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Ferrofluid-Based Bioink for 3D Printed Skeletal Muscle
Tissues with Enhanced Force and Magnetic Response

Judith Fuentes, Maria Guix,* Zoran M. Cenev, Anna C. Bakenecker, Noelia Ruiz-González,
Grégory Beaune, Jaakko V.I. Timonen, Samuel Sanchez,* and Veronika Magdanz*

3D printing has emerged as a transformative technology in several manufactur-
ing processes, being of particular interest in biomedical research for allowing
the creation of 3D structures that mimic native tissues. The process of tissue
3D printing entails the construction of functional, 3D tissue structures. In
this article, the integration of ferrofluid consisting of iron oxide nanoparticles
into muscle cell-laden bioink is presented to obtain a 3D printed magnetically
responsive muscle tissue, i.e., the ferromuscle. Using extrusion-based
methods, the seamless integration of biocompatible ferrofluids are achieved to
cell-laden hydrogels. The resulting ferromuscle tissue exhibits improved tissue
differentiation demonstrated by the increased force output upon electrical
stimulation compared to muscle tissue prepared without ferrofluid. Moreover,
the magnetic component originating from the iron oxide nanoparticles allows
magnetic guidance, as well as good cytocompatibility and biodegradability in
cell culture. These findings offer a new versatile fabrication approach to inte-
grate magnetic components into living constructs, with potential applications
as bioactuators and for future integration in smart, functional muscle implants.

1. Introduction

Biofabrication involves the generation of biologically functional
products with high degree of complexity, characterized by
structural organization, utilizing biomaterials such as bioactive
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molecules, living cells, or multicellular
systems.[1] 3D bioprinting is an estab-
lished biofabrication method enabling
the generation of 3D constructs with pre-
programmed geometries by the layer-
by-layer deposition of bioinks to form
functional tissue structures.[2] Bioinks
play a crucial role as an integral com-
ponent in the bioprinting process, un-
dergoing cross-linking or stabilization
either during or immediately after the
printing. One of the main advantages
of 3D bioprinting is its ability to gen-
erate mechanically stable and complex
structures with a higher level of au-
tomation when compared with tradi-
tional techniques such as mold casting.
This is particularly relevant for skeletal
muscle tissue engineering and regener-
ation, where 3D scaffolds must exhibit
a specific structural organization, and
the bioink must create a myogenic en-
vironment, meaning it should provide

the biological and physiological conditions necessary for proper
muscle cell maturation to obtain fully functional tissue.[3] The
choice of bioink composition is contingent upon the spe-
cific application, such as the type of cells involved, and the

Z. M. Cenev, G. Beaune, J. V. Timonen
Department of Applied Physics
School of Science
Aalto University
Puumiehenkuja 2, Espoo 02150, Finland
Z. M. Cenev
Department of Mechanical and Production Engineering
Aarhus University
Katrinebjergvej 89F-5128, Aarhus 8200, Denmark
A. C. Bakenecker
Medical Engineering
Technical University of Darmstadt
Merckstr. 25, 64283 Darmstadt, Germany
S. Sanchez
Institució Catalana de Recerca i Estudis Avançats (ICREA)
Passeig de Lluís Companys 23, Barcelona 08010, Spain
V. Magdanz
Department of Systems Design Engineering
Waterloo Institute for Nanotechnology
University of Waterloo
200 University Ave W, Waterloo, ON N2L 3G1, Canada

Adv. Mater. Interfaces 2025, 12, 2400824 2400824 (1 of 12) © 2025 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH

http://www.advmatinterfaces.de
mailto:maria.guix@ub.edu
mailto:ssanchez@ibecbarcelona.eu
mailto:veronika.magdanz@uwaterloo.ca
https://doi.org/10.1002/admi.202400824
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadmi.202400824&domain=pdf&date_stamp=2025-06-25


www.advancedsciencenews.com www.advmatinterfaces.de

utilized bioprinter.[4] For example, decellularized extracellular
matrix -derived bioinks have gained significant interest due to
its ability to provide a native-like microenvironment that sup-
ports cell adhesion, proliferation, and differentiation.[5] Similarly,
several organic and inorganic materials have been integrated in
bioinks, aiming to develop composite scaffolds with advanced
capabilities.[6] Such composite materials can promote biological
processes to achieve improved tissue differentiation and repair
by i) enhancing conductivity when stimulated with electrical,[7]

magnetic fields,[8] ii) or by chemical cues,[9] and/or iii) providing
mechanical cues for cell organization. In fact, the integration of
magnetic components into hydrogels for tissue engineering has
been widely studied, and their influence on cell growth and align-
ment for regenerative medicine strategies has been explored.[10]

In tissue engineering, magnetic nanoparticles have found in-
terest for the fabrication of organized tissues driving their ap-
propriate functionalization.[11] For applications in regenerative
medicine, magnetic nanoparticles have shown to enhance stem
cell differentiation in several areas such as bone, muscle and
connective tissue. The implementation and clinical translation
of superparamagnetic nanoparticles in regenerative medicine is
promising, as these particles have been FDA-approved for several
diagnostic and therapeutic applications such as contract agents
for magnetic resonance imaging, hyperthermia cancer treatment
and treatment of iron deficiency.[12]

One of the key approaches to obtain controlled cell align-
ment is the implementation of anisotropic distribution of the
magnetic component. In that regard, the magnetic elements
can be integrated either by directly including them in the hy-
drogel to obtain tunable responses to magnetic stimulation,[13]

or in the substrate where skeletal muscle cells will be later
seeded, like the magneto-active microfiber mesh obtained via
melt electrowriting (MEW)[14] or rolled-up structures fabri-
cated using 4D printing.[15] However, none of these approaches
have attempted the fabrication of magnetic bioink, i.e., the
direct printing of a cell-laden, magnetic ink into 3D tissue
structures.
Magnetic hydrogels, so-called ferrogels, have also shown self-

healing effects and potential utilization as tissue scaffolds and
drug delivery systems.[16,17] Biphasic ferrogels containing an iron
oxide gradient have shown a positive effect on muscle regen-
eration in mice, offering new strategies for drug release and
in situ muscle stimulation.[18–20] One of the challenges in 3D
bioprinting for tissue regeneration and implant placement is
integration into the host tissue to ensure proper function and
connection to the surrounding target tissue. Further, control
over the implant positioning and improved imaging capabili-
ties by embedded contrast agents is a desirable feature of smart
implants. All of these goals can be achieved by developing a
magnetic, cell-laden bioink compatible with the printing pro-
cess and cell differentiation, and offers improved tissue inte-
gration, imaging and positioning abilities by external magnetic
fields.
Here, we present a magnetic bioink for the 3D printing of

a ferromuscle, namely a fully functional magnetic muscle tis-
sue consisting of mouse myoblasts mixed within a hydrogel
blend of gelatin/fibrinogen and a water-based ferrofluid (i.e.,
citrated iron oxide nanoparticles). The ferromuscle tissue was
fabricated using extrusion-based 3D printing, a versatile fabri-

cation technique for advanced biomaterials. The biocompatibil-
ity of the ferrofluid was evaluated, observing also an enhanced
force output for the ferromuscle when compared to control
muscle tissues (non-magnetic tissues). Due to the presence of
iron oxide nanoparticles, the ferromuscle can be magnetically
actuated and navigated facilitating magnetic-based cell migra-
tion throughout tissues, while being fully degradable upon re-
moval of protease inhibitors. We demonstrate the potential of
our homogeneous ferrofluid-based bioink for the biofabrication
of skeletal muscle tissues with advanced performance, of inter-
est both for the development of relevant 3D models for medi-
cal applications and biohybrid actuators. Moreover, this bioink
can be easily implemented in the regenerative medicine field,
offering an innovative solution for improved tissue repair and
growth by guiding cells into the host tissue through magnetic
manipulation.

2. Results and Discussion

2.1. 3D Printing with Murine Skeletal Muscle Cells and Ferrofluid

Among different fabrication approaches for bioengineered mus-
cle tissue, such as molding or electrospinning, extrusion-based
3D printing gained interest during the past years due to its ver-
satility, biocompatibility and induction of polymer and cell align-
ment during the extrusion process.[21] Therefore, we used this
fabrication technique for the development of magnetic skeletal
muscle tissue prints (Figure 1A). To create the bioink, C2C12
mouse myoblasts were combined with a gelatin-fibrinogen-
based hydrogel and ferrofluid obtaining a homogenous mixture.
Gelatin was employed as a viscosity modulator, enabling the opti-
mal mechanical properties required for extrusion printing. This
bioink is then extruded in an 8-shape geometry around flexible
Polydimethylsiloxane (PDMS) posts, as shown in Figure 1D. The
bioink, containing C2C12 cells and 1% ferrofluid that presents
a characteristic brownish color, attributed to the ferrofluid con-
taining the superparamagnetic iron oxide particles. The color in-
tensity varies according to its concentration (Figure 1B,C). After
printing, the fibrinogen inside the bioink is enzymatically cross-
linked with thrombin, inducing the formation of fibrin, which
provides structural stability to the scaffold. Then, the 3D bio-
printed tissue is immersed first in growth medium for 2 days,
followed by at least 7 days in differentiation medium, cultured
under sterile conditions in an incubator providing 5% carbon
dioxide and 37 °C controlled environment. Thanks to the tension
provided by the PDMS post system, the myoblasts differentiate
into aligned multinucleated myotubes, forming a stretched and
taut muscle construct (Figure 1D). The two posts in the construct
provide tension and mechanical stability, facilitating muscle dif-
ferentiation and the formation of aligned myotubes, crucial for
proper force contraction, as demonstrated in Figure 1E,F. The
myosin heavy chain II, a marker for muscle differentiation, is
clearly visible in Figure 1E (green), indicating the full matura-
tion of the C2C12 myoblasts into multinucleated myotubes. The
bright dots in Figure 1F show the distribution of the iron oxide
nanoparticles inside the muscle fiber.
To assess the impact of ferrofluid integration on the bioink

printability, we characterized the rheological properties of
the ferrogels and its stability once cells are added into the
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Figure 1. Biofabrication of ferromuscles by extrusion-based 3D bioprinting. A) Schematic of bioprinting of magnetic muscle tissue. Mouse myoblasts
C2C12 aremixed with a hydrogel composed of 7%w/v gelatin, 4%w/v of fibrinogen and 1–5% ferrofluid, and then 3D printed by extrusion. Illustration not
to scale. B) 3D printed ferromuslce containing C2C12 skeletal mousemuscle cells and 1% ferrofluid are printed in an 8-shape around previously prepared
flexible PDMS posts. C) Photograph of the ferromuscle tissue containing C2C12 cells with 5% ferrofluid right after bioprinting. D) Ferromuscle stretched
and differentiated after 6 days of culture. The 2-post system provides tension to support muscle differentiation. E) Immunofluorescence staining of
Myosin Heavy Chain IIb (green) and cell nucleus (Hoechst, blue) showing the formation of aligned and multinucleated myotubes in ferromuscles.
F) Confocal image of the 3D internal structure of a ferromuscle sample at inclination angle of 40° after 1 week of culture. Bright spots indicate the
distribution of ferrofluid.

mixture (ferromuscle). The rheological assessment included
control gels (gelatin/fibrinogen-based hydrogels without fer-
rofluid) and ferrogels (gelatin/fibrinogen-based hydrogels with
ferrofluid) at different ferrofluid concentrations (e.g., 1%, 2.5%,
and 5%) (Figure 2). Both control and ferrogels exhibit non-
Newtonian behavior, as evidenced by the shear stress and vis-
cosity curves (Figure 2A). By increasing the shear rate, a higher
shear stress and reduced viscosity is observed. The viscosity re-
duction is attributed to the shear-thinning characteristics of these
hydrogels, being a desirable property in extrusion-based 3D bio-
printing. This behavior allows for the control of bioink viscos-
ity, ensuring a homogeneous flow through the nozzle by adjust-
ing pressure during printing. Comparing the control gel with
various ferrogels reveals that the integration of ferrofluid, at a
concentration from 1 – 5% ferrofluid, does not significantly im-
pact the rheological properties of the bioink (Figure 2A). To fully
conclude that the printability of ferrogels remains comparable to
that of control gels, we characterized the geometry of the 3D bio-
printed ferromuscle after printing and cross-linking processes.
Top and side views of control muscle and ferromuscle (2.5%
of ferrofluid concentration) printed with one, two, and three
layers can be observed in Figure 2B. Additionally, Figure 2C,D
shows the measured fiber width (measured from top view im-
ages) and fiber height (measured from side view images) of the
prints, respectively. Regardless of the presence of ferrofluid in the
bioink, the width and height of the bioprinted tissues increase
with every subsequent bioprinted layer, both for post-bioprinting
and post-cross-linking evaluation, demonstrating that the de-
sired shape is preserved throughout the biofabrication process.
Only the two-layer ferromuscle tissues showed slightly reduced
width and height when compared to control tissues, which we
correlated with a reduced gelation rate of the magnetic bioink.
Despite these minor differences the printability of the mag-
netic bioink was not substantially affected by the integration of
ferrofluid.

2.2. Magnetic Characterization of the Ferromuscle

The material properties of the ferrofluid solution, as well as its
further characterization when integrated in 3D printed ferro-
muscle, were evaluated. The ferrofluid consists of superpara-
magnetic iron oxide nanoparticles with an average diameter
of 10.3 ± 3.8 nm, as shown in the transmission electron mi-
croscopy (TEM) images (Figure S1a,b, Supporting Information).
By using Vibrating Sample Magnetometry (VSM), we further
characterized the magnetic response of all constituting materi-
als (experimental details in Supporting Information). The non-
magnetic 3D printed muscle tissue (control) presents a diamag-
netic response, while the water-based ferrofluid containing cit-
rated iron oxide nanoparticles exhibits a superparamagnetic re-
sponse (Figure S1c, Supporting Information). Notably, the ferro-
muscle displays a very similar superparamagnetic response to the
ferrofluid, with a maximum offset disparity of 36.1% observed at
the 1T magnetic field strength data point. More specifically, the
saturationmagnetization for the ferromuscle is 2.96 Am−1, while
for the ferrofluid is 4.03 Am−1. Based on the ferromuscle compo-
sition for the VSM evaluation (see Supporting Information), the
mass fraction of magnetic nanoparticles in 1 mL of solid sam-
ple in the ferrogel is approximated to 1.9%. Therefore, it is rea-
sonable to expect that the majority of the magnetic nanoparticles
within the ferrofluid remain incorporated into the structure of
the ferromuscle, while a small portion may be washed away dur-
ing culture media exchange, justifying the offset disparity in the
volume magnetization from the VSM measurements.

2.3. Degradation of the Ferromuscle Tissue

Usually in cell culture of 3D printed cell-laden structures, the ad-
dition of protease inhibitors such as aminocaproic acid (ACA)
avoids the degradation of fibrinogen-based materials in the
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Figure 2. Printability evaluation of ferrofluid-based bioink. A) Rheological characterization of ferrogel containing different concentrations of ferrofluid:
i) Flow curves and ii) viscosity curves. B) Top and side views (obtained with optical microscopy) of 1, 2, and 3 layers of control and ferromuscle tissues
(2.5% ferrofluid) printed at 70 kPa of relative pressure, right after printing (top panel) and after bioink cross-linking with thrombin (bottom panel). Scale
bars correspond to 5 mm. C) Width (i.e., fiber diameter, measured from top-view images) of the control and ferromuscles before and after cross-linking.
D) Height (measured from side view images) of the control and ferromuscles before and after cross-linking. Images were taken fromN = 4 independent
repeats. All values are represented as mean ± standard error of the mean (SEM). ∗p < 0.05 (Two-way analysis of variance (ANOVA) followed by Turkey’s
multiple comparisons test).

resulting bioprinted structures.[22] To demonstrate the sustain-
ability and degradability of the ferromuscle, we conducted degra-
dation studies of the 3D printed ferromuscle samples (Figure 3).
After full differentiation of the ferromuscle on day 9 of culture,
the muscle tissues were cultured in differentiation media with-
out ACA over 21 days. Figure 3A displays how the muscle tis-
sue shrinks over time, observing only a few remains of cell-laden
hydrogel and the post structures. After 14 days of culture with-
out ACA, more than 70% of tissue is degraded in both control
and ferromuscle samples. The level of degradation is slightly re-
duced in the ferromuscle containing 5% of ferrofluid, but for
1% and 2.5% similar to the control tissue. These ranges of fer-
rofluid also resulted in best force output, therefore, can be con-
sidered the optimum concentration of ferrofluid. Contrarily, the
muscle tissues that were cultured in the differentiation medium

with ACA maintained their structure over the 21 days of culture.
These results demonstrate that the integration of ferrofluid does
not significantly affect the degradability of the tissues over time.
Nevertheless, it is important to mention that the diameter of the
tissue changes over time naturally due to i) the dissolution of the
uncross-linked gelatin and ii) due to the matrix remodeling by
the skeletal muscle cells. The dissolution of gelatin, however, oc-
curs progressively during themusclematuration process. Gelatin
provides biologically active moieties, such as hydrolyzed colla-
gen, that enhance cell growth, migration, and proliferation[23]

and therefore we hypothesize that these cell-matrix interactions
help retain the gelatin within the construct for at least the time
points of these experiments.
In our experiments, the nanoparticles from the degraded tis-

sue were flushed out during the regular media change. In an in
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Figure 3. Degradation of the ferromuscle in cell culture. A) Brightfield images of ferromuscle samples with different concentrations of ferrofluid
(0,1,2.5,5%) at day 0 and day 14 of cultivation in differentiation medium without protease inhibitor (ACA). B) Tissue area measured from images
at different time points over degradation time of 21 days.

vivo setting, nanoparticles might degrade via several pathways,
resorbed by the media, and the lymphatic system can clear parti-
cles of such small size (<11 nm).[11,24]

Prior to clinical studies, it will be important to explore their
long-term intracellular fate and understand whether they be-
have as indissoluble units or can in fact be degraded by the
cells over longer time periods. The primary concerns associ-
ated with a possible biodegradation would be the risk of a de-
creased magnetic response and the potential toxicity brought by
the release of iron ions.[24]Possible biodegradation pathways in-
clude macrophage internalization in liver, spleen, kidney, and
bone marrow, where the nanoparticles are subjected to a pro-
gressive acid-induced degradation. Released iron is then stored
in ferritin protein.[11] However, due to the high degree of com-
plexity, precise quantification of iron particle degradation is
difficult.

2.4. Viability, Functionality, and Biological Characterization of the
Ferromuscle

To evaluate if the integration of ferrofluid induces a cytotoxic ef-
fect on the muscle cells, viability tests were performed at day 3
and 6 after 3D bioprinting (Figure 4A,B). Slightly significant dif-
ferences in cell viability were observed on day 3 between control
(0% ferrofluid), 1%, 2.5%, and 5% ferrofluid with probability val-
ues of p = 0.004, 0.01, and 0.002, respectively. On day 6, these
differences diminished and no significant differences in viabil-
ity between control muscle and ferromuscle were observed, in-
dicating that the ferrofluid integration into the bioink does not
impair muscle cell viability. Noticeably, the samples containing
2.5% even showed a slightly increased viability compared to the
control sample after six days of culture (p = 0.009).
We performed functionality tests to evaluate the force contrac-

tion of the ferromuscles on day 9, assuming full differentiation at
this point. Thesemuscle tissues weremaintained on the two-post
systems, which allowed the force measurements upon controlled
electrical stimulation of the muscle. This method was conducted
according to previous studies, that correlate the bending distance
of the PDMS posts to the bending force of the muscle.[25] Euler-
Bernoulli’s beam bending equation was used to evaluate the ten-
sion that the tissue applied to the post during force contraction.

The muscle tissues were stimulated with a DC voltage of 15 V
at a frequency of 1 Hz with 2 ms pulse width. The displacement
of the PDMS posts were recorded and analyzed with a tailor-
made python tracking script (Figure 2C). The control muscle tis-
sue generates on average 27.7 ± 5.3 μN, while ferromuscle ex-
erts an enhanced force output when increasing ferrofluid content
from 1% to 2.5%, showing a contraction force of 65.8 ± 13.9 and
82.6± 14.6 μN, respectively, being a 160% and 250% force output
in comparison with control tissues. At 5% ferrofluid content, the
muscle force drops to a value similar to the control without any
ferrofluid (23.3 ± 3.6 μN). These results demonstrate that a fully
functional tissue is achieved when embedding murine skeletal
muscle cells within the ferrofluid-based bioink, and the optimal
ferrofluid concentration is 2.5%, suggesting that the addition of
superparamagnetic nanoparticles leads to enhanced muscle dif-
ferentiation
The positive effect of iron oxide nanomaterials on promoting

cell alignment and myogenic differentiation in skeletal muscle
tissue for in vivo skeletal muscle regeneration has been demon-
strated by using anisotropic conductive, biodegradable hydro-
gels loaded with iron oxide-modified carbon nanotubes[13] as
well as magnetic nanofibrous scaffolds composed of electro-
spun gelatin and polyurethane fibers embedded with iron ox-
ide nanoparticles.[26] Such impact has also been observed among
other nanomaterials, like gold nanoparticles, attributing this ef-
fect to the trigger myogenic differentiation in vitro.[27] Another
example of the nanoparticles’ positive effect are muscle-based
biobots with improved force contraction and motion obtained by
integrating boron nitride nanotubes (BNNTs) with piezoelectric
properties into the cell-laden scaffold.[28] It has been hypothe-
sized inmany works that nanoparticles have a beneficial effect on
cell differentiation. It is thought that metallic nanoparticles acti-
vate certain differentiation pathways, but the underlying mecha-
nisms are still known.[29]

In line with these findings, we can hypothesize that the in-
creased contraction force observed in the ferromuscle could be
attributed to an improved differentiation of the muscle cells as
a result of their interaction with the ferrofluid nanoparticles.
In the majority of the reported studies, the benefits of integrat-
ing magnetic nanoparticles into scaffolds and composites come
from themodulation of their alignment throughmagnetic fields,
creating an anisotropic environment that promotes optimal
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Figure 4. Ferromuscle viability and contraction force upon electric stimulation. A) Viability of muscle cells 3D bioprinted after 3 days in culture. Blue
stains show cell nuclei (Hoechst), red cells are dead cells (Ethidium homodimer), green cells are live myocytes (calcein). Elongated myocytes demon-
strate the start of muscle differentiation. B) Viability obtained from live/dead stains of bioprinted skeletal muscle cells on day 3 and day 6 show good
cell compatibility of the ferrofluid. C) When electrical stimulation is applied, (1Hz, 15 V), the muscle tissue contracts periodically and results in the
displacement of the flexible post over time. D) Average contraction forces generated by the differentiated ferromuscle versus the ferrofluid content.

differentiation of skeletal muscle cells.[13,30] In this study, how-
ever, no magnetic fields were applied during the 3D printing of
the ferromuscle or themuscle differentiation process. Therefore,
to better understand the underlying biological mechanisms re-
sponsible for the observed enhanced contraction force in ferro-
muscles, we investigated the effect of integrating ferrofluid in
the skeletal muscle scaffold both at genetic and morphological
levels. Real-time quantitative PCR (RT-qPCR) analysis was per-
formed to evaluate and compare the differentiation process of
ferromuscles containing 2.5% ferrofluid (the concentration that
resulted in the strongest tissues) against control tissues. Since
multinucleated myotubes arise from the differentiation of my-
oblasts into myocytes, followed by their fusion into myotubes,
we assessed the expression of key marker genes involved in
this process. These included MyoD (myoblast marker) and Myo-
genin (myocyte marker), along with maturation-related genes as-
sociated with Myosin Heavy Chain (MyHCI, MyHCIIa, and My-
HCIIb), as shown in Figure S3 (Supporting Information). Over-
all, we observed common expression patterns,[25,31] including the
downregulation of MyoD over time and the upregulation of my-
otube markers (MyHCI, MyHCIIa, andMyHCIIb). However, the
downregulation of MyoD was statistically significant only in fer-
romuscles, while the upregulation of MyHC-related genes was
statistically significant only in control tissues. In control tissues

these findings suggest a more progressive differentiation of my-
oblast into myocytes and the subsequent fusion into myotubes,
while ferromuscle do not follow the same pattern, especially in
the early differentiation-related genes. In general, we observed
lower expression levels of MyHC genes in ferromuscles com-
pared to control tissues, with significant downregulation on day
9 for MyHCIIa and at day 4 for MyHCIIb. Interestingly, despite
these changes, there were no significant differences in MyHCIIb
and MyHCI expression between the samples at day 9 (the time
point at which muscle contraction was evaluated), suggesting
that the enhanced contraction force in ferromuscles may not
be directly linked to the expression levels of these maturation-
related genes; instead, we hypothesized that it may result from
morphological and structural factors. Therefore, we further eval-
uated cell organization in control and ferromuscles at different
time points through fluorescence imaging of F-actin (filamen-
tous actin), one of the main components of the cell cytoskele-
ton. As shown in Figure 5A, on day 0 of differentiation (the day
when growth media was switched to differentiation media, two
days after 3D bioprinting), cells in control tissues were more
randomly organized, while ferromuscle cells already started to
show slight level of alignment. On day 4, multinucleated my-
otubes could be observed in both control and ferromuscle, al-
though the ones in ferromuscle appeared more organized. By
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Figure 5. Evaluation of muscle cell differentiation into multinucleated myotubes in ferromuscle and control tissues. A) Fluorescence imaging of F-
actin and nucleus (Hoechst) of control and ferromuscles at day 0, 4, and 9 of differentiation (scale bar = 200 μm). Please note that day 0 (D0) of
differentiation refers to the day when the growth media was switched to differentiation media, which occurred two days after the 3D bioprinting of
the tissues. B) Immunofluorescence staining of Myosin Heavy Chain IIb (MHCII), F-actin, and cell nucleus of control and Ferromuscles at day 9 of
differentiation (scale bar = 20 μm). C) Graph displaying the values of myotube width (μm), fusion index (%), and angle dispersion (°) of myotubes (i.e.,
myotube directionality). Higher values of angle dispersion indicate less orientation and alignment of the muscle fibers. All values are represented as
mean ± SEM. Statistical significance was assessed using an unpaired multiple t-test (p < 0.05(*)).

day 9, fully matured myotubes were observed in both types of
tissue.
To better assess the morphological changes of the mature my-

otube samples, we also evaluated the size, fusion index (per-
centage of myocytes that have fused to form multinucleated
myotubes) and directionality, staining them with both for My-
HCIIb and F-actin (Figure 5B,C). No significant differences in
myotube size and fusion index were observed, suggesting that
the efficiency of myoblast fusion during muscle maturation is
similar in both control and ferromuscle tissues. Remarkably,
we found a significant increase in the angle dispersion of my-
otubes in control tissues. Angle dispersion reflects the level of
myotube directionality, where higher values indicate less orienta-
tion and lower level of alignment of the muscle fibers. Therefore,
these results suggest that, although myotubes in ferromuscles
exhibit similar characteristics in terms of size and fusion index,
they are notably more aligned in comparison to those in control
samples.
Based on these findings, we believe that the enhanced force

contraction may result from better myotube organization, as
it is well known that myotube alignment and directionality
are essential for the generation or coordinated and efficient
force.[32]

We also hypothesize that this improved alignment ofmyotubes
is likely due to the combined effect of two factors: i) the inte-
gration of ferrofluid nanoparticles into the bioink, which may
further enhance the cell alignment already promoted by the 3D
bioprinting process, as it is known to induce the alignment of
both cells and polymer networks during extrusion,[33] and ii) the
mechanical tension provided by the flexible posts during culture,
which could further contribute to the improved organization.

2.5. Magnetically Induced Migration of Bi-Layered Muscle and
Ferromuscle Composite

As a proof-of-concept, we evaluated whether the magnetically in-
ducedmigration ofmagnetic nanoparticles could improve tissue-
to-tissue attachment and cell migration into neighboring tissues
under the influence of a magnetic gradient field, aiming to recre-
ate the process of ferromuscle transplantation for regeneration
purposes. The exposure of magnetic nanoparticles inside the tis-
sue to a static external permanent magnet induces the attrac-
tion of the particles toward the magnet and thus possible par-
ticle and cell migration in that direction. A magnetic field gra-
dient is formed by being strongest on the magnet surface and
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Figure 6. Influence of magnetic field on cell migration through muscle tissues and ferromuscle. A) Schematic representation of the co-culture of control
muscle (top) and ferromuscle (bottom) for 7 days undermagnetic stimulation with permanentmagnet to induce themigration of ferrofluid nanoparticles
from the ferromuscle to the control muscle. B,C) Immunofluorescence staining of cross sections from co-cultured control and ferromuscles exposed
to magnetic field (B) and not exposed to magnetic field (C), showing the penetration of Rhodamine B-labeled ferrofluid and cell migration from the
ferromuscle into the control muscle (scale bar = 200 μm). White arrows indicate the presence of fluorescent ferrofluid Nanoparticles in the control
tissue. Orange framed areas correspond to the interface between the two muscle tissues (scale bars = 50 μm). White squares indicate the areas were a
co-localization of Hoechst, MyHCII, and Rhodamine-labeled ferrofluid was observed. D,E) Orthogonal projections of images from C) and D), respectively
(scale bar = 100 μm). F) Quantification of the ferrofluid penetration by the corrected total cell fluorescence (CTFC = Integrated fluorescence intensity
– (Area x mean fluorescent of background) of the FF-Rhod B signal obtained in the area of control tissues. All values are represented as mean ± SEM.
Statistical significance was assessed using an unpaired multiple t-test (p < 0.05(*)). G) Quantification of the percentage of MyHCIIb-positive cells
observed in control and ferromuscle tissues of both magnetized and non-magnetized samples. All values are represented as mean ± SEM. Statistical
significance was assessed using a two-way analysis of variance (ANOVA) followed by Tukey’s multiple comparisons test (p < 0.05(*).

diminishes with distance, following an inverse power law. This
effect could aid the integration of the printed tissue into a tar-
get tissue location. To replicate an implantation scenario, we cul-
tured a 3D bioprinted control muscle (containing no ferrofluid)
directly on top of ferromuscle (containing 2.5% of ferrofluid),
as illustrated in Figure 6A. Both control and ferromuscles were
bioprinted separately in a two-post system and left in growth
medium for 2 days and in differentiation media for 2 days. Af-
terward, control tissue was transferred to the petri dish onto the
ferromuscles. Subsequently, the samples were left for 7 days i)
under no external influence, and ii) under influence of a static
magnetic field gradient originating from a neodymium perma-
nent magnet placed on top of the petri dish. The ferrofluid con-
centration within the ferromuscle tissue was 2.5% of iron oxide
nanoparticles conjugated with Rhodamine B. In this experiment,
iron oxide nanoparticles were stained to visualize ferrofluid mi-
gration.
Immunofluorescence images from the cross sections of the

co-cultured muscles tissues (Figure 6B,C) show more concen-
tration of muscle cells in the control tissues in comparison with
the ferromuscle, indicated by the higher presence of stained nu-
cleus and MHCIIb-positive cells, regardless of magnetic expo-

sure. In contrast, more fluorescent ferrofluid nanoparticles (FF-
Rodh B nanoparticles) were observed in the ferromuscles and
in the interface of the two muscle tissues. Overlapping signals
from Hoechst and/or MyHCIIb, and Rhodamine-stained fer-
rofluid were observed, suggesting potential internalization of the
magnetic nanoparticles within the skeletal muscle cells, as high-
lighted in the white square in the merged images (Figure 6B,C).
Although ferrofluid nanoparticles were found in the top part of
the control muscles in both the magnetically and in the non-
exposed samples (Figure 6B), in the case of the control sam-
ples which wasmagnetically exposed sample, slightly higher con-
centration of fluorescent nanoparticles was observed. In the im-
ages from orthogonal projections we can observe an improved
penetration of the ferrofluid to deeper areas of the control tis-
sue, presenting a higher signal in the top part of the Y axis pro-
jection (Figure 6D) when compared to the non-magnetically ex-
posed samples (Figure 6E). We also quantified the migration
of the ferrofluid by measuring the fluorescence intensity of the
Rhodamine-labeled ferrofluid particles that migrated into the ad-
jacent control muscle tissues. Our results showed a higher fluo-
rescence signal in themagnetized samples, but it should be noted
that this increase was not statistically significant compared to the

Adv. Mater. Interfaces 2025, 12, 2400824 2400824 (8 of 12) © 2025 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH

 21967350, 2025, 13, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adm

i.202400824 by Fundació I-C
E

R
C

A
 Fundació Institució C

entres de R
ecerca de C

atalunya, W
iley O

nline L
ibrary on [01/08/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advmatinterfaces.de


www.advancedsciencenews.com www.advmatinterfaces.de

non-magnetized samples (Figure 6F). Remarkably, when quan-
tifying the percentage of MyHCIIb-positive cells in both control
and ferromuscle tissues, with and without magnetic exposure,
we observed a significantly higher presence of MyHCIIb-positive
cells in control tissues compared to ferromuscles in samples with
magnetic exposure (Figure 6G). In contrast, no significant differ-
ences were observed between the two tissues in non-magnetized
samples, suggesting that magnetic exposure notably enhanced
cell migration from the ferromuscle tissue to the adjacent con-
trol tissue.
Finally, regarding the level of tissue-to-tissue attachment, we

observed that the interface area between control and ferromuscle
tissues was larger in the sample exposed to magnetic field, sug-
gesting that such conditions improve the interactions between
tissues. These results demonstrate the potential of our magnetic
bioink for fabricating 3D tissues for regenerative applications, as
well as the promising opportunity for using magnetic nanoparti-
cles in future targeted guidance driven by magnetic fields.[34]

2.6. Motion of a Ferromuscle Tissue under Influence of
Non-Uniform Magnetic Field from a Permanent Magnet

Last, we demonstrate the magnetic response of a ferromuscle re-
leased from the two-post system by using a static external mag-
netic field gradient originating from a permanent magnet placed
beside the dish (Figure S4A and Video S1, Supporting Infor-
mation). The magnetic response demonstration was performed
on ferromuscle containing 2.5% ferrofluid on day 9. The ferro-
muscle was showing spontaneous contractions, inherent to ma-
ture muscle tissues.[35] These spontaneous contractions were ob-
served in our experiments when the muscle structure was still
attached to the PDMS posts, e.g. during contraction analysis, but
also immediately after release from the posts, as can be seen in
Video S1 (Supporting Information). This type of “twitching”mus-
cle motion can be seen in the smaller peaks of contractions in
Figure 4C.
Such spontaneous contractions are also visible in Video S2

(Supporting Information), showing the fluorescent real-time
video of the cell nuclei (stained blue) moving during the muscle
contraction. Figure S4A (Supporting Information) demonstrates
the linear trajectory of the ferromuscle toward the permanent
magnet located on the opposite side of the petri dish. Themotion
is not constant (Figure S4C, Supporting Information), as the fer-
romuscle was not electrically stimulated and the actuation came
from spontaneous contractions, which are not controllable. An
average speed of 1.88 mm s−1 was obtained, demonstrating for
the first time magnetic response of functional muscle tissue by
motion within a magnetic field gradient.[31,36] However, the mo-
tion of the ferromuscle is not fully derived from the contractions
but from the overlayed gradient of the magnetic field imposed
by the permanent magnet, hence the muscle speed does not cor-
relate to the speed of the muscle action. Magnetic control under
electrical stimulation is demonstrated in Video S3 (Supporting
Information), which also illustrates that the non-magnetic con-
trol tissue on the bottom left of the video is stimulated in the same
way and shows contractions, but does not respond to the external
magnetic field and therefore does not show translational move-
ment. Such control could be of great interest both in tissue re-

generation for advanced manipulation purposes and in the field
of biohybrid actuators, where external programmable guidance
is essential to develop smart robotic systems.

3. Conclusion

In this study, we developed a magnetic bioink composed of
C2C12 mouse myoblasts, a gelatin- and fibrinogen-based hydro-
gel, and a water-based ferrofluid solution. Notably, the iron ox-
ide nanoparticles were homogeneously distributed in the bioink
formulation and rheological properties of the resulting magnetic
bioink were the same as the control bioink. The ferromuscle was
successfully differentiated into myotubes and magnetic proper-
ties were maintained. Indeed, the bioink showed optimal print-
ability conditions even for cell-laden bioinks, as demonstrated for
the 3D bioprinting of magnetic muscle tissue (ferromuscle). Our
results show that integrating 1% and 2.5% of ferrofluid in the
myoblasts muscle tissue increases muscle contraction force by
more than 160% and 250%, respectively; while further increase
of ferrofluid amount to the muscle (e.g., 5%) did not show a sig-
nificant change in the muscle force output. Genetic and mor-
phological studies suggest that ferrofluid integration may have
a minimal impact on the regulation of maturation-related genes
but could enhance cell reorganization and myotube alignment,
which are crucial for effective muscle contraction. Further, we
present a fabrication protocol that demonstrates satisfying cy-
tocompatibility throughout the process and can be expected to
be implemented with other cell types, of special interest in the
regenerative medicine field. The muscle coculture experiments
were performed to elucidate the interaction between cultured fer-
romuscles and control muscles and aimed to recreate a process
of tissue integration. In case of major muscle loss due to injury
or other tissue loss, the ferromuscle construct are envisioned to
be a novel alternative that provides enhancedmuscle force, differ-
entiation and support of implant integration in the future. In an
implantation scenario a continuous magnet application for pro-
longed periods of time, for instance by utilizing an adhesivemag-
netic patch, could lead to the here indicated enhancements in cell
migration andmuscle force output. This has been proposed as an
approach in previous works[18] for the continuousmagnetic stim-
ulation of a non-cellular ferrogel placed on top of a muscle injury.
Adhesive magnetic patches are commercially available and cur-
rently used for their potential health benefits in supporting pain
relief and healing and could easily be adapted for this purpose.
However, further research should be done in order to evaluate if
the integration of ferrofluid into engineered tissues will indeed
improve muscle performance in vivo. Additionally, the magnetic
response of the ferromuscle has been demonstrated by motion
and directionality studies. Achieving refined magnetic control in
biohybrid constructs is one of themain challenges in the develop-
ment of biohybrid actuators, where control and automation are
pivotal to their design. Overall, the bioprinting approach hereby
presented offers additional control over the resulting engineered
tissue, as well being of great interest in the field of tissue engi-
neering and implant technology. This approach is envisioned to
be impactful for smart tissue repair, not only in muscle tissues
but also in other types of tissue (e.g., skin, cartilage, or bone), and
for the development of biohybrid actuators with advanced control
capabilities.
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4. Experimental Section
Ferrofluid Preparation: Synthesis of Citrate Maghemite (Fe2O3) Nanopar-

ticles in Distilled Water: Fe2O3 nanoparticles were synthesized using the
Massart process,[37] as the procedure was previously described.[38] Briefly,
magnetite nanoparticles were obtained by coprecipitation of Fe2+ and Fe3+

salts in an alkaline medium. Then, the magnetite Fe3O4 was oxidized in
maghemite Fe2O3 using nitrate acid containing iron nitrate. The nanopar-
ticles were stabilized in distilled water using sodium citrate. The nanopar-
ticles in the final solution are negatively charged. After the stabilization of
the particles with sodium citrate, the pH is ≈7. These particles were stable
between pH 3 and 9 The final solution contained 94 mg/mL of magnetic
nanoparticles in the ferrofluid.

For the synthesis of Rhodamine B coated Fe2O3 nanoparticles in dis-
tilled water, a protocol previously reported by Bertorelle et al.[29] was
followed. Briefly, the synthesis was based on the coupling of modified
Rhodamine B molecules with dimercaptosuccinic acid onto positively
charged 𝛾Fe2O3 particles. Cystamine-modified Rhodamine B was coupled
to DMSA-modified nanoparticles by stirring. The cystamine was used to
couple 2 Rhodamine B molecules through amide bond formation. Then,
Rhodamine B was bound to the nanoparticles via DMSA, which was com-
plexed to the nanoparticle via carboxylic acid groups. The nanoparticles
were then stabilized by pH adjustment in two steps (pH 9 and 7) with
Tetramethylammonium hydroxide and HCl, respectively. Free Rhodamine
B was removed by washing the nanoparticles with NaCl precipitation
steps. The final dispersion was performed in distilled water.

Cell Culture andHarvesting for 3D Extrusion Printing: C2C12mousemy-
oblasts were purchased from the American Type Culture Collection (ATCC,
CRL-1772). Myoblasts were cultured in T-175 flasks (at 37 °C, 5% CO2)
with Growth Media (GM) consisting of high glucose Dulbecco’s modified
Eagle’s medium (DMEM; Gibco, 11 965 084) supplemented with 10% fe-
tal bovine serum (Gibco), 200 nM l-glutamine (Gibco), and 1% penicillin-
streptomycin (Gibco). Cells were harvested at 70–80% confluency with
Trypsin (Gibco) and mixed at a concentration of 5 × 106 cells mL−1 with
the bioink at 37 °C.

Bioink Preparation: The bioink was composed of a hydrogel mixture
based on 7% w/v gelatin from porcine skin (Sigma, G2500), 4% w/v of fib-
rinogen from bovine plasma (Sigma, F8630), 5× 106 C2C12myoblasts per
mL, and ferrofluid at different concentrations. To fabricate 1 ml of bioink,
70 mg of gelatin (Sigma-Aldrich) were dissolved in previously warmed
GM supplemented with 1 mg ml−1 6-aminocaproic acid (ACA, Sigma-
Aldrich).The volume of GM/ACA varied depending on the ferrofluid con-
centration, for instance, to prepare 1%, 2.5%, and 5% (v/v) of ferrogel so-
lutions, gelatin was dissolved in 490, 475, and 450 μl of GM/ACA, respec-
tively. This solution was stirred at 40 °C until dissolved. In parallel, 40 mg
of fibrinogen (Sigma-Aldrich) were dissolved in 0.5 mL of cold PBS 1X.
Once both solutions were completely dissolved, they were mixed and left
stirring at 37 °C. Then, the ferrofluid was added to the gelatin–fibrinogen
mixture, that is, 10, 25, and 50 μl of the stock solution of ferrofluid were
added to obtain the final hydrogels at 1%, 2.5%, and 5% of ferrofluid, re-
spectively. C2C12 cells were recollected from the T-175 flasks with Trypsin
and mixed with the bioink. The final cell-laden bioink was left at 5 °C for
5 min before printing.

3D Extrusion Printing: The two-post systems were printed with PDMS
by extrusion of 1:20 ratio Sylgard PDMS. The 3D design of the shape of
the infinity sign “∞” was exported as.stl file from Autocad, sliced and con-
verted into a g-code in slic3r (version 1.6). This design was then fed into
the Inkredible+ printer (Cellink) for extrusion printing. For 3D bioprint-
ing of the ferromuscle, the bioink was first loaded into a syringe, kept
at 5 °C for 5 min to induce gelatin gelation and then extruded through a
0.008 in conical plastic nozzle (Nordson). Although temperature control
was not applied during the extrusion process, the bioink—pre-cooled to
5 °C—maintained consistent viscosity throughout the entire printing pro-
cess which only took a few seconds per structure. The printed cell struc-
tures were immersed in a solution of thrombin (5 U mL−1) for 10 min
to cross-link the fibrinogen of the bioink. The printed tissues were main-
tained in GM supplemented with 1 mg ml−1 6-aminocaproic acid (ACA,
Sigma-Aldrich), to avoid degradation of collagen and fibrinogen by cell pro-

teases, for 2 days. Then, cells were switched to differentiation media with
ACA 1 mg ml−1 (DM/ACA) consisting of DMEM supplemented with 10%
horse serum (Gibco), 200 nM l-glutamine, 1% penicillin-streptomycin and
50 ng ml−1 IGF-1 (Sigma-Aldrich), for at least 7 days, replacing with fresh
DM/ACA every 2 days

Size Characterization of the Citrated Maghemite Nanoparticles with Trans-
mission Electron Microscopy (TEM): Transmission electron microscopy
(TEM) was employed to assess the morphology and size distribution of
nanoparticles in a similar procedure as reported in literature.[37,38] The
specific instrument employed for this analysis was the JEOL JEM-2800,
operating at an acceleration voltage of 200 kV. To prepare TEM samples,
the nanoparticle stock dispersionwas diluted with water at an approximate
ratio of 1:1000. Subsequently, a droplet of the dilutedmixture was pipetted
onto a TEM grid featuring a holey carbon film (Agar Scientific S147-4). The
grid was then left to undergo evaporation, resulting in the deposition of
the nanoparticles on the carbon film.

Through analysis of individual TEM images (Figure S3a, Supporting In-
formation), the distribution of nanoparticle sizes (Figure S3b, Supporting
Information) was determined by measuring the diameter of each particle
using image processing tool Image J-Fiji (version 1.53t). The diameters of
the nanoparticles were further subjected to a log-normal distribution fit-

ting a log-normal equation y = A

xS
√
2𝜋

exp (− (ln (x)−M) 2)
2S2

), for x> 0, yielding

M = 2.2, and S = 0.35. Consequently, the calculated average size of the
nanoparticles was determined to be𝜇 = eM+S2∕2 = 10.3 nm, accompanied

by a corresponding standard deviation of 𝜎 =
√

e2M+S2 (eS2 − 1) = 3.8nm.

Rheology of the Bioinks: The rheological measurements of the mag-
netic bioinks containing ferrofluids at different concentrations (1%, 2.5%,
and 5%) were conducted using the MCR 702 rheometer from Anton Paar,
coupled with a CP40-1 cone plate, with a diameter of 40 mm (no. 2627).
The cone plate maintained a fixed working gap of 0.078 mm. Each mea-
surement was performed on 350 μl of samples, and the entire process was
replicated three times to ensure accuracy. The average values were taken
from these replicates. To determine the flow curves and viscosity values,
a logarithmic shear rate ramp was employed, covering a range of values
between 0.1 and 100 s−1. Throughout the measurements, a constant tem-
perature of 5 °C ± 0.2 °C was carefully maintained. This controlled tem-
perature environment ensures consistency and reliability in the obtained
rheological data.

Printability of the Ferrofluid-Based Bioink: Printability of the magnetic
bioink was evaluated by measuring the width and height of infinity-shaped
3D-printed constructs with 1, 2, or 3 layers, using a printing pressure of
70 kPa. These constructs were made from a bioink formulation contain-
ing 2.5% ferrofluid, 7% gelatin, and 4% fibrinogen. Top-view images were
taken with a bright-field microscope (Leica Thunder) while side-view im-
ages were obtainedwith a Thorlabs camera. Image analysis was performed
using ImageJ software.

Confocal Imaging of Ferromuscles: Ferromuscles at day 7 of differentia-
tion were washed three times with PBS 1X before fixation with 4% PFA for
30 min at room temperature. Then, after PBS washings, the tissues were
imaged and recorded by confocalmicroscopy (LSM710, 20×/1.0 water im-
mersion objective, 𝜆ex = 561 nm and 𝜆em = 563–735 nm for Rhodamine
B. The resolution of the acquired images was 1024 × 1024 pixels and the
vertical intervalΔz between two successive images was 2 μm. Images and
3D projections were exported from the instrument software (Zeiss Zen
Black) in CZI and AVI formats, respectively, and further processed with
Fiji (version 1.53t) for obtaining 3D visualization (Video S4, Supporting
Information) and images in Figure 1F and Figure S2 (Supporting Informa-
tion).

Magnetic Characterization of Muscle and Ferromuscle Tissues: Muscle
tissues with and without ferrofluid were fixed with 4% PFA, washed with
PBS and maintained in PBS with 50 mm sodium azide. The samples were
picked from the PBS buffer and placed on a clean tissue for extracting
the buffer solution. The dried fixed muscle tissues were consequently en-
capsulated in sample cups. Prior to and after the encapsulation the mass
of each cap was measured with a Precision Balance (Pioneer PX 225D,
Ohaus) and subtracted to obtain the mass of each fixed muscle tissue.
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The mass of the fixed muscle tissue without ferrofluid was 2.27 mg and
the mass of the muscle tissue with ferrofluid was 1.24 mg. The magnetic
properties of both samples weremeasured within a Physical PropertyMea-
surement System (PPMS, QuantumDesign) using the vibrating sample
magnetometer (VSM) mode. The vibrating samples were excited with a
magnetic field strength in a range from -1 to 1 [T] and the magnetic mo-
ment [emu] wasmeasured. The density of themuscle tissueswas assumed
to be 1060 kg m−3 following[39] to obtain the volume magnetization of the
samples shown in Figure S1 (Supporting Information).

Degradation of the Ferromuscle Tissue: After full differentiation of the
control tissues and ferromuscles (containing 2.5% of ferrofluid) at day 9,
the samples were cultured for 21 daysmore in differentiationmedia with or
without protease inhibitor (ACA). Cell media was replaced every two days.
Images of the muscle tissues were taken at different time points (day 0,
14, and 21) using bright-field microscopy. The measurements of the areas
were performed using Image J software.

Cell Viability Tests: Viability of ferromuscles and control muscles was
performed at day 3 and 6 of culture using the LIVE/DEAD™ Viabil-
ity/Cytotoxicity Kit, for mammalian cells (Invitrogen, L3224) following the
protocol indicated by the company. The cell nuclei were stained by adding
Hoechst 33 342 (0.5 μL mL−1; Invitrogen, H1399) to the Live/Dead stain-
ing solution, and incubating the samples for 30 min at 37 °C.

Immunostaining of 3D Bioprinted Skeletal Muscle Tissues: Control and
ferromuscle tissues (with 2.5% of ferrofluid) were washed three times with
PBS and fixed with a 3.7% (v/v) paraformaldehyde solution in PBS for
60 min at room temperature. Following fixation, the samples were washed
three times with PBS before cell permeabilization using 0.3% (v/v) Triton-
X-100 in PBS. After two additional PBS washes, non-specific binding was
blocked by incubating the constructs in 5% (w/v) Bovine Serum Albumin
(BSA) in PBS. Samples were then incubated overnight at 4 °C with the pri-
mary already conjugated antibody Alexa Fluor 488-conjugated Anti-Myosin
4, also known asMyosinHeavy Chain II-b, (eBioscience, 53-6503-82, 1:100
dilution), under dark conditions in 5% BSA. After this incubation period,
excess antibody was removed by PBS washes, and F-actin was stained us-
ing ReadyProbes 555 (Invitrogen, R37112) for 2 h at room temperature in
the dark, following themanufacturer’s protocol. Unbound antibodies were
thenwashed awaywith PBS, and a PBS solution containingHoechst 33 342
(1 μL mL−1, Life Technologies) was added for 10 min at room temperature
to stain cell nuclei. Finally, the samples were washed again twice with PBS
and were stored at 4 °C until further analysis. Imaging was performed us-
ing a Leica Thunder microscope and a Zeiss LSM 800 confocal scanning
laser microscope (CSLM), with excitation lasers at 488, 555, and 405 nm
for Myosin 4, F-actin, and nuclei, respectively. The orientation and align-
ment of myotubes were analyzed using ImageJ with plugin directionality.
Angle dispersion values were obtained from the Fast Fourier Transform
(FFT) of the Myosin 4 immunostaining images from control and Ferro-
muscles at day 9.

Force Measurements: Electrical pulse stimulation with a 2 ms pulse
width and a 15 V amplitude was applied at a frequency of 1 Hz using
custom-made graphite-based electrodes placed in the Petri dish contain-
ing the muscle tissue in DM/ACA, and connected to the electrical stimu-
lation setup, consisting of an oscilloscope, a waveform generator, and a
power supply. The deflection of the PDMS posts was recorded via bright-
field microscopy.

Euler-Bernoullis beam bending equation was used to calculate the
forces exerted against the posts, taking into account the stiffness of the
posts (206 kPa), as previously reported.[25] Motion analysis was per-
formed with a lab-made python tracking script[40] that recognizes the re-
gion of interest indicated by the user, and tracks this object throughout
the video.

Sample Cryosection and Immunofluorescence Staining: Muscle tissues
were washed three times with PBS 1X before fixation with 4% PFA for
30 min at room temperature. Fixed samples were washed again in PBS
1X and then embedded in Optimal Cutting Temperature compound (OCT,
Sigma-Aldrich – P0091-6×120ML) within a disposable plastic cryomold.
For cryopreserving the samples, the cryomolds were immersed in isopen-
tane, which was previously cooled in liquid Nitrogen, until the OCT was
clearly frozen showing a whiteish color. Samples were stored at -20 °C until

sectioning, which was done with a cryostat (Leica CM1900), obtaining sec-
tions of 20 μm thickness that were placed on Superfrost PlusTM Adhesion
slides and stored at -20 °C. To perform the immunofluorescence staining
muscle cryosections (cross sections) were first encircled with a PAP pen
to avoid the leakage of the staining solutions through the slides. Samples
were permeabilized for 10 min with a PBS-T solution containing PBS 1X
and 0.1% Triton-X100, then blocked for 30 min at room temperature with
a blocking buffer containing 0.3% Triton-X100 and 3% BSA in PBS 1X. To
identify the formation of aligned myotubes, samples were incubated with
Myosin 4Monoclonal Antibody (MHCIIb) conjugated with Alexa Fluor 488
(Invitrogen, 53-6503-82) at a 1/400 ratio in blocker buffer, overnight at 4 °C
and dark conditions. Then, cross sections were washed with PBS-T three
times before incubating with 2 μm ml−1 solution of Hoechst 33 342 in
PBS 1X for nucleus staining. Samples were washed again with PBS 1X
and mounting media (Invitrogen ProLong Diamond Antifade Mountant,
P36961) was added. Finally, a coverslip was placed on top of the stained
cryosections, and nail polish was used to seal the edges. Samples were
stored at 4 °C until imaging. The penetration of ferrofluid was quantified
and displayed by the corrected total cell fluorescence (CTFC = Integrated
fluorescence intensity – (Area x mean fluorescent of background). Values
of area and integrated fluorescence intensity were obtained using Image J.
The quantification of percentage of MyHCIIb-positive cells was performed
using the plugin Cell Counter from Image J.

RNA Extraction and Real Time Quantitative PCR (RT-qPCR): To assess
the mRNA expression of myogenic markers, including MyoD, myogenin,
MyHCI, MyHCIIa, and MyHCIIb, total RNA was extracted from three bi-
ological replicates of control and ferromuscle tissues at days 0, 4, and 9
of differentiation. Please note that day 0 (D0) of differentiation refers to
the day when the growth media was switched to differentiation media,
which occurred two days after the 3D bioprinting of the tissues. RNA iso-
lation was performed using the RNeasy Mini Kit (Qiagen, 74 134), and its
concentration was determined by measuring absorbance at 260 nm with
a NanoDrop spectrophotometer (ND-1000, NanoDrop). Complementary
DNA (cDNA) synthesis was carried out using the RevertAid First Strand
cDNA Synthesis Kit (Thermo Scientific, K1622). Subsequently, 500 ng of
cDNA was combined with gene-specific forward and reverse primers and
PowerUp SYBR Green Master Mix (Applied Biosystems, A25742), follow-
ing the manufacturer’s protocol. RT-qPCR was conducted using an Ap-
plied Biosystems StepOnePlus Real-Time PCR system (Applied Biosys-
tems, 4 376 600). The primer sequences used in this study are provided
in Supporting Information. Gene expression levels were normalized to
GAPDH.

Statistical Analysis: Two-way analysis of variance (ANOVA) followed by
a Tukey’s multiple comparisons test was performed in GraphPad Prism to
evaluate the significance (p < 0.05) on values from fiber width and height
of the 3D printed constructs. Analysis of variance for the viability tests was
performed in OriginPro (version 1.6) with a one-way ANOVA, Bonferroni
method with a significance threshold of 0.05, see Table S1 (Supporting
Information). Statistical analysis of force measurements was performed
with a one-way ANOVA (p < 0.05) using GraphPad Prism.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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