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Abstract
In this work, we present an innovative, high-throughput rotary wet-spinning biofabrication
method for manufacturing cellularized constructs composed of highly-aligned hydrogel fibers. The
platform is supported by an innovative microfluidic printing head (MPH) bearing a crosslinking
bath microtank with a co-axial nozzle placed at the bottom of it for the immediate gelation of
extruded core/shell fibers. After a thorough characterization and optimization of the new MPH
and the fiber deposition parameters, we demonstrate the suitability of the proposed system for the
in vitro engineering of functional myo-substitutes. The samples produced through the described
approach were first characterized in vitro and then used as a substrate to ascertain the effects of
electro-mechanical stimulation on myogenic maturation. Of note, we found a characteristic gene
expression modulation of fast (MyH1), intermediate (MyH2), and slow (MyH7) twitching myosin
heavy chain isoforms, depending on the applied stimulation protocol. This feature should be
further investigated in the future to biofabricate engineered myo-substitutes with specific
functionalities.

1. Introduction

In our bodies, skeletal muscles (SMs) are respons-
ible for a multitude of key vital functions compris-
ing approximately 40% of total body weight and
up to 50%–75% of all body proteins [1]. Alongside
their crucial role in motion, SMs are also respons-
ible for glucose, amino acids, and lipids homeo-
stasis. From a structural standpoint, SM tissue owns
a particular architecture where the multinucleated
fibers are densely packed to form parallelly aligned

bundles. Notably, such hierarchical architecture can
also be observed at the single cell level in SM cells
(SMCs). The organelles in SMCs, in fact, are local-
ized in a highly compact matrix of contractile pro-
teins, and this cellular structure has amajor impact on
myofiber size, function, form, and localization of the
nuclei [1, 2].

Its peculiar characteristics and unique functions
place SM tissue at high levels of importance in bio-
medical research, especially in tissue engineering. In
recent years, great efforts have been spent to create
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engineered muscle constructs for regenerative medi-
cine purposes, as well as designing functional in vitro
models for drug testing and musculoskeletal dis-
ease investigation [3–7]. To match SM functionality
observed in vivo, the main focus of these studies has
consisted of (i) recapitulating the highly anisotropic
architecture of the SM tissue by developing increas-
ingly sophisticated techniques [8, 9] and (ii) identi-
fying physical—i.e., mechanical, electrical or a com-
bination of them—stimulation protocols that could
enhance the differentiation levels of SM progenitors
[10–13].

Despite the significant technological advances in
the field, a proper recapitulation of SM’s unique
structure and functions still remains a challenge,
especially in the case of large volumetric constructs.
The scenario is even more complex regarding the
identification of physical stimulation protocols to
promote the maturation of the engineered muscle
constructs. Notably, it has been demonstrated that
electrical, mechanical, or electro-mechanical stim-
uli play a pivotal role in regulating SM cell beha-
vior both in terms of 3D organizations and protein
expression [14]. Nevertheless, the underlying mech-
anisms of such regulation are not completely under-
stood. Moreover, it has still to be determined how
to adjust the stimulation protocols to the specific,
dynamic features of the engineeredmuscle constructs
(e.g., dimensions, architecture, microenvironment
properties, SM cell differentiation level, culturing
conditions, etc). This issue has generated literature
with contradictory results where electro-mechanical
stimuli have induced a significantly improved or even
completely inhibited SM maturation [7, 15, 16].

In this context, the rising biofabrication
techniques represent a promising option for man-
ufacturing large-volume, standardized engineered
SM constructs. Such technologies offer high spatial
resolution in terms of biomaterial and cell patterning,
together with high repeatability and the possibility to
scale up the construct dimension to tens of cm3 [8, 9].
However, for the majority of available biofabrication
platforms, there exists an inverse proportion between
printing resolution and printing speed which often
limits researchers’ manufacturing freedom. In addi-
tion, in the specific case of SM constructs, the 3D
assembly of volumetric, highly anisotropic structures
having high fiber spatial density is not trivial. Here,
we present an innovative, fully automated 3D rotary
wet-spinning (RoWS) biofabrication strategy that
could address these challenges. The presented system
offers significant advantages, including high printing
speed (typical fiber extrusion rate ≈4.2 m min−1,
the volume of bioink deposited ≈0.5 ml min−1) and
capability to manufacture biomimetic, aligned fiber
bundles. In addition, we introduce a new micro-
fluidic printing head (MPH) design compatible with

the continuous wet-spinning process that enables the
production of core/shell hydrogel fibers loaded in
the soft core with SM progenitors. After preliminary
exploring the system capabilities, we validated the
proposed platform through the production of myo-
substitutes which were first characterized in vitro and
then used as a substrate to ascertain the effects of
physical stimulation on myogenic maturation, with
particular attention to the modulation of the expres-
sion of fast and slow twitching myosin heavy chain
(MHC) isoforms.

2. Experimental section

Materials: All chemicals were purchased from Sigma-
Aldrich and used without further purification
unless otherwise stated. Low molecular (LMW-
ALG, Mw 33 kDa) and high molecular weight
(HMW-ALG, Mw 100 kDa) sodium alginates were
kind gifts from FMC Biopolymers. C2C12 myo-
blasts were kind gifts from the laboratory of Prof.
Gargioli. High glucose Dulbecco’s essential medium
(DMEM), fetal bovine serum (FBS), phosphate buf-
fer solution (PBS), 4-(2-Hydroxyethyl) piperazine-1-
ethane sulfonic acid (HEPES) buffer solution, goat
serum (GS), trypsin-ethylenediaminetetraacetic acid
(EDTA), Alexa Fluor 488 Phalloidin, Texas Red anti-
rabbit secondary antibody, were purchased from
ThermoFisher (the Netherlands).

2.1. 3D wet-spinning bioprinting setup
Core/shell hydrogel fibers were fabricated and 3D
spatially deposited using a custom 3D wet-spinning
bioprinter built in our laboratory. The whole plat-
form comprises (i) an extrusion system composed
of a 3D printed MPH bearing a crosslinking bath
microtank with a co-axial nozzle placed at the bottom
of it for the immediate gelation of extruded core/shell
fibers (inner needle diameter = outer needle dia-
meter = 500 µm), rotating drum collector (dia-
meter = 20 mm, length = 180 mm), and an X-axis
(travel range = 160 mm). The whole system was
controlled with an Arduino Mega board and cus-
tom software developed in Python. The MPH was
designed using Inventor and manufactured through
stereolithography 3D printing (DWS 3500PD) using
a transparent and class I biocompatible (Class I
polymer for surgical guides as per Rule 5, Annex
IX of Medical Devices Directive 93/42/EEC) resin
(DS3000). After the 3D printing, the nozzle was thor-
oughly rinsed in isopropanol to remove unreacted
photoresin trapped in the channels, dried, and addi-
tionally crosslinked in a UV curing oven for another
10 min. Finally, the 3D printed MPH was equipped
with a crosslinking bath microtank and mounted on
the bioprinter’s x-axis arm.
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2.2. Simulations of the co-axial flow
The stability of the numerical model was built using
COMSOL Multiphysics 5.6 with computational fluid
dynamics (CFD) module. The level set method was
applied to trace the spatial distribution of two immis-
cible liquid phases: core and shell. Due to the axial
symmetry of the nozzle, the system was modeled in
2D axisymmetric geometry. The symmetry plane was
extracted from the source file used for the 3D print-
ing of the nozzle, so it was identical to the experiment.
The model was meshed with the standard, physics-
controlled mesh calibrated for flow studies. The ele-
ment size was set to extremely fine, with the min-
imumandmaximumelement sizes set to 26.7 nm and
8.71 µm, respectively. The thickness of the interface
was set to the default value for the selected mesh. The
reinitialization parameter γ was 1m s−1. The viscosit-
ies of the core and shell fluids were set to 15mPa·s and
80 mPa·s (see figure S1-bface934supp1.pdf), respect-
ively, corresponding to the experimental values. The
volumetric flow rates for phases Qc (core flow rate)
and Qs (shell flow rate) were varied to find the most
stable flow conditions. The total time of the simu-
lation was 5 s, with the state of the system recor-
ded every 0.01 s. At every recorded state, the radial
position of the interface at the outlet of the nozzle
was calculated. Only the simulation’s last 2 s were
used to analyze the flow’s stability since, during the
initial part, the flow changed significantly from the
initial conditions (see figure S2-bface934supp1.pdf).
The stability of the interface was calculated based on
the amount of interface from itsmean (see SI formore
details). A total of 36 independent simulations were
performed for values of Qc and Qs ranging from 80
and 640 µl min−1.

2.3. C2C12 culture and expansion
C2C12 myoblasts were cultured in high glucose
DMEM supplemented with 10% FBS, 1% penicillin-
streptomycin, and 10 mM HEPES until 50% conflu-
ence was obtained. Further, cells were detached using
trypsin-EDTA and encapsulated in the core solution
at a final density of 12× 106 cells ml−1.

2.4. Fabrication of engineered SM constructs
Core/shell hydrogel fibers were fabricated using the
custom co-axial MPH. The core bioink was com-
posed of 12× 106 C2C12 myoblasts/ml suspended in
sterile-filtered solution of 1.4% w/v fibrinogen from
bovine plasma and 0.2% w/v LMW-ALG in 25 mM
HEPES buffer solution containing 150 mM NaCl.
The shell biomaterial ink was prepared by dissolving
2% w/v LMW-ALG, 0.5% w/v HMW-ALG, and 0.5%
w/v Alginate-RGD (ALG-RGD) in 25 mM HEPES
(Alginate RGD synthesis is reported in SI). Prior to
use, the MPH and tubing were first washed with 70%
ethanol solution and ultimately flushed with sterile

dH2O. The inks were supplied to the MPH nozzle
at constant flow rates to generate the co-flow in the
extrusion nozzle. In all cellular experiments, typical
core and shell flow rates were: Qc = 160 µl min−1,
Qs = 320 µl min−1. The crosslinking bath microtank
was then filled with 0.6 M CaCl2 solution prior to the
extrusion of core and shell inks. The gelation of the
core/shell fibers occurs instantaneously in the prox-
imity of the tip of the nozzle upon coming into con-
tact with CaCl2. The resulting hydrogel fiber is ini-
tially pulled gently upwards with a tweezer until it
reaches the surface of the rotating Teflon drum. As
soon as the fiber touches the drum, a hydrogel fiber
starts to be continuously extruded from the nozzle
and collected onto the drum forming a bundle. The
rotation speed of the drumwas set to 64 rpm, and the
thread number in each bundle was kept constant (37
threads in each bundle, 30 s of extrusion). Following
extrusion, the samples were collected from the rotat-
ing drum. To crosslink the bioink in the core, the
bundles were incubated with 10 U ml−1 thrombin in
25 mM HEPES buffer solution for 30 min at 37 ◦C.
The bundles were then separated and immersed in
high glucose DMEM, supplemented with 20% FBS,
1% penicillin-streptomycin, and 10 mMHEPES, and
cultured at 37 ◦C in a humidified atmosphere of 5%
CO2 and 95% air for 14 d.

2.5. Electro-mechanical stimulation of SM fascicle
The engineered SM myo-substitutes were either cul-
tured in Petri dishes at their free length or trans-
ferred into the bioreactor for physical stimula-
tion. The samples were cultured in high glucose
DMEM, supplemented with 20% FBS, 1% penicillin-
streptomycin, and 10 mM HEPES over 14 d. Based
on other studies present in the literature, four dif-
ferent stimulation protocols (static stretching (SS),
dynamic stretching (DS), electrical stimulation (ES),
and SS+ ES) were selected to determine the effect of
physical stimulation on the myogenic maturation of
bioprinted samples [3, 6, 17, 18]. The samples were
placed in the bioreactor directly after fabrication for
SS protocol. The distance between pillars was adjus-
ted to 30 mm and kept constant for 14 d. The DS
protocol of the fibers entailed a progressive increase
of the stretching amplitude to compensate for the
relaxation of the samples upon stretching. The initial
distance between the pillars was set to 30 mm, and
on day 3, the DS protocol was initiated. The stretch-
ing was applied at a speed of 0.5 mm s−1 with a 1 s
break after each stretch cycle. The stretching length
was set at 31.5 mm (5% stretching with respect to
the initial length) on day 3, increased to 33 mm (10%
stretching) on day 7, and to 36 mm on day 10 (20%
stretching). Every day, the myobundles were cyclic-
ally stretched for an overall period of 8 h, followed
by a 16 h rest period. ES protocol was started on
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day 5 of culture when sufficient myotube formation
was observed. The ES protocol consisted of 1 h act-
ive stimulation followed by 7 h rest period. Electrical
impulses delivered to myobundles were bipolar with
70mA amplitude and 2ms duration [14]. During ES,
myobundles were placed between parallel platinum
electrode wires in Petri dishes at their free length. The
ES protocol was programmed using a custom pulse
generating Labview script combined with a custom
electronic board. For SS + ES protocol, the samples
were placed in the bioreactor directly after fabrica-
tion, and the distance between pillars was adjusted
to 30 mm. The platinum electrodes were fixed on
the pillars of the bioreactor. The SS and ES protocols
were implemented simultaneously with the paramet-
ers mentioned above of the single protocols.

2.6. Actin, myosin heavy chain (MHC), laminin
(LMN), dystropin (DYS), titin (TTN), and
bungarotoxin (BTX) staining
Core/shell bundles were fixed on day 14, and the
samples were permeabilized with 0.3% (v/v) Triton
X-100 in HEPES. Thereafter, constructs were then
incubated in 1% (w/v) bovine serum albumin
(BSA) in HEPES overnight at 4 ◦C to inhibit the
non-specific binding. Following the BSA blocking
step, the samples were incubated with 1:40 dilu-
tion of Alexa Fluor phalloidin in HEPES solution for
actin staining. Following the actin staining, samples
were washed and subsequently incubated in 1:500
4′,6-diamidino-2-phenylindole (DAPI) solution in
HEPES for 10 min. Regarding immunofluorescence
stainings, after the samples were fixed with 4% form-
alin, they were washed with 25 mM HEPES and
treated with saturated solution of EDTA contain-
ing 0.08% (w/v) alginase for 3 h at 37 ◦C. Then, the
samples were washed with 25mMHEPES and treated
with 0.3% (v/v) TritonX100 solution for permeabiliz-
ation. After washing the Triton solution with 25 mM
HEPES, the samples were blocked with 1%(w/v) BSA
in 25 mM HEPES containing 0.08% alginase for 2 h
at 37 ◦C. Subsequently, the scaffolds were incubated
with: Anti-Myosin (Skeletal) antibody (MF 20 was
deposited to the DSHB by Fischman, D.A. (DSHB
Hybridoma Product MF 20)) produced in mouse
(1:1), Anti-Laminin (Sigma L9393) produced in
rabbit (1:50), Anti-Titin (Abcam ab-284 860) pro-
duced in rabbit (1:100), Anti-Dystrophin (Vector
VP-D508) produced in mouse (1:100) overnight at
4 ◦C. After washing, the constructs were incubated
with secondary antibody produced in goat (1:500) for
3 h at room temperature (RT): Alexafluor 555 anti-
mouse (1:1000), Alexafluor 488 anti-rabbit (1:1000),
Texas Red anti-rabbit (1:1000). Subsequently, cell
nuclei were stained with DAPI solution (1:500) for
10 min, Bungarotoxin conjugated with Alexafluor
488 was added with DAPI (1:500). After washing,

the cell-laden constructs were imaged under confocal
microscope (Nikon, A1R). The directionality of the
myofibers was performed using image analysis soft-
ware (ImageJ, National Institutes of Health, USA).

2.7. Quantitative real-time polymerase chain
reaction (qRT-PCR) analysis for myosin heavy
chain genes (MyH)
Total RNA was extracted from the samples of each
experimental condition. The spun samples were
washed in 25 mM HEPES for 10 min, transferred in
a 2 ml RNase-free Eppendorf tube, quickly frozen in
dry ice, and stored at −80 ◦C until RNA extraction
process. The RNA extraction from samples was per-
formed using the pestle and mortar procedure. The
mortar, pestle, and spatulas were previously cooled
using liquid nitrogen for optimal results. Then, the
samplewas transferred into themortar using the spat-
ula and finely ground with the pestle. During the pro-
cedure, a small amount of liquid nitrogen was poured
into the mortar, preventing the sample’s thawing.
Subsequently, 1 ml of TRIzol reagent (Invitrogen,
Life Technologies) was used to collect the pulverized
sample and transferred in a 1 ml RNAse-free new
Eppendorf tube. The collected samples were incub-
ated for 5 min at RT to allow complete dissociation of
nucleoprotein complexes. The 0.2 ml of chloroform
per ml of TRIzol was added to each sample. Tubes
were vigorously shaken for 15 s, incubated at RT for
3 min, and centrifuged at 12 000 × g for 15 min at
4 ◦C. The aqueous phase was transferred to a fresh
tube, and RNA was precipitated with 0.5 ml of iso-
propyl alcohol. After centrifugation, the RNA pellet
was washed with 1 ml of 75% ethanol and centri-
fuged at 7500 × g for 5 min at 4 ◦C. Finally, the
RNA pellet was air-dried and dissolved in 10 µl of
RNAse-free water. RNA concentration was determ-
ined using a NanoDrop UV–visible spectrophoto-
meter. The 0.5 µg of total RNA was reverse tran-
scribed to cDNA using the High-Capacity cDNA
Reverse Transcription Kit (Applied Biosystem, Foster
City, California, USA). The evaluation of gene expres-
sion was performed by qRT-PCR using 7900HT Fast
Real-time PCR System equipped with SDS software
(Applied Biosystems) and specific primers formyosin
heavy chain 1 (MyH1), myosin heavy chain 2 (MyH2)
andmyosin heavy chain 7 (MyH7) genes (table 1). All
reactions were performed in 10 µl reaction volume
and in duplicate. The expression data were normal-
ized using the Ct values of the housekeeping mouse
gene GAPDH. The fold changes of each target gene
compared to the non-stimulated control group were
evaluated.

2.8. Statistical analysis
All measurements were made in triplicates on at least
three different samples produced from different cell
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Table 1.Murine primer sequences used for qRT-PCR analysis.

Gene symbol Sense-forward primer Antisense-reverse primer

MyH1 TGCAATCAAAGGTCAAGGCC ATCTTGCGGAATTTGGCCAG
MyH2 AAGTAAAGGCCAAGAACGCG CTCCTCCTCGTACTGTTCCC
MyH7 TACTCTGACCAAGGCCAAGG CACCTTCTTCTCCTGCTCCA
GAPDH TCCACTCATGGCAAATTCAA TTTGATGTTAGTGGGGTCTCG

culture batches and tested independently. Data are
reported as mean values ± standard deviation. One-
way analysis of variances (ANOVA) test was per-
formed, and differences were displayed as statistic-
ally significant when p ⩽ 0.05. Statistically signific-
ant values are presented as ∗p ⩽ 0.05, ∗∗p ⩽ 0.01,
∗∗∗p⩽ 0.001, and ∗∗∗∗p⩽ 0.0001.

3. Results and discussion

3.1. Design and validation of the 3D RoWS
bioprinter andMPH
As the 3D printing technologies progress at a rapid
pace, the research in the tissue engineering field star-
ted seeking new bioprinters that are compact, user
friendly, and focused on more specific applications.
Particularly, in recent years, significant efforts have
been made to design new bioprinters and scaffold
fabrication techniques for tissues requiring specific
directionality. In this context, we have developed
an innovative biofabrication platform for creating
engineered myo-substitutes that was inspired by the
wet spinning technique. The designed 3D RoWS
printer is composed of three main components: (i)
a MPH for fiber extrusion, (ii) a rotating drum for
fiber collection, and (iii) an x-axis motion arm for the
automated assembly of 3D structures (figure 1(a)).
The MPH can be featured as the main component of
the 3D RoWS system enabling the continuous pro-
duction of core/shell hydrogel fibers. As presented in
figures 1(b) and (c), the MPH is characterized by two
main inlets, one for the fiber core and one for the fiber
shell. These two inlets are fluidically connected to the
two compartments of a co-axial nozzle where the two
bioinks meet each other, forming a core/shell flow
pattern. The latter is finally extruded within a cross-
linking bath microtank where an instantaneous ionic
crosslinking between alginate chains in the shell phase
and calcium ions in the bath takes place, thus freez-
ing the core/shell flow arrangements (figure 1(d)).
Such design simplifies the continuous production of
hydrogel fibers by eliminating the need for additional
external crosslinker flow (i.e., multi-axial nozzles),
hence reducing the complexity of the fiber formation
process [19–21].

Thanks to the durable and flexible support of
the alginate shell, the proposed system allows for
the confinement of a wide variety of low viscos-
ity bioink cores, including fibrinogen, which would

otherwise be impossible to use in 3D bioprinting
experiments (figure S1-bface934supp1.pdf). This fea-
ture enables the widening of the time window for the
crosslinking of the core bioink, hence being compat-
ible with long crosslinking processes (e.g., enzymatic
reactions). Fibrinogen hydrogels, with their excep-
tional biocompatibility, unique viscoelastic proper-
ties, and tunable degradation rates, emerge as an
outstanding biomaterial for SM engineering. Hence
the proposed core–shell bundles support the encap-
sulation and growth of SMCs, mimic the mechan-
ical properties of native muscle tissue, and allow
for gradual scaffold remodeling, promoting integra-
tion and maturation of engineered muscle constructs
[21–23].

Another advantageous aspect of the proposed 3D
rotary wet spinning bioprinter is the possibility to
control, in specific ranges, the core and shell dimen-
sions by tuning the flow rates of the two bioinks

[24–26]. Nevertheless, the stability of the interface
between the core and the shell phases within the
extrusion nozzle plays a key role in the extrusion
process. Therefore, to gain a deeper understand-
ing of the extrusion process, we have analyzed by
means of CFD simulations the shape and the beha-
vior of the interface between the two phases at flow
rate regimes (figure 2(a)). For these simulations, we
used as input parameters the rheological properties
of two bioinks that, based on our prior experience,
on the one hand, would be compatible with the very
rapid wet-spinning process and, on the other hand,
would support a proper differentiation of SM pro-
genitors. Accordingly, we select for the shell phase
a 3% w/w alginate solution and for the core a solu-
tion containing 14 mg ml−1 of fibrinogen and 0.2%
w/w LMW-ALG (for more details, see section 2.2).
As shown in figure 2(b), the size of the core phase
decreases for small values of Qc and large values of
Qs, while, conversely, larger Qc and smaller Qs result
in a structure with a thicker core and a thinner shell.
Regarding the stability of the core/shell flow pattern,
the stability of the interface was analyzed for the con-
ditions at which the smoothest structure could be
produced. As demonstrated in figure 2(c), the sta-
bility of the core/shell flow patterns—measured in
terms of interface fluctuations—can be obtained at
large values of Qs (generally, Qs > 300 µl min−1).
Furthermore, the highest interface stability was
observed at Qc = 80 µl min−1/Qs = 640 µl min−1,
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Figure 1. (A) 3D rendering model of the rotary wet-spinning printer (3D RoWS) displayed with its three main components:
(i) the microfluidic printing head, (ii) the rotating drum collector, and (iii) the x-axis motion arm. (B) Representation of the
microfluidic printing head and core/shell inlet channels (C) cross-section of the microfluidic printing head displaying fluidic
paths within the MPH. (D) (top) Hydrogel core/shell fiber bundle composed of parallelly aligned fibers. (bottom) Confocal image
of the bundle showing the precise organization of fibers and their accurate core/shell structures. Scale bars: (A) overall bioprinter
dimensions 310× 165× 150 mm; (B), (C) Dchannels = 800 µm, Dcore = 500 µm, Dshell = 500 µm, Dcrosslinking bath = 26 mm;
(D) (top) 2 mm, (D) (bottom) 800 µm.

indicating that the shear stress resulting from the
velocity difference between the phases stabilizes the
flow pattern. These results were of the utmost import-
ance as they helped us to identify the most suit-
able flow regimes for fiber production, avoiding a
time-consuming experimental optimization of these
parameters.

Based on CFD results, we experimentally tested
our MPH using Qc and Qs values from the bottom
left quadrant of the heat maps shown in figures 2(b)
and (c). The rationale behind this decision is that
we wanted to obtain stable core/shell fibers without
using too high flow rate values that could be poten-
tially harmful to cells—in terms of shear stresses.
We thus selected two different flow rate sets with
the same Qs/Qc ratio (Qs:160/Qc:80 µl min−1 and
Qs:320/Qs:160 µl min−1) to validate the predictions
of CFD simulations and evaluate the core/shell fiber
characteristic dimensions. For these experiments, we
fixed the rotational drum speed to 64 rpm. The res-
ults are shown in figures 2(d) and (e). In the first case,
with Qs = 160 µl min−1 and Qc = 80 µl min−1, we
observed a relatively stable fiber extrusionwithminor
interruptions due to the break-up of the extruded
fibers. The overall fiber diameter was 275 ± 23 µm,
the core diameter 190± 20µm, and thewall thickness
was 43 ± 6 µm. In the second case with doubled val-
ues, the overall fiber diametermeasured 372± 25µm,
the core diameter 236 ± 20 µm, and the wall thick-
ness 68± 10 µm. In this case, we did not observe any
fiber break up during extrusion, and the continuous

extrusion process resulted smooth for the whole spin-
ning procedure.

Interestingly, the soft cores result in partially
deformed, being squeezed by the adjacent layers
of fibers present in the bundle. Since these results
appeared to agree with CFD simulations, we thus
chose the second set of flow rate values for the follow-
ing experiments with cells. Remarkably, the obtained
wall thickness values should guarantee a sufficient dif-
fusion of nutrients to the cells encapsulated in the
core.

From a structural point of view, a key aspect
often desirable in SM tissue engineering (SMTE)
is to mimic the anisotropic, aligned architecture of
native muscles, possibly at the largest scale. To this
aim, the proposed 3D RoWS bioprinter can cre-
ate hydrogel bundles of parallelly aligned fibers at a
speed of approx. 0.5 ml min−1 (figure 3(a)). This
speed is remarkable considering that in other stud-
ies, the fiber deposition speed ranged from approx.
5 µl min−1 to 50 µl min−1, thus being up to two
orders of magnitude higher [8, 27]. To demonstrate
the potential of our systems, we first fabricated onto
the rotating drum single-layer bundles containing a
different number of fibers by using a constant lin-
ear speed in the x-axis (Vx-axis = 30 mm min−1) and
simply tuning the extrusion time (figure 3(b)). The
adhesion of extruded fibers to previously collected
ones on the drum can be attributed to two effects.
Initially, hydrogel fibers adhere to each other due
to capillary forces. Once tightly packed, the partially
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Figure 2. (A) The spatial concentration of core/shell liquids inside the nozzle. Blue and red colors correspond to a high value of
the core and shell phase, respectively. The white line between both phases indicates the interface. The point at the outlet of the
nozzle at which instabilities of the interface were measured is marked with an arrow. (B) Core-to-shell thickness ratio as the
function of the flow rates of both liquids Qc and Qs. The flow rates marked with the bright color yield a structure with a thin core
and thick shell. The opposite composition of the structure is marked with dark colors. (C) Stability of the interface as the function
of the flow rates. The color scale bar represents the amount of interface fluctuations, calculated as the standard deviation of the
interface position normalized to nozzle radius (see SI for details). Dark regions indicate a highly unstable regime where the
interface position at the nozzle outlet varies significantly in time. The bright rectangles correspond to conditions at which a
structure with a smoother interface can be produced (D) Confocal images of core–shell fibers (core: TRITC tagged alginate, shell:
FITC tagged alginate) (E) the wall thickness, core diameter, and overall fiber diameter of the core/shell fibers
(Qs:160/Qc:80 µl min−1, Qs:320/Qc:160 µl min−1, respectively, n= 10).

Figure 3.Multi-size and multi-material 3D rotary wet spun core–shell constructs. A single layer core–shell hydrogel bundle’s
entire length is depicted in (A) and (B) several hydrogel bundles bearing variable numbers of fibers. Representation of the
microfluidic printing head with Y-junction installed upstream of the core inlet (C) to fabricate multi-material core extrusion in a
single-layered (D) and multi-layered (E) hydrogel bundles, the progressive change from blue to pink indicates the gradual
transition between of the core material. (F)–(G) Different multi-layered hydrogel bundles containing varying core material fibers
(scales bars: 5 mm).
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crosslinked alginateJ shells continue forming the
hydrogel network with adjacent fibers. Experimental
results support that an extrusion time of approxim-
ately 150 ms within the crosslinking bath effectively
stabilizes the core/shell architecture, but it is insuf-
ficient for the complete crosslinking of the algin-
ate shells. Consequently, when collected onto the
drums, the hydrogel fibers, still moist with the cross-
linking solution rich in Ca2+ ions, interact with
one another, allowing the alginate chains to form
links between adjacent fibers. This aspect is crucial
for maintaining the stability of the hydrogel bundle
during in vitro culture. Additionally, a Y-junction
was installed upstream of the core inlet to demon-
strate the possibility of fabricating multi-material
3D core/shell bundles (figure 3(c)). By tuning the
extrusion flow profiles of the core inks, one can
design 3D bundles where, for instance, (i) the spatial
core composition is changed gradually (figure 3(d)
single layer, figure 3(e) bundle) or (ii) the ratio
of fibers having different cores is precisely varied
(figures 3(f) and (g)).

These system features may be used for biofabric-
ating cellularized samples characterized, for instance,
by graded mechanical properties or containing vari-
ous ratios of different cell types. Altogether, these
characteristics confirm that the proposed 3D RoWS
bioprinter represents an ideal platform for the biofab-
rication of highly aligned soft tissues such as SMs, lig-
aments, and tendons.

3.2. Biofabrication of engineered SM constructs
using 3D RoWS
Matrix stiffness and the presence of cell adherence
cues play crucial roles in the spreading, elongation,
and cooperative fusion of myoblasts, as well as in
myotube maturation [28, 29]. Hence, we paid partic-
ular attention to the formulation of the shell and core
inks to achieve successful elongation and maturation
of myoblasts. As mentioned in the previous para-
graph, the shell phase was formulated using algin-
ate as the main component to instantaneously sta-
bilize the core/shell fibers upon extrusion. However,
it is well known that alginate, in its pristine form,
does not support cell adhesion. We thus decided
to chemically modify it using short peptides bear-
ing RGD sequences, a common motif responsible
for cell adhesion [30, 31]. We believe, in fact, that
ALG-RGD may help in creating a cell adhesive inter-
face between the two fiber compartments where,
at first, myoblasts and, later, myotubes may anchor
themselves. Regarding the core ink composition, we
envisioned that the myoblast-encapsulating matrix
should provide both a convenient stiffness for cell
elongation/spreading and durable mechanical char-
acteristics to prevent a premature collapse of the
core architecture during the myotube maturation

and contractions. Amongst the plethora of bioma-
terials tested for SMTE, without doubt, fibrin has
become the gold standard substrate for in vitro SM
tissue models [15]. Fibrin contains several bioact-
ive sites to interact with cells and growth factors,
including fibroblast growth factor-2 (FGF2), vascu-
lar endothelial growth factor (VEGF), and insulin-
like growth factor-1 (IGF-1), that promote myoblast
migration, proliferation, and differentiation [32–34].
Moreover, the fibrinolytic enzymes secreted dur-
ing muscle differentiation have been proven to pro-
mote myoblast fusion, matrix turnover, and tissue
remodeling, which may enable improved contractile
function [16]. We first formulated a core ink con-
taining only 14 mg ml−1 of fibrinogen and 12 × 106

C2C12 cells ml−1. Such ink supported a very rapid
myoblast spreading and proliferation (figure 4(a)).
However, on day 3 of in vitro culture, the major-
ity of the core matrix was already digested by cells,
thus leading to the premature collapse and cluster-
ing of the neo-forming myotubes. The core compos-
ition was enhanced by adding ALG-LMW at a con-
centration of 2 mg ml−1 to overcome such issues.
Despite being an inert biomaterial, adding ALG at low
concentrations had no significant impact on C2C12
elongation, spreading, and differentiation. The addi-
tion of ALG improved the mechanical durability of
the core matrix that sufficiently supported the myo-
blast differentiation and myotube maturation over
14 d. Syncytia formation in the core was observed
starting from day 7, and random contractions in the
myobundles were recorded between days 10 and 14
(bface934supp2.mp4). Myoblasts in the engineered
SM constructs showed a remarkable muscle differen-
tiation demonstrated by significant MHC expression
and an average myotube thickness of 15 ± 3.3 µm
(figures 4(b) and (c)). The myoblast fusion allows
the addition of new myonuclei to the growing syn-
cytium, which contributes to sustained and harmo-
nious muscle growth. Moreover, confocal image ana-
lysis indicated a pronounced alignment of the cells
and neo-myofibers during tissue maturation along
the fiber axis, confirming that the selected core/shell
architecture and composition effectively guided tissue
maturation. Muscle progenitors were spatially con-
fined in a soft, cell-friendly and -adhesive fibrino-
gen core surrounded by a stiff, inert alginate shell;
accordingly, the shell acted as a physical barrier, thus
confining cells in the core. The highly anisotropic
architecture of the core, with their length being sig-
nificantly larger than that of their diameters, can
also be considered as the major driving force for
an efficient differentiation along the major axis of
the fibers. Additionally, the relatively high flow rate
for the extrusion of the core/shell fibers most likely
induces the polymer chains in the inks to undergo a
shear/induced preferential orientation, thus contrib-
uting to the anisotropy of the system down to the
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Figure 4. Engineered skeletal muscle constructs using 3D RoWS technique (A) bright-field micrographs of C2C12 during
maturation in core/shell fibers at various time points and for two different core bioink compositions—14 mg ml−1 fibrinogen
and 14 mg ml−1 fibrinogen+ 2 mg ml−1 LMW alginate (scale bar: 150 µm) (B) confocal images of skeletal muscle constructs
stained for MHC (red) and DAPI (blue) after 14 d of culture (core composition= 14 mg ml−1 fibrinogen+ 2 mg ml−1 LMW
alginate; left, 20X magnification, scale bar: 200 µm, right, 40X magnification, scale bar: 100 µm). (C) Myotube thickness
directionality was assessed fromMHC signal (0◦ corresponding to the fiber direction).

Figure 5. Expression of structural proteins within eSM bundles (A) bright-field micrographs of the volumetric fraction of the
mature bundles at day 14 (scale bar: 500 µm), confocal images of eSM constructs stained for (B) laminin (green) and MHC (red),
(C) titin (green) and dystrophin (red), (D) α-bungarotoxin (green) and MHC (red), after 14 d of culture (40X magnification,
scale bars: 100 µm).

molecular level. In this regard, we speculate that the
rapid extrusion process of the inks combined with an
instantaneous crosslinking of the resulting core/shell
fibers, the highly anisotropic architecture of the fibers,
and shear-induced preferential organization of the
core polymer chains induced a preferential alignment
of the C2C12 cells along the extrusion direction, thus

enhancing myofiber differentiation and maturation
[8, 35] (figure 4(c)).

To better assess eSM bundle differentiation
and maturation levels, we have performed a more
detailed analysis of the obtained volumetric eSM
bundles (figure 5(a)) against key markers, includ-
ing laminin, titin, dystrophin, and acetylcholine
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Figure 6. Physical stimulation of engineered muscle constructs. (A) 3D rendering of the custom electro-mechanical stimulation
bioreactor for the simultaneous conditioning of up to 10 constructs. (B) The stimulation protocols employed to elicit skeletal
muscle maturation (FSR—fiber stretching ratio—defined as stretched length over initial length of the fibers, I; applied current)
(C) The effect of electro-mechanical stimulation on cell viability assessed on day 7 using a live/dead staining (scale bar: 50 µm)
(D) Quantification of the cell viability from the confocal images shown in (c) (SS: static stretching, DS: dynamic stretching, ES:
electrical stretching, SS+ ES: static stretching+ electrical stimulation).

receptors (AChRs, figures 5(b)–(d)). We specific-
ally targeted these three proteins due to their
crucial roles in maintaining the structural integ-
rity, organization, and proper functioning of the
SM structure. Moreover, they play a pivotal role in
determining myofiber elasticity, passive tension, stiff-
ness, and sarcomere stability during maturation [36,
37]. Along with the presence of the structural pro-
teins, AChRs hold significant importance as AChR
clustering is essential for correct neuromuscular sig-
naling junction assembly and synaptic communica-
tion betweenmotor neurons andmuscle fibers. Using
bungarotoxin staining, we have demonstrated the
clustering and distribution of proper AChRs along
the eSM bundles, providing further evidence of their
maturation and functionality (figure 5(d)).

3.3. Influence of physical stimulation onmuscle
maturation andmyosin heavy chain (MyH)
isoform expression
Myogenic maturity, muscle mass, size, and func-
tionality in SM are regulated by mechanical load
and neuronal activity. Hence, for in vitro SM mod-
els, bioreactors incorporating miniaturized electro-
mechanical stimulations are essential to invest-
igate how different stimulations affect cell fates
within fiber-shaped constructs. Accordingly, we have
designed a bioreactor that can exert electrical and
mechanical stimulations independently or simultan-
eously to the biofabricated SM bundles (figure 6(a),
see SI for details). Specifically, mechanical stimu-
lation is obtained through a linear stage controlled
by a stepper motor, while ES is applied through a

custom-made electrical pulse stimulation (EPS) sys-
tem. Biofabricated SM bundles are mounted between
the movable pins of a sample holder and rigid pins
placed within the culture chamber. For ES, we used
two platinum wires—each wrapped around a set of
opposing pins—connected to the outputs of the EPS
system.

Prior to the electro-mechanical stimulations, SM
bundles were mounted on the opposing pins, and
the distance between them was adjusted to exert a
minimal pre-load on the samples. For our experi-
ments, we selected four different stimulation proto-
cols (SS, DS, ES, and SS + ES based on previously
reported 3D muscle models (figure 6(b))) [3, 6, 17,
18]. For the SS protocol, the samples were placed
in the bioreactor with a fixed distance between pil-
lars for 14 d. The DS protocol progressively increased
the stretching amplitude to compensate for sample
relaxation. The stretching was applied at a specific
speed and length on different days. Additionally, ES
was introduced on day 5, consisting of a specific dur-
ation and amplitude of bipolar electrical impulses.
Both stretching and ES were implemented simultan-
eously in the SS + ES protocol. The SS protocol
was inspired by the vital low-level, passive tension
of resistance to stretch. This passive tension for the
physiological condition is termed the human rest-
ing muscle (myofascial) tone of SM that contributes
to maintaining postural stability in balanced equilib-
rium positions while at rest [38]. Differently, the DS
protocol aimed to investigate the maturation of the
myobundles under periodical mechanical load with
breaks at resting tone. The stretching/resting period
and the amplitude of the mechanical stretching were
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decided on the maximum period and the stretch to
failure intensity from the works previously reported
[6]. Additionally, we used cycles of ES to mimic the
action potential generated by the central nervous
system. As previously reported, the ES can increase
myotube alignment and improve muscle maturity,
myotube diameter, and tetanic force [16]. Hence, the
sole electrical and ES combined with SS were tested
to elicit muscle maturation. To confirm the cyto-
compatibility of the selected stimulation protocols on
the engineered SM constructs, live–dead staining was
performed on day 7. For all cases, cell viabilities were
approx. 80% (SS = 80 ± 4.5%, DS = 74 ± 11%,
ES = 81 ± 3%, SS + ES = 81 ± 3%). Notably, the
dominance of the viable and elongated myoblasts in
each group indicates the suitability and properness of
the amplitude and duration of the selected stimula-
tion protocols (figures 6(c) and (d)).

To better understand myofiber maturation and
the possible effect of electro-mechanical stimulation
on the biofabricated samples, we decided to invest-
igate the expression modulation of key gene markers
related to various isoforms of MyH. Specifically, we
studied the expression of MyH1, MyH2, and MyH7
genes. These three genes encode for the most abund-
ant MHC isoforms in humans: MyH1 gene encodes
for glycolytic, fast twitching type IIx fibers, MyH2
gene encodes for intermediate, fast oxidative type
IIa fibers, and MyH7 encodes for oxidative, slow-
twitching type I fibers [39]. The modulation of these
genes is critical as the resulting properties of the
engineered muscle constructs, such as energy con-
sumption and contractile properties, strongly depend
on MHC isoform content [4, 40–43].

The expression of the selected three MyH genes
was analyzed at two time points—day 7 and day
14—, and their modulation was assessed with ref-
erence to the non-stimulated group (figures 7(a)
and (b)). The stimulation protocols induced various
modulations of the MyH isoforms. SS, for instance,
resulted in an upregulation of all three MyH iso-
forms, with a slightly major effect on MyH1 at day
14. Contrarily, when the engineered SM constructs

were subjected to the DS protocol, we found a signi-
ficant upregulation of only MyH2 and minor effects
over MyH1 and MyH7. This result is interesting and
in line with the type of physical stimulation applied.
In fact, MyH2 encodes for the MHC isoform con-
tained in type IIa fibers (intermediate fibers) which
are fast-twitching yetmore fatigue-resistant than type
IIx, being responsible in humans for activities such
as walking where energy should be produced in a
continuous and sustained manner. Notably, the elec-
trically stimulated sample group (ES) revealed the
highest upregulation of MyH1 among all studied
groups, with minor effects over MyH2 and MyH7,
indicating a MyH gene modulation towards the pro-
duction of very fast twitching, glycolytic myofibers
[44, 45]. Similarly, the combination of SS with ES
resulted at day 14 in a major upregulation of MyH1
and a mild downregulation of MyH2 and MyH7.
At first glance, the latter result may seem unexpec-
ted as both the SS and ES stimulation protocols,
when applied singularly, had a positive upregula-
tion effect—despite a different entity—over all three
MyH genes. However, it clearly points out our partial
understanding and knowledge of the complex net-
work behind regulating these genes and, ultimately,
how to control fiber maturation and type in engin-
eered muscle constructs.

Along with the qRT-PCR analysis, we finally
investigated myotube organization within the vari-
ous experimental groups using immunofluorescence
staining. As presented in figure 7(c), we found
a homogeneous MHC expression in all groups
accompanied by the formation of multi-nuclear,
parallelly organized myotubes, thus indicating a
proper myogenic differentiation. Nevertheless, we
noticed distinct morphological differences in the
samples treated with DS. In particular, despite a
homogeneous expression of MHC, a significant
part of myotubes appeared broken into shorter
pieces. This aspect indicates that the applied amp-
litude and duration of the stretching may have
resulted in the partial disruption of the forming
neo-myotubes.
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Figure 7.Modulation of myosin heavy chain isoforms in biofabricated SM constructs. (A) qRT-PCR data of MyH1, MyH2, and
MyH7 isoforms on day 7 (light blue bars) and day 14 (dark blue bars) of culture. Significant differences are determined against
non-stimulated conditions (free-floating samples) at corresponding timepoint: ∗p< 0.05, ∗∗p< 0.01) (B) A color-scale heat
map summarizing the qRT-PCR of MyH1, MyH2, and MyH7. Red colors indicate downregulation; green colors indicate
upregulation of genes. (C) Confocal images of physically stimulated myo-substitutes after 14 d of culture (actin (green), MHC
(red), DAPI (blue), magnification: 20X, scale bars: 50 µm).

4. Conclusion

In this study, we have presented a new biofabrication
strategy that harnesseswet-spinning principles to fab-
ricate volumetric (approx. 0.5 ml min−1) anisotropic
3D constructs composed of parallelly aligned, densely

packed hydrogel fibers. The platform was tested in
combination with a custom MPH that enabled the
continuous fabrication of core/shell fibers. By tuning
the chemical composition andmechanical stiffness of
the two compartments of the fibers, we demonstrated
that one could achieve a robust differentiation of SM
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progenitors with the proper 3D organization of the
neo-forming myotubes and expression of key marker
proteins (MHC). Additionally, the presence of key
structural proteins, along with the observed cluster-
ing of AChRs, indicated the potential responsiveness
of our eSM bundles to physical stimulation, high-
lighting their capacity for functional activity. Further,
the biofabricated eSM constructs were subjected to
different electro-mechanical stimulation protocols to
investigate possible modulation of various MHC iso-
form expressions (MyH1, MyH2, and MyH7). Such
aspect is of the utmost importance as the overall con-
tractile properties of the engineered muscles depend
on their MHC isoform content, thus being critical in
SMTE to design artificial muscles with specific bio-
mimetic properties. Of note, the selected stimulation
protocols had a different impact on thematuration of
our samples with (i) a major overexpression ofMyH1
in the case of ES, (ii) a major overexpression ofMyH2
in the case of DS, and (iii) a combined overexpression
of all three isoforms for SS. Altogether, the presen-
ted data shows that a more systematic screening of
these input parameters, possibly combined with a
functional analysis of the engineered SM contract-
ile properties, should be performed in the future to
better understand this intricate, still elusive biological
process.
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