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ARTICLE INFO ABSTRACT

Keywords: Skeletal muscle integrity and its intrinsic aligned architecture are crucial for locomotion, postural support, and
Magneto-responsive hydrogel respiration functions, impacting overall quality of life. However, volumetric muscle loss (VML) can exceed
Gellan gum

intrinsic regenerative potential, leading to fibrosis and impairments. Autologous muscle grafting, the current
gold standard, is constrained by tissue availability and success rates. Therefore, innovative strategies like cell-
Magnetic nanoparticles based therapies and scaffold-based approaches are needed. Our minimally invasive approach involves a
Biological response tunable injectable hydrogel capable of achieving an aligned architecture post-injection via a low-intensity static
Regenerative medicine magnetic field (SMF).

Our hydrogel formulation uses gellan gum as the backbone polymer, enriched with essential extracellular
matrix components such as hyaluronic acid and collagen type I, enhancing bio-functionality. To achieve an
aligned architectural biomimicry, collagen type I is coupled with iron oxide magnetic nanoparticles, creating
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magnetic collagen bundles (MagC) that align within the hydrogel when exposed to a SMF. An extensive study
was performed to characterize MagC and assess the hydrogel’s stability, mechanical properties, and biological

response in vitro and in vivo.

The proposed system, fully composed of natural polymers, exhibited mechanical properties similar to human
skeletal muscle and demonstrated effective biological performances, supporting its potential as a safe and
patient-friendly treatment for VML.

1. Introduction

Skeletal muscle, with its intrinsic aligned architecture, is funda-
mental for essential bodily functions such as locomotion, postural sup-
port, and respiration, making its integrity vital for a high quality of life
[1,2]. The intrinsic regenerative potential of skeletal muscle, attributed
to satellite cells, enables effective repair during minor injuries [3-6].
However, in cases of volumetric muscle loss (VML)—whereby more than
20 % of muscle mass is compromised due to severe trauma, tumor
resection, or congenital anomalies—the natural regenerative processes
fail [1,2]. This deficiency often culminates in the formation of fibrotic
tissue, leading to compromised muscle strength, restricted joint
mobility, and a spectrum of musculoskeletal comorbidities [7].

The current gold standard treatment for VML is autologous muscle
grafting but this approach is hampered by limitations. These include the
availability of suitable host muscle tissue, the necessity for highly skilled
orthopedic and microvascular surgeons, and the inherent risks of post-
operative complications, often necessitating revisionary procedures or
even limb amputation [8-12]. Recognizing these challenges, consider-
able research has been done to develop innovative strategies to address
VML. Among these, cell-based therapies initially showed promising re-
sults due to the regenerative potential of stem cells. Various approaches
involving different stem cell sources-ranging from embryonic stem cells
to adult mesenchymal stem cells, amniotic fluid stem cells, induced
pluripotent stem cells, and undifferentiated muscle stem cells-have been
explored [13,14]. However, ethical and safety concerns, as well as
challenges in obtaining the high cell number required, finding the
optimal transplantation route, and controlling their retention and dif-
ferentiation at the injury site, have limited their application [13].

In response to these challenges, scaffold-based approaches have
emerged as a promising alternative or as a synergistic tool to improve
cell therapy outcomes. Scaffolds offer the advantage of providing
structural support for tissue regeneration, bypassing some of the hurdles
encountered with cell-based therapies. Notably, animal-derived decel-
lularized extracellular matrices (ECMs) have received attention for their
ability to mimic the natural tissue microenvironment, fostering tissue
regeneration [15]. However, the aggressive techniques used during the
decellularization process cause poor retention of biomolecules into the
scaffold impairing their bioactivity. Moreover, the use of acellular
scaffolds is limited in VML cases, where a substantial volume of tissue
regeneration is required making it difficult for such a high amount of
ECM retrieval [16].

The ideal scaffold for skeletal muscle tissue regeneration must not
only mimic the native tissue’s composition and mechanical properties
but also possess an aligned architecture promoting functional tissue
restoration. So, the anisotropic nature of the scaffold is a fundamental
feature needed for the muscle tissue native architecture regeneration.
Various fabrication techniques, such as electrospinning, 3D bioprinting,
and freeze casting, have been employed to recreate the characteristic
aligned structure of muscle tissue [17-19]. However, the unpredictable
shape and size of VML defects pose challenges for the design and im-
plantation of the above-mentioned scaffolds, potentially compromising
patient outcomes and compliance. Injectable hydrogels, among scaffold
options, offer a patient-friendly approach. However, a significant chal-
lenge in their design is the typical lack of an anisotropic structure, which
is fundamental for effective muscle tissue regeneration [20-22]. The
concept of creating an injectable hydrogel with intrinsic anisotropic
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structure is relatively unique, with limited examples in the literature
[23,24] and no commercial products or ongoing clinical trials
embodying this approach. In light of these considerations, we propose a
tunable injectable hydrogel capable of achieving an aligned architecture
post-injection through the application of a low-intensity static magnetic
field (SMF).

When considering polymers for fabricating injectable hydrogels,
both synthetic and natural options are available, each with distinct ad-
vantages and limitations. Synthetic polymers (e.g., polyvinyl alcohol,
polyethylene glycol, and polylactic acid) offer advantages such as the
ability to tailor mechanical properties, porosity, and degradation time to
match specific requirements. However, their limited bioactivity,
including challenges related to cell adhesion, migration, cell-mediated
biodegradation, and in some cases their degradation products posed
challenges to their market adoption [25-27]. In contrast, natural poly-
mers (e.g., collagen, fibrin, hyaluronic acid, elastin) often components of
the ECM, exhibit high biocompatibility and remarkable bioactivity to
mimic the natural tissue environment. This characteristic not only en-
hances cell adhesion but also fosters robust cellular interactions, pro-
moting cell spreading, growth, proliferation, and differentiation crucial
for successful tissue regeneration [14,28].

Our formulation features gellan gum as the natural backbone poly-
mer, a water-soluble bacterial-derived polysaccharide that has already
obtained Food and Drug Administration (FDA) and European Food
Safety Authority (EFSA) approval for use in the food, cosmetic, and
pharmaceutical industries as additive or excipient. With its established
biocompatibility and biodegradability, gellan gum has recently caught
interest in the field of tissue engineering [29]. To enhance the bio-
functionality of our system, we have integrated essential ECM compo-
nents, such as hyaluronic acid and collagen type I, into our formulation
[30]. Hyaluronic acid has also been shown to play a significant role in
ECM remodelling during scar-free muscle tissue restoration [31,32]. To
improve the architectural biomimicry of the skeletal tissue, in this study
collagen type I has been coupled with iron oxide magnetic nanoparticles
(MNPs) to create magnetic collagen bundles (MagC). When exposed to a
low-intensity SMF, MagC aligned within the hydrogel, imparting an
anisotropic structure to our system—a crucial feature for effective
muscle tissue regeneration.

A comprehensive study has confirmed the suitable mechanical
properties of the injectable hydrogel and an anisotropic inner architec-
ture, the promising cellular behaviour of muscle cells directly encap-
sulated within the hydrogel, and its favorable performance in vivo. These
findings support the effectiveness and safety of our approach to treat
VML, providing a promising patient-friendly therapeutic option.

2. Materials and methods
2.1. Materials

Iron (II, III) Oxide nanopowder 50-100 nm (MNPs, Sigma Aldrich),
Collagen type I from rat tail (Sigma Aldrich), DC Protein Assay Kit (Bio-
Rad), Gellan gum (Gel, phytagel, Sigma Aldrich), hyaluronic acid bt
(HYA, molecular weight: 1700 kDa, DSM), trisodium citrate (SC,
Merck), phosphate-buffered saline (1X) w/o Ca and Mg (PBS, Gibco),
DMEM high glucose (Gibco), foetal bovine serum (FBS, Gibco), peni-
cillin/streptomycin mixture (pen/strep, Gibco), horse serum (HS, Sigma
Aldrich), trypsin 0.5 % EDTA (Gibco), trypan blue (Sigma Aldrich),
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LIVE/DEAD Viability/Cytotoxicity Kit (Invitrogen), PrestoBlue Cell
Viability Reagent (Invitrogen), triton X-100 (Sigma Aldrich), para-
formaldehyde (PFA, Sigma Aldrich), ActinRed 555 ReadyProbes reagent
(Invitrogen), 4',6-diamidino-2-phenylindole dihydrochloride reagent
(DAPI, Invitrogen), xylene (Sigma Aldrich), ethanol (Sigma Aldrich),
formalin (Kaltek), Mayer haematoxylin (Fluka), acetic acid (Sigma
Aldrich), Potassium hexacyanoferrate(Il) (Sigma Aldrich), Safranin-O
(Sigma Aldrich), Fast Green (Sigma Aldrich), Eosin Y (Sigma Aldrich),
mount (Histo-Line).

2.2. Magnetic set up

A solenoid was built by using a copper wire (d = 1 mm) with the
following geometry: d = 4 cm, 1 = 10 c¢m, coils number = 358 (Fig. S1).
The electric current magnitude was 2 A. The magnetic field measured by
a magnetometer at the center of the solenoid was 9 mT. COMSOL
Multiphysics Software (version 5.4) was employed to produce a sche-
matic representation of the magnetic flux generated by the solenoid.

2.3. MagC preparation and characterization

Collagen and MNPs surface charge ({-potential) was evaluated by
mean of electrophoretic light scattering (ELS) using a Zetasizer Nano ZS
with 173° detection optics (Malvern Instruments). Collagen was diluted
at 0.04 mg/mL in MilliQ water and the pH adjusted to 7.4. MNPs were
resuspended at 25 mg/mL in MilliQ water containing 95 mM SC and
sonicated for 5 min (frequency = 20 kHz, power = 130 W, 20 %
amplitude) and diluted in MilliQ water at the final concentration of 0.04
mg/mL.

Magnetic collagen bundles were prepared by blending MNPs to
Collagen type I. MNPs were resuspended as described above. Then MNPs
were mixed with the collagen (final concentration equal to 1 mg/mL for
both), the pH was adjusted to 7.4 and the components let interacting for
~30s. By using a Neodymium magnet (20 x 10 x 10 mm; magnetic flux
density on load point = 767 mT, surface flux density = 460 mT, MagFine
srl) the bundles were precipitated and the supernatant was removed.
MagC were resuspended either in MilliQ water or in the hydrogel
formulation to reach the final concentration of 0.5 mg/mL of MNPs.

An indirect collagen concentration quantification was used to
determine the amount of collagen bound in MagC. A colorimetric assay
(DC Protein Assay) was used to evaluate the collagen concentration in
the supernatant removed after the MagC formation and precipitation (n
=3).

For a microscopy evaluation, MagC were resuspended at 0.25 mg/
mL of MNPs in MilliQ water and a 50 pL drop was poured on a 13 mm
diameter glass coverslip placed inside the solenoid for 10 min, then let
air dry (MagC aligned). A control group was just let air dry (MagC not
aligned). For the optical microscopy evaluation the coverslips were
imaged by an Inverted Ti-E Fluorescent Microscope (Nikon). The sam-
ples were also analysed by a scanning electron microscope (SEM). An
adhesive carbon tape was used to place the coverslips on aluminium
stubs in order to be gold-sputtered by a Polaron Sputter Coater E5100
(Polaron Equipment). The samples were observed by using a Stereoscan
360 SEM (Cambridge Instruments).

A more detailed analysis was performed by field emission-gun
scanning electron microscopy (FEG-SEM) and energy dispersive X-ray
spectroscopy (EDS). The samples (free collagen type I and MagC) were
freeze-dried (—40 °C and +25 °C) for 48 h under 0.086 mbar vacuum
conditions (5 Pa, LIO 3000 PLT) and then placed on stubs and gold-
sputtered as described above. The images and the EDS measurements
were acquired by a XIGMA FEG-SEM microscope (ZEISS NTS Gmbh).

For the magnetic characterization, MagC and free MNPs at 1 mg/mL
were analysed at room temperature (RT) in liquid suspension by a
commercial inductive magnetometer (SENS AC HysterTM Series, Nano-
tech Solutions). AC Hyster ™ Series measures magnetization cycles from
the samples under alternating magnetic field whose frequency ranges
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from 10 up to 100 kHz and intensities up to 32 kA/m. Each AC
magnetization measurement consists of three repetitions to obtain an
average of the magnetization cycles and the related magnetic parame-
ters (HC, MR, AC magnetic hysteresis area). Magnetization units were
normalized by the magnetic element mass (i.e. iron magnetic elements)
and expressed in Am?/kg.

2.4. Hydrogel formulation and characterization

Gel was solubilized at 12.5 mg/mL in MilliQ water containing 1.25
mg/mL SC at 70 °C under magnetic stirring, obtaining a Gel hydrosol.
HYA was solubilized under magnetic stirring for 2 h in MilliQ water at
30 mg/mL. MagC were prepared as described above. Gel, HYA, and
MagC were mixed to a final concentration of: 10 mg/mL (Gel), 3 mg/mL
(HYA), 0.5 mg/mL (MNPs in MagC) to obtain Gel/HYA/MagC. Two
control groups were also prepared: Gel (10 mg/mL) and Gel/HYA/Coll
(10 mg/mL Gel, 3 mg/mL HYA, 0.05 mg/mL collagen type I at pH 7.4).
The gelation of the hydrosols was triggered by cations-containing so-
lutions (i.e. PBS 1X, cell culture media, biological fluids) and they were
either extruded through a 30G needle directly into a cations-containing
solution to obtain spheres (Fig. S2A), cast into custom-made 3D printed
mold (Fig. S2B), disc or rectangle (using a glass microscope slide and a
rectangular mold, Fig. S1D), based on the subsequent analyses. Briefly,
for the three latter approaches, PBS 1X or cell culture media was sprayed
at the bottom of the well or slide, the mixture was poured and sprayed
atop again. The resulting system was left at rest for 10 min at 37 °C and
then submerged into PBS 1X or cell culture media. Gel/HYA/MagC was
aligned during its gelation, in particular during the 10 min of rest it was
inserted into the solenoid and the magnetic field applied. To observe the
aligned structure, images were acquired by using an Inverted Ti-E
Fluorescent Microscope (Nikon).

2.4.1. Stability evaluation

Hydrogel discs cast as described above (22 mm diameter; 3 mm
thickness) were incubated in PBS 1X at 37 °C for up to 100 days. At
different time points (0, 1, 3, 7, 14, 21, 28, 50, 80, and 100 days) the
samples were weighted to evaluate their stability over time. The data are
reported as a percentage compared to the day O time point (n = 4).

2.4.2. Rheology

A Bohlin C-VOR 120 rotational rheometer equipped with a thermo-
static unit (KTB 30) was used to perform the rheological measurements.
Hydrogel discs (35 mm diameter; 3 mm thickness) cast as described
above were analysed after overnight incubation in PBS 1X at 37 °C. A
serrated parallel stainless-steel plate geometry was used (diameter =
40.0 mm; gap = 2.3 mm) and small amplitude oscillatory shear (SAOS)
tests were performed at 37 °C. The extension of the linear viscoelastic
region (LVER) was determined by a stress sweep test at a frequency of 1
Hz by increasing the stress between 0.1 and 5000 Pa. A frequency sweep
test between 0.01 and 10 Hz was then performed to evaluate the me-
chanical spectra, setting the stress at 5 Pa (as results from the previous
stress sweep test) (n = 5). All the hydrogel formulations were charac-
terized and analysed according to previously reported procedures [33].

2.4.3. Dynamic mechanical analysis (DMA)

DMA was performed on all three samples at different incubation
times (0, 3, 7, 14, 21, and 28 days) to determine Young’s modulus (DMA
Q800 dynamic mechanical analyser, TA Instruments). Briefly, the
hydrogels were cast in discs as described above (diameter = 35 mm;
thickness = 3 mm) and then punched after an overnight incubation in
PBS 1X at 37 °C to obtain discs of 8 mm diameter and 3 mm height. The
Young’s modulus was evaluated in compressive mode at 37 °C in PBS 1X
submersion and a stress—strain test was performed to obtain the slope of
the linear fit in the range from 0 % to 10 % (n = 5).
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2.5. In vitro biological evaluation

A murine myoblast cell line C2C12 (ATCC CRL-1772) purchased
from American Type Culture Collection (ATCC) was used. The cells were
cultured in DMEM high glucose supplemented with 20 % FBS and 1 %
pen/strep and differentiated in DMEM high glucose added of 2 % horse
serum and 1 % pen/strep (100 U/ml — 100 pg/mL). C2C12 were
cultured at 37 °C, 5 % CO», and controlled humidity conditions. The cells
were detached from the culture flask by trypsinization, then centrifuged,
and the Trypan Blue Dye Exclusion test was performed to evaluate the
cell number and assess the cell viability. All the procedures were carried
out in sterile conditions using a laminar flow hood.

The cells were encapsulated into the hydrogel at 6.0 x 10° cells/mL
by mixing them with a 1 mL syringe. The mixture was loaded in a 1 mL
syringe, and then 70 pL of hydrosol were poured into each well of a 96-
multiwell plate to obtain hydrogel discs (6.4 mm diameter; 3 mm
thickness), before and after the addition of differentiation cell culture
media sprayed as described above. After a 10 min step of incubation at
37 °C 100 pL of differentiation media were added.

2.5.1. Viability and proliferation analysis

Both qualitative and quantitative analyses were performed to assess
C2C12 cell viability on day 1 and day 4. LIVE/DEAD assay was done
following the manufacturer’s instructions. Briefly, the cells were washed
with PBS 1X and incubated with 1.3 uM of Calcein AM and 4 pM of
Ethidium homodimer-1 for 15 min at 37 °C. Live cells stained in green
and dead cells in red were acquired by using an Inverted Ti-E Fluores-
cent Microscope (Nikon) (n = 2).

Presto Blue assay was performed to assess cells proliferation ac-
cording to the manufacturer’s instructions. Briefly, the resazurin-based
reagent was added (1:10 v/v) to each well and incubated for 2 h at
37 °C; the reagent is converted by living cells in fluorescent resorufin
which was detected by using the Fluoroskan Microplate Fluorometer
(Thermo Fisher Scientific) setting the excitation wavelength equal to
544 nm and resorufin’s emission wavelength being 590 nm. To elimi-
nate the background a hydrogel without cells was used as a blank and its
value was removed from all the viability data before the plotting (n = 6).

2.5.2. Cell morphology evaluation

Hydrogel with encapsulated cells were fixed for 20 min in 4 % PFA
on day 1 and day 4. Then cells were permeabilized with PBS 1X with 0.1
% (v/v) Triton X-100 for 20 min. Actin Red 555 ready probe was used for
cytoskeleton actin filaments staining and incubated for 40 min. The
nuclei were counterstained with 600 nM DAPI for 15 min. The samples
were imaged by using an Inverted Ti-E Fluorescent Microscope (Nikon).
Subsequently, all the cell areas and the cell major axis length (the
longest line that can be drawn in the cell shape) were manually selected
following the cytoskeleton staining in red and measured using ImageJ
software tool “measure area” and “measure length”. The roundness
[34,35] was then computed as:

A
al,
with A = cell area and l;;, = the cell major axis length. Cell area and
roundness were calculated for at least 20 cells for each sample (n = 2).

R

4

2.6. In vivo biological evaluation

Mice (C57/Bl6, male, 10 weeks old) were anesthetized with 0.5 % w/
v isoflurane inhalation and placed in prone position. The right and left
legs were shaved and the skin was sterilized with 70 % ethanol and
Betadine. The hydrogel solution was transferred to a 0.1 mL insulin
syringe with a 30G needle. A total of 20 pL was injected into the right
Tibialis Anterior (TA) muscle and 20 L of saline solution was admin-
istered into the left TA muscle. Mice were sacrificed at 3, 7, and 21 days
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post-administration using CO5 inhalation and the TA muscle along with
the hydrogel was explanted (n = 6). Spleen, kidney, and liver were
collected from all the animals, as well as from one untreated animal.
Experiments were carried out at i3S—Instituto de Investigacao e
Inovacao em Satide animal facility and were approved by the i3S Animal
Welfare and Ethics Review Body and the Portuguese Competent Au-
thority (DGAV) (license n° 3773/2015-02-09) and conducted in
accordance with the European Legislation on Animal Experimentation
through Directive 2010/63/UE.

2.6.1. Histological analysis

All the tissues collected were fixated in 10 % neutral buffered
formalin for 24 h at RT and processed for paraffin embedding. All the
samples were cut into 7 pm sequential sections and collected, heated up
to remove the paraffin, and washed sequentially in xylene, ethanol 100
%, ethanol 80 %, and MilliQ water to hydrate the samples. Histological
stainings were then performed.

Prussian Blue staining was performed by adding Potassium hex-
acyanoferrate (II) mixed with 20 % v/v HCI for 20 min at RT followed by
MilliQ water 3X washes. Then Mayer Haematoxylin was incubated for 3
min at RT and washed for 10 min in running water, lastly, a MilliQ water
wash was performed.

Safranin-O staining was done by adding the Mayer Haematoxylin as
described above, then Fast Green solution was incubated for 3 min at RT
followed by three 0.1 % v/v acetic acid solution washes. Safranin-O was
then added for 5 min and washed in MilliQ water.

For Haematoxylin and Eosin staining, Mayer Haematoxylin was
incubated as described above, then the Eosin Y was incubated for 3 min
and washed in MilliQ water.

Following all the staining protocols, the sections were dehydrated by
sequentially incubating in increasing ethanol concentrations up to 100
%, then a final incubation in xylene was performed before samples
mount.

2.7. Statistical analysis

The results were plotted as average + standard error. Hydrogel's
stability and Young’s Moduli data were analysed by Two-way analysis of
variance (Two-way ANOVA), followed by Tukey’s Multiple Compari-
sons tests. C2C12 viability, cell area, and roundness were analysed by
Unpaired T test. All the statistical analyses were performed by GraphPad
Prism Software (Version 8.0). Statistically significant differences for the
stability data are reported in the graph: o Gel vs Gel/HYA/MagC p value
< 0.05; B Gel vs Gel/HYA/MagC p value < 0.01; y Gel vs Gel/HYA/MagC
p value < 0.001; 6 Gel/HYA/Coll vs Gel/HYA/MagC p value < 0.05. All
the other statistical analyses are reported in the graphs: *p value < 0.05,
***p value < 0.001.

3. Results and discussion
3.1. MagC synthesis and characterization

Magnetic nanoparticles (MNPs) are known for their ability to form
organized and aligned structures when subjected to a static magnetic
field. FDA already approved iron oxide-based MNPs are used in clinics
because of their good biocompatibility, high magnetization ability, and
low toxicity [36]. Magnetite (Fe3O4) dispersed in a sodium citrate so-
lution showed a strong negative zeta potential (— 40.9 &+ 1.1 mV) which
is known to lower the adverse effect by reducing the cellular uptake and
the inflammatory response of immune cells compared to positively
charged ones [37-40]. However, we aimed to further enhance even
more the biocompatibility of MNPs by coupling them with collagen type
I, a major extracellular matrix (ECM) component. Collagen displayed a
positive zeta potential (+7.3 + 0.5 mV) allowing the MNPs absorption
[41].

The presence of collagen in the magnetic composite (MagC) was
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Fig. 1. MagC characterization. (A-D) FEG-SEM images and EDS analyses on free collagen fibers (A) and (C) and MagC (B) and (D). (E) AC magnetization cycles
obtained at 20 kHz and 32 kA/m for MNPs and MagC dispersed in water at 1 g of Fe per liter. (F) Rectangular hydrogel mold. (G-H) MagC without SMF application,
(K-L) with low-intensity SMF application. (J) Solenoid set up and COMSOL software simulation. (G) and (K) Optical microscopy evaluation of MagC. (H) and (L) SEM
microscopy evaluation. (I) and (M) Optical images of MagC embedded in the hydrogel. Scale bars: A, B 1 ym; G, K, I, M 200 um; H, L 100 pm.

quantified indirectly, revealing that for every 1 mg of MNPs, approxi-
mately 0.05 mg of collagen was bound. To confirm this coupling MagC
and free collagen type I at pH 7.4 were freeze-dried and analysed by
FEG-SEM and EDS. The FEG-SEM images (Fig. 1A and B) clearly showed
the interaction between collagen and MNPs, with collagen almost
entirely covered by magnetite, unlike the control samples. EDS analysis
further confirmed the presence of iron, carbon, and oxygen in the same
areas, suggesting that the collagen, though not visually resolved beneath
the MNPs, was indeed present (Fig. 1C and D).

Our goal was to obtain magnetic collagen bundles responsive to a
static magnetic field, capable of guiding cell adhesion and growth in an
aligned manner. Using AC magnetometry, a well-established technique
to probe magnetization in liquid solutions, we analyzed the magnetic
properties of both MNPs and MagC to assess the influence of the MNPs
and collagen coupling on magnetization dynamics.

Magnetization cycles exhibit some alterations in dynamical magne-
tization indicating magnetic dipolar interaction phenomenon take place
due to the shorter MNPs distances into collagen matrices, resulting in the
demagnetization of MagC structures. Anyhow, this magnetization
reduction preserves the potential of MagC as promising candidates for
magnetic-responsive elements (Fig. 1E).

To generate the necessary SMF, we developed a custom solenoid and
a rectangular mold mounted on a microscope slide (Fig. 1F and
Fig. S1A-C). The magnetic field measured in the center of the solenoid
was equal to 9 mT when 2 A were applied, confirmed by COMSOL
simulation (Fig. 1J).

This setup allowed MagC to align in MilliQ water when subjected to
the SMF. In particular, in Fig. 1G and H we can observe the random
distribution of the MagC without the application of a magnetic field.
Meanwhile, when 9 mT were applied for 10 min the formation of aligned

338

fibers following the magnetic field lines became clearly visible (Fig. 1K
and L).

Compared to similar systems like electrospun fibers [42] which
require complex protocols and extensive optimization, our MagC pro-
vides a simpler and equally effective solution. Additionally, other sys-
tems that use non-magnetic materials such as peptides [43,44], collagen
[45-471, cellulose nanocrystals [48], carbon nanotubes [49], and gra-
phene [50,51] require high-intensity magnetic fields (e.g. 1-12 T) to
achieve an oriented conformation [36]. In conclusion, MagC obtained
from the integration of collagen type I with MNPs enables the formation
of aligned structures under a low-intensity magnetic field, making them
a versatile and efficient solution for biomedical applications.

3.2. Hydrogel synthesis and characterization

Gellan gum was selected as it is an already FDA and EFSA-approved
gelling agent used in the food, cosmetic, and pharmaceutical industries
as an additive or excipient compound [52,53]. It is a bacterial-derived
polysaccharide able to easily gelate in the presence of cations [29]. It
was dissolved at 70 °C and, thanks to the addition of sodium citrate in
the solution, the hydrosol was stable at room temperature. Considering
the quite inert biological behaviour of gellan gum as a matrix, hyal-
uronic acid was added to the hydrosol to enhance the bioactivity of the
system. It has been shown that during the muscle tissue regeneration
process, HYA is upregulated and plays a fundamental role in it [31,32].
Finally, MagC were embedded into the hydrosol obtaining the final
system: Gel/HYA/MagC. Given that MagC are composed of MNPs and
collagen as described above, as non-magnetic responsive control was
produced a hydrosol with free collagen in the same amount that is bound
to MNPs: Gel/HYA/Coll.
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Fig. 2. Hydrogel formulations characterization. (A-B) Stability evaluation up to 100 days, images (A) and percentage weight loss graph (Statistical analysis: a Gel vs
Gel/HYA/MagC p value < 0.05; p Gel vs Gel/HYA/MagC p value < 0.01; y Gel vs Gel/HYA/MagC p value < 0.001; & Gel/HYA/Coll vs Gel/HYA/MagC p value <
0.05, B). (C) Dynamic mechanical analysis hydrogels characterization (Young’s Moduli) up to 28 days. Statistical analysis: *p value < 0.05. (D-F) Rheological
analyses. (D) Stress sweep test (f = 1 Hz). (E) Frequency sweep test (stress = 5 Pa), (F) Viscoelastic properties evaluation. Critical strain (y*) and shear modulus (G).

The obtained hydrosols were successfully extruded through a 30G
needle (Fig. S2A) demonstrating the system’s injectability. Additionally,
the hydrosol exhibited high moldability, as evidenced in Fig. S2B and C,
it was cast in a custom 3D printed mold and accurately reproduced the
mold’s shape. Given that VML does not have a defined shape, it is crucial
for the developed system to completely fill the muscle defect through a
simple injection. Compared to anisotropic scaffolds produced by other
well-established techniques such as freeze casting, 3D bioprinting, and
electrospinning [17-19], this represents a significant advantage toward
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a more patient-friendly therapy.

For the characterization experiments, the hydrosols were cast into
hydrogel discs or rectangles by using the cations present in PBS 1X. The
gelation occurs within a few minutes and the hydrogels can be easily
handled. As shown in Fig. 2A the obtained hydrogel groups are ho-
mogenous and transparent. Notably, MagC were able to align also when
embedded into the hydrogel placed in the solenoid for 10 min witha 2 A
current (Fig. 1I and M; Fig. S1ID-G). We extensively investigated the
system stability up to 100 days in physiological conditions (submerged
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Day 4
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Fig. 3. Invitro biological evaluation. C2C12 cells embedded in Gel/HYA/MagC: (A) cell viability (n = 6), (B and C) Live/dead assay (Live cells in green; dead cells in
red, n = 2), (D) roundness, (E) cell area, and (F-J) morphological analysis at day 1 and day 4 (Cell area and roundness were calculated for at least 20 cells for each
sample; n = 2). Scale bars: 500 ym (B, C); 20 um (F-J). Statistical analysis: *p value < 0.05 and ***p value < 0.001. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)

in PBS 1X, 37 °C) and after an initial weight loss, it remained stable. At
day 100, only 30 % of the mass was lost and there was a slight increase in
the weight loss after 21 days for Gel/HYA/MagC compared to Gel (5-8
%). But considering the overall great stability we can assume that
neither the addition of HYA nor MagC influenced the system’s stability
(Fig. 2A and B).

In the context of using natural polymers such as chitosan, alginate,
collagen, and hyaluronic acid, achieving high levels of stability typically
necessitates chemical crosslinking [54-60]. However, this process in-
troduces more complex procedures and often reduces the final system’s
biocompatibility. In contrast, our formulation was able to achieve a high
level of stability using a simple ionotropic crosslinking method.

In light of the muscle regeneration purpose of our system, the me-
chanical properties must match with the ones of the native tissue. They
are fundamental in driving the cell behaviour together with the 3D-
aligned architecture and chemical composition, jointly these material
features can modulate cell adhesion, spreading, proliferation, and dif-
ferentiation [61,62]. The matrix stiffness and its changes over time (up
to 28 days) were investigated by a dynamic mechanical analysis (DMA).
Young’s Modulus (E) was determined by performing a stress—strain test
in compressive mode. Physiological-like conditions were applied during
the test, the samples were submerged in PBS 1X, and 37 °C were kept
during the entire experiment. The slope of the linear fit in the range from
0 % to 10 % strain represents Young’s Modulus. At day 1 there were no
statistical differences between the samples, pointing out that the stift-
ness isn’t affected by the addition of HYA or MagC. The values fell within
the range of 8.87-11.13 kPa, which is comparable to human muscle
tissue [63]. Furthermore, it was observed only a slight increase in
Young’s Moduli over time, confirming the stability data. The overall E
range stands between 8.05 and 14.57 kPa confirming the result obtained
at day 1 (Fig. 2C). According to our recently published article, MagC

alignment does not affect the Young’s Modulus [64].

To further evaluate the hydrogels’ mechanical properties rheological
analyses were done. Oscillatory shear measurements were used to
determine the viscoelastic properties of the hydrogels. The critical strain
was evaluated by investigating the linear viscoelastic region (LVER)
through a stress sweep test (Fig. 2D). Critical strain values fell within the
range of 0.27-0.46 % indicating that all the hydrogel formulations
display a good resistance to the applied stress (Fig. 2F). Moreover, a
frequency sweep test was carried out in the LVER; the storage modulus
(G)) constantly exceeded the loss modulus (G") of one order of magnitude
for all the samples and the storage modulus is almost independent on the
frequency, suggesting that the hydrogels behave as a classic viscoelastic
strong gel (Fig. 2E). The elastic component predominance over the
viscous one can be highlighted also by considering the tangent of the
phase lag, tan 8, which is equal to the ratio G"/G’ which was constantly
<1 (Gel ~ 0.06; Gel/HYA/Coll =~ 0.07; Gel/HYA/MagC = 0.06). Values
of tan & close to 0.01 make the loss modulus more sensitive to the
instrumental resolution for the phase lag and could justify the instability
of the signal. Lastly, the generalized Maxwell model was applied to
calculate the shear modulus (G) which ranged from 3 to 4.1 kPa pointing
out that all the formulations have a robust mechanical response
(Fig. 2F).

Overall, these results indicate that the mechanical properties are not
affected either by the addition of hyaluronic acid, MagC, collagen to the
Gel hydrosol or the gelation process. Moreover, the findings suggest that
the final system is an injectable hydrogel with good mechanical strength
features akin the native human muscle tissue. Considering also its
straightforward preparation compared to other systems that require
precursor mixing [65,66], it is the perfect candidate for our regenerative
purpose through a minimally invasive injection.
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Fig. 4. In vivo muscle regeneration potential. Control muscle (A-C). Tibial anterior muscles immediately after Gel/HYA/MagC injection (D-F), after 3 days (G-I) and
21 days (J-L). Three different histological stainings were performed: Safranin O (A, D, G, J), Haematoxylin and Eosin Y (B, E, H, K), Prussian Blue (C, F, I, L). *
indicate the hydrogel. Scale bars: 300 um (A, D, G, J); 100 um (B, C, E, F, H, I, K, L). (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

3.3. In vitro biological evaluation

To preliminarily investigate the biological effect of the Gel/HYA/
MagC, a murine muscle cell line (C2C12) was selected. C2C12 cells are a
commonly used in vitro model for muscle tissue, making them an ideal
choice for our study. Cells were embedded at a high concentration (6 x
10° cells/mL), considering that it is a standard procedure for 2D culture,
as they need to be confluent to differentiate into myotubes [67].

Cell viability and morphology were investigated at 1 and 4 days post-
embedding. The results of Presto Blue assay quantitatively assessed that
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the cells were viable without any statistical difference between days 1
and 4 (Fig. 3A). This was further corroborated by the qualitative Live/
Dead assay which demonstrated a favorable ratio between live and dead
cells (Fig. 3B and C).

A major drawback of hydrogels is the difficulty cells face in spreading
and elongating. The differentiation of C2C12 as above mentioned ne-
cessitates cell confluency, which in turn requires effective spreading and
elongation to enable fusion into myotubes. To address this issue, we
conducted a preliminary analysis of the cell morphology on days 1 and 4
using actin and dapi staining to evaluate the initial cytoplasmatic
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Liver

Fig. 5. In vivo toxicity evaluation. Organs were explanted after 21 days and histological analyses were performed (A) Haematoxylin and Eosin Y, (B) Safranin O and
(C) Prussian Blue stainings. Scale bars: 200 pm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

elongation of C2C12 cells. We quantitatively assessed cell elongation
over time in Gel/HYA/MagC by calculating roundness and cell area. The
roundness value tends towards 1 for round cells and 0 for highly elon-
gated cells, while the cell area increases with cell elongation. Both
measures showed statistical differences between day 1 and day 4
(Fig. 3D and E), suggesting that cells are spreading and elongating
within the hydrogels over time, as shown in representative images in
Fig. 3F-J.

These preliminary tests up to 4 days highlight the system’s
biocompatibility and the cells’ ability to spread and elongate within
Gel/HYA/MagC, which is a significant achievement. These promising
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results need to be further confirmed through longer experiments that
can also asses the cells’ ability to align following MagC direction.

3.4. In vivo biological evaluation

Along with the in vitro study, a preliminary in vivo study was con-
ducted in mice. Using a 30G needle insulin syringe, 20 pL of Gel/HYA/
MagC were injected into the right tibialis anterior (TA) muscle while 20
L of saline solution were injected into the left TA as control. Due to the
physiological environment (i.e., 37 °C, and the presence of biological
fluids), the hydrogel was able to quickly gelate in vivo. Muscle tissue was
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retrieved immediately after the injection and at 3, 7, and 21 days post-
injection. Additionally, at day 21, the spleen, liver, and kidney were also
collected to assess potential systemic toxicity.

At all-time points, TA-treated muscles exhibited the presence of the
hydrogel (Fig. 4D-L; Fig. S3), as indicated by Safranin O staining, which
is specific for polysaccharides such as gellan gum and hyaluronic acid
(Fig. 4D, G, J; Fig. S3A), in contrast to the control (Fig. 4A). No evidence
of local inflammation was observed at any time point, suggesting in vivo
good biocompatibility. TA-control muscle didn’t display any local
inflammation due to the saline solution injection (data not shown). By
day 21, the hydrogel remained localized into the injection site and was
substantially unaltered compared to day 0, confirming the stability data
up to 100 days. Considering the preliminary nature of our analysis and
the specific injection method we used, accurately quantifying hydrogel
degradation is challenging. However, when comparing our results to
other systems for muscle regeneration documented in the literature, our
hydrogel shows a comparable presence in situ at day 21 [68-70]. Hae-
matoxylin and eosin staining revealed that local muscle cells began
infiltrating and colonizing the hydrogel starting from day 3 (Fig. 4E, H,
K; Fig. S3B). The iron in Gel/HYA/MagC remained confined to the
hydrogel, with no evidence of iron in the surrounding muscle tissue
(Fig. 4F, I, L; Fig. S3C).

Histological analyses performed on the filtrating organs showed no
pathological changes compared to the healthy control (Fig. 5A and B).
Furthermore, no evidence of iron accumulation, ascribable to MNPs,
was detected in any of the organs analysed (Fig. 5C).

Considering that no signs of local or systemic inflammation were
detected up to 21 days, and that endogenous muscle cells were starting
to colonize the hydrogel, our final system appears suitable for regener-
ative purposes. However, this is still a preliminary evaluation and a
comprehensive in vivo study is required to further investigate also the
effect of the static magnetic field application on the hydrogel
architecture.

4. Conclusions

This work introduces a new, easy-to-handle injectable hydrogel
capable of achieving an aligned structure through the simple application
of a low-intensity static magnetic field. The proposed system is fully
composed of natural polymers (i.e., gellan gum, hyaluronic acid,
collagen), and its gelation is driven by the presence of cations (e.g., PBS
1X, cell culture media, biological fluids). MagC exhibits notable fea-
tures, combining the bioactive properties of collagen with the magnetic
responsiveness of MNPs. Gel/HYA/MagC demonstrated mechanical
properties similar to human muscle tissue and exhibited high biocom-
patibility both in vitro and in vivo. Local muscle cells were able to colo-
nize the hydrogel, resulting in a promising outcome for regenerative
purposes.

This system can be implemented with additional bioactive molecules
(e.g., extracellular vesicles, growth factors) to meet specific patient
needs, making the hydrogel a versatile platform suitable for muscle
tissue regeneration.
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