the (a) intact tendon, (b) lesion treated with traditional suture after 1 week, (c) lesion treated with traditional suture combined
with magnetic field after 1 week, (d) scaffold implant after 1 week, (e) scaffold implant combined with magnetic field after 1 week, (f) lesion treated with traditional
suture after 3 weeks, (g) lesion treated with traditional suture combined with magnetic field after 3 weeks, (h) scaffold implant after 3 weeks, (i) scaffold implant
combined with magnetic field after 3 weeks, (1) lesion treated with traditional suture after 6 weeks, (m) lesion treated with traditional suture combined with magnetic
field after 6 weeks, (n) scaffold implant after 6 weeks, and (o) scaffold implant combined with magnetic field after 6 weeks. Original magnification: 5 x . Each

micrograph frame has a width of 1780 pm (scale bar: 500 pm).

accumulate in the spleen (84.4 %) and liver (11.4 %), where they un-
dergo metabolic processes [65]. In particular, their metabolism in vivo
seems closely linked to the release of iron ions (Fe?" and Fe®*") as they
undergo dissolution within cells. These released iron ions are processed
through the body’s natural iron metabolism pathways, involving bind-
ing to proteins like ferritin and transferrin, which facilitate their trans-
port and storage in tissues, such as the liver and spleen [66].
Additionally, studies have shown that MNPs and their degraded com-
ponents show low toxicity and do not cause permanent organs damage
in low concentrations, being excreted from the body via both hep-
atobiliary and renal pathways, highlighting their safety profile [67,68].
In fact, concentrations in the range of 0.1-1 mg/kg body weight for
intravenous administration and 1-10 mg/kg for oral administration are
generally considered safe without significant toxic effects in many in vivo
models, underlining the safety of the MNPs concentration loaded into
P20-Fe304-Gel scaffold. Talesh et al. orally administered iron oxide NPs
at doses of 50, 500, and 5000 mg/kg for five days in rats. The findings
indicated that toxicity was dose-dependent, with higher doses leading to
more pronounced adverse effects, such as lethargy, ataxia, anorexia,
depression, and respiratory arrhythmia. However, the lower dose (50
mg/kg) administration had no consequent toxicity compared to the
control group [69]. Similarly, Kumari et al. investigated repeated oral
dosing of MNPs at 30, 300, and 1000 mg/kg in rats over 28 days,
showing that the lower dose of 30 mg/kg did not cause toxicity [70].
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4, Conclusion

Fibrous scaffolds based on PHB doped with magnetite and enriched
with Gel were successfully manufactured with a centrifugal spinning. It
was possible to develop fibers in aligned conformation able to mimic the
tendon fascicles. The Fe304@OA NPs were successfully embedded into
the fibrous matrix, leading to an increase of the scaffolds rigidity, while
the Gel led to an increase in the surface wettability, which should result
in a more favorable surface for the cells adhesion. The scaffolds were
characterized by a superparamagnetic behavior that should guarantee a
precise remote control over their functions. Moreover, the weight loss
test performed for 12 weeks suggested a slow degradation rate that
should guarantee a structural support during the entire tissue regener-
ation. Furthermore, the negligible iron release should decrease the risk
of toxicity related to nanomaterials. It was possible to investigate the
effect of static magnetic fields of different extent on the cells behavior
when combined to the scaffolds. These findings should contribute to the
understanding of the mechanisms of external magnetic mechanostimu-
lation. The scaffolds enriched with Fe304@OA NPs promoted the cell
proliferation, in particular when combined with the application of
external magnetic fields of 155 and 285 mT. Moreover, the Gel also
seemed effective since the cells were able to grow better in respect to the
other scaffolds. The application of the magnetic field onto the scaffolds
enriched with Fe304@OA NPs also led to a significant increase in the cell
alignment onto the matrix. More importantly, hASCs cells were able to
differentiate and produce collagen I matrix when the NPs-doped
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scaffolds were combined with the external magnetic stimulation.
Furthermore, the scaffolds did not cause any inflammatory reaction, and
they resulted hemocompatible.

Finally, the in vivo efficacy evaluation demonstrated that P20-Fe304-
Gel scaffold combined with the external magnetic stimulation led to the
complete healing of the lesion after just 1 week of treatment. On the
contrary, in the tendons treated with traditional suture and with the
scaffold alone, the lesion was still visible after 1 week.

In conclusion, scaffolds based on PHB and doped with Gel and
Fe3O4@O0A NPs represent an interesting tool to enhance the tendon
tissue regeneration and stimulate a deeper tissue regeneration, when
combined with an external magnetic field, also deepening the actual
knowledge on the use of static magnetic fields.
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