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ultrasound stimulation modulate early skeletal
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Despite the significant progress in bioprinting for skeletal muscle tissue engineering, new stimuli-respon-

sive bioinks to boost the myogenesis process are highly desirable. In this work, we developed a printable

alginate/Pluronic-based bioink including piezoelectric barium titanate nanoparticles (nominal diameter:

∼60 nm) for the 3D bioprinting of muscle cell-laden hydrogels. The aim was to investigate the effects of

the combination of piezoelectric nanoparticles with ultrasound stimulation on early myogenic differen-

tiation of the printed structures. After the characterization of nanoparticles and bioinks, viability tests were

carried out to investigate three nanoparticle concentrations (100, 250, and 500 μg mL−1) within the

printed structures. An excellent cytocompatibility was confirmed for nanoparticle concentrations up to

250 μg mL−1. TEM imaging demonstrated the internalization of BTNPs in intracellular vesicles. The combi-

nation of piezoelectric nanoparticles and ultrasound stimulation upregulated the expression of MYOD1,

MYOG, and MYH2 and enhanced cell aggregation, which is a crucial step for myoblast fusion, and the

presence of MYOG in the nuclei. These results suggest that the direct piezoelectric effect induced by

ultrasound on the internalized piezoelectric nanoparticles boosts myogenesis in its early phases.

1. Introduction

Skeletal muscle is one of the most abundant tissues in the
human body, constituting 40–45% of the adult human total
mass. When subjected to minor injuries, skeletal muscle
tissue has the innate capability to self-regenerate without
therapeutic intervention. Despite that, when severe traumatic
injuries occur with volumetric muscle loss (VML) over 20%,
the remaining muscle tissue is unable to fully restore its func-
tion and native mass, leading to the formation of fibrous scar
tissue.1 Strategies to improve myogenesis on differentiating
myoblasts are desirable to foster healing or regeneration of the
native skeletal muscle tissue.2,3 Such strategies may also be
beneficial to produce physiologically relevant on-chip models

of the skeletal muscle for drug testing and personalized
medicine.4

In recent years, significant progress has been made con-
cerning skeletal muscle tissue engineering (SMTE) to address
the reconstruction of skeletal muscle in vitro and in vivo. In
this regard, different approaches have been reported.
Biophysical stimuli (physical, biochemical, biological, electri-
cal, mechanical, magnetic, or their combinations) during the
in vitro cell culture represent a promising route to obtain more
efficient development of the skeletal muscle tissue.5 Another
crucial aspect is mimicking the ultra-organized structure of
the native skeletal muscle tissue.6

In the context of biophysical stimulations performed
during in vitro cell culture, the use of piezoelectric nano-
particles in combination with ultrasound (US) stimulation, a
wireless source of mechanical energy, is currently regarded as
an intriguing and promising strategy.7 Indeed, piezoelectric
nanoparticles can act as nanoscale transducers enabling the
conversion of a mechanically induced deformation into an
electrical signal at the intracellular or extracellular level.
Notably, electrical inputs are known to promote the develop-
ment and maturation of the skeletal muscle.8

The paradigm of US-stimulated piezoelectric nanoparticles
as an indirect electrical cell stimulation mediator has already
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shown beneficial effects in promoting the differentiation of
neural, osteogenic, and muscular precursors on 2D cell culture
models. In one of the first attempts in this vein, Ciofani et al.
demonstrated a remarkable increment of developed neurites
in US-stimulated neuronal-like PC12 cells incubated with
boron nitride nanotubes (BNNTs).9 Similar results were
obtained by Marino et al., who carried out neural stimulation
of neuroblastoma-derived SH-SY5Y cells by combining tetra-
gonal barium titanate nanoparticles (BTNPs) and US.10 US-acti-
vated piezoelectric nylon-11 nanoparticles have also been
tested on dental pulp stem cells to promote osteogenic differ-
entiation.11 Genchi et al. tested the culture of SH-SY5Y cells on
polyvinylidene fluoride-trifluoroethylene films doped with
BTNPs and their stimulation with US, and they found signifi-
cantly (p < 0.05) augmented neurite length with respect to the
non-stimulated control.12 The only attempt to apply the para-
digm of US-stimulated piezoelectric nanoparticles on skeletal
muscle differentiation was reported by Ricotti et al. They inves-
tigated the effects of US and piezoelectric BNNTs on myo-
blasts, demonstrating that the expression of myogenesis genes
and the development of myotubes were considerably enhanced
by combining these elements.13

In order to properly mimic the skeletal muscle structure,
numerous fabrication approaches can be used to create tissue-
like topographies on 2D substrates.3,6,14–17 However, 3D fabri-
cation techniques are necessary to more closely reproduce the
complexity of the tissue and its functions. In this regard, 3D
tissue-engineered skeletal muscle constructs can also be used
as in vitro disease models to study the causes of skeletal
muscle diseases, such as VML and Duchenne muscular dystro-
phy, and for drug testing.18 3D bioprinting is a promising
approach in this context, allowing the combination of bioma-
terials, cells and growth factors by precisely depositing them
in a pre-designed structure.19–21 The composition of bioinks
plays a fundamental role in 3D bioprinting.22 Hence, several
biomaterials or their combinations have been investigated for
SMTE applications.23

As mentioned above, biophysical stimuli can help to obtain
more efficient development of the skeletal muscle tissue.
Bioinks can be designed to respond to external biophysical
stimuli by playing on the material chemistry24 or by including
responsive fillers. In the second case, nano-sized elements
can guarantee responsiveness to outer inputs by directly
interacting with cells at the nanoscale to promote their
differentiation.25,26 Although it has been claimed that the next-
generation bioinks will necessarily be ground on hydrogels
embedding multifunctional nanoparticles,27 to the best of our
knowledge, no research group has explored the myogenic
bioeffects induced by the inclusion of piezoelectric nano-
particles in skeletal muscle cell-laden constructs fabricated
through 3D bioprinting, and remotely triggered by US.

In this work, BTNPs were chosen as the piezoelectric nano-
sized element to be embedded in a 3D printed alginate/
Pluronic (ALG/PLU)-based bioink. Among natural and syn-
thetic polymers, alginate has been widely used to promote cell
adhesion, proliferation, and differentiation due to its high bio-

compatibility and its ability to form gels that can support cell
encapsulation and survival during the 3D printing process.22,28

Several examples of alginate-based bioinks used for 3D bio-
printing of skeletal muscle constructs are reported in the
literature.29–34 However, due to its poor mechanical properties,
alginate is typically co-printed with other synthetic polymers
such as Pluronic® F-127 to improve them, when skeletal
muscle applications are targeted.29 After material characteriz-
ation and cytocompatibility assessment, we stimulated printed
piezoelectric and bare (non-doped) structures with a dose-con-
trolled US source to investigate the bioeffects on myoblast
differentiation.

2. Materials and methods
2.1 Preparation and sterilization of the bioink

The ALG/PLU-based bioink was prepared as previously
described.29 Briefly, a 2% w/w alginate solution was prepared by
slowly adding sodium alginate (W201502, Sigma-Aldrich) to a
diluted solution of Dulbecco’s Modified Eagle’s Medium
(DMEM, D5796, Biosigma) in deionized water (1 : 5 v/v). Then,
Pluronic® F-127 (P2443, Sigma-Aldrich) was dissolved in the algi-
nate solution at a concentration of 20% w/w while maintaining
in an ice bath under mild stirring until the polymer was comple-
tely dissolved. Finally, the solution was sterilized by autoclaving
(1 atm, 121 °C, 20 min) and maintained at 4 °C before use.

2.2 Bioink characterization through FT-IR and DSC

Autoclaved and non-autoclaved ALG/PLU-based bioinks were
characterized using Fourier transform infrared spectroscopy
(FT-IR). The FT-IR spectra were also recorded for sodium algi-
nate and Pluronic® F-127 as reference materials.

Before FT-IR analysis, samples were freeze-dried using a
FreeZone Plus 2.5 Liter freeze dry system (Labconco, Kansas
City, MO, USA) to remove water. Then, FT-IR spectra were
recorded in attenuated total reflection (ATR) mode, using an
IRAffinity-1 FT-IR spectrophotometer equipped with an ATR
MIRacle-10 accessory (Shimadzu Scientific Instruments,
Japan). The spectra were collected in the range 4000–500 cm−1

with 4 cm−1 and 128 scan resolution. The background spec-
trum of air was recorded immediately before collecting the
FT-IR spectrum of each sample.

Autoclaved and non-autoclaved ALG/PLU-based bioinks
were also characterized through differential scanning calori-
metry (DSC). As for the FT-IR analysis, samples were freeze-
dried before starting DSC analysis; then, 8 mg of samples was
sealed in hermetic stainless-steel crucibles. The DSC analysis
was recorded using a Mettler Toledo STARe DSC 1 system
(Mettler Toledo, Columbus, OH, USA). Firstly, samples were
maintained at 4 °C for 2 min. Then, the temperature was
increased to 125 °C at 10 °C min−1 and maintained at this
temperature for 1 min. The temperature was then decreased to
4 °C at 20 °C min−1 and maintained at this temperature for
1 min. A second heating step was performed from 4 °C to
125 °C at 2 °C min−1.
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2.3 Nanoparticle preparation and characterization through
TEM and DLS

BTNPs (nominal diameter: ∼60 nm) were graciously supplied
by PlasmaChem GmbH (Berlin, Germany).

For transmission electron microscopy (TEM) characteriz-
ation, two drops of BTNP water suspension (100 µg mL−1) were
deposited onto 300-mesh carbon-coated copper grids
(TedPella). The TEM analysis was carried out using a Libra 120
Plus microscope (Carl Zeiss, Oberkochen, Germany) operating
at an accelerating voltage of 120 keV, equipped with an in-
column omega filter for energy filtered imaging, and with a
bottom mounted 12 bit 2k × 2k CCD camera (TRS).

Propylene glycol alginate (PGA, YP58644, Biosynth
Carbosynth) was added at three different concentrations (100,
250, and 500 μg mL−1) separately to deionized water or DMEM,
then sterilized by filtration through a 0.22 μm polyethersulfone
filter (16532-K, Sartorius). BTNPs were sterilized by autoclaving
(1 atm, 121 °C, 20 min), then diluted at three different concen-
trations (100, 250, and 500 μg mL−1) in filtered deionized
water or DMEM, and mixed with the PGA solution at a ratio of
1 : 1 BTNPs/PGA.

Dynamic light scattering (DLS) analysis was performed
using a Zetasizer Nano ZS90 (Malvern Instruments Ltd,
Malvern, UK). Before the analysis, samples (prepared in both
deionized water and DMEM) were sonicated using an ultra-
sonic homogenizer Sonopuls HD 4050 (Bandelin, Berlin,
Germany) for 5 min at 25% of the maximum power, then
transferred in a disposable cuvette (634–1067, VWR™) in a
1 : 10 dilution. The measurement parameters were set as
follows: temperature = 25 °C; medium viscosity = 0.8872 and
0.94 mPa s for deionized water and DMEM, respectively;
medium refractive index = 1.33 and 1.345 for deionized water
and DMEM, respectively;35 nanoparticle absorption index =
0.200;36 and nanoparticle refractive index = 2.4.37 The DLS
measurements were conducted every 10 min for a total of 1 h.
Each sample type was analyzed in triplicate, using indepen-
dent samples.

2.4 Assessment of piezoelectric properties

The piezoelectric properties of BTNPs were investigated
through piezoelectric force microscopy (PFM). PFM measure-
ments were performed using an Icon Bruker AFM system
(Dimension Icon, Bruker Co., USA) working in peak force PFM
mode (scan frequency = 0.2 Hz; scanning area = 0.25 ×
0.25 μm2). The peak force modality was employed to investi-
gate the indirect piezoelectric response when the material was
subjected to an electrical stimulus. A silicon probe with a Pt–Ir
coating (SCM-PIT-V2, Bruker, Billerica, MA, USA) with a
measured spring constant of 2.5 N m−1, resonant frequency of
60 kHz, and deflection sensitivity of 118.2 nm V−1 was used.
The amplitude and phase of the piezoelectric signals were
acquired in the vertical direction via lock-in detection by apply-
ing to the tip an alternating current voltage (Vac) of 2 V at 60
kHz. Before the measurements, BTNPs were autoclaved (1 atm,
121 °C, 20 min). Then, to keep them stable during the scan,

they were mixed with a diluted solution (5 mg mL−1) of poly-
lactic acid (PLLA) in dichloromethane (concentration of
BTNPs: 100 μg mL−1). The dispersion in the PLLA solution
allowed fabricating a composite ultra-thin film by spin coating
(speed = 4000 rpm for 30 s) over a silicon wafer previously
covered by gold through sputtering to immobilize the nano-
particle and facilitate the analysis. The nanomaterial surface
was exposed for the analysis as the PLLA film thickness was
smaller than 50 nm. Five independent samples were analyzed
and the average value of the piezoresponse amplitude (d33
piezoelectric coefficient) in the PFM maps was calculated as
follows:

d33 ¼ γ � A
Vac

where γ is a correction factor (6) and A is the amplitude signal
(pm). A reference sample made of polyvinyl fluoride (PVDF) in
the form of thin film (Goodfellow, thickness: 28 µm, d33: ∼−20
pC N−1) was also analyzed to properly calibrate the PFM ampli-
tude signal.

2.5 Preparation and 3D printing of piezoelectric bioinks

For further experiments, the ALG/PLU-based bioink was pre-
pared as previously described (see section 2.1). Then, a 1 : 1
BTNP/PGA solution was prepared by mixing the autoclaved
BTNPs (10 mg mL−1) and a filtered solution of PGA in de-
ionized water. The solution was then sonicated through an
ultrasonic homogenizer, as previously described, underneath a
laminar hood to ensure a sterile environment. After soni-
cation, appropriate aliquots of the nanoparticle solution were
mixed with the ALG/PLU-based bioink by gently pipetting to
obtain the following final BTNP concentrations in the bioink:
100, 250, and 500 μg mL−1 (0.01, 0.025, and 0.05% w/v,
respectively).

Murine myoblasts (C2C12 cells, CRL-1772™, ATCC,
Rockefeller, New York, NY, USA) were cultured and expanded
in vented flasks until 80% confluence using DMEM sup-
plemented with 10% fetal bovine serum (FBS, F4135, Sigma-
Aldrich) and 1% penicillin/streptomycin (P/S P0781, Sigma-
Aldrich), hereinafter referred to as “growth medium”. Cells
were detached by trypsinization and centrifuged at 500g for
5 min; then, the pellet was homogeneously suspended in the
ALG/PLU-based bioink without BTNPs or with BTNPs at the
abovementioned concentrations.

3D printing was performed with a 3D-Bioplotter®
Manufacturer Series (EnvisionTEC GmbH, Gladbeck,
Germany) placed underneath a laminar hood. The control of
the 3D-Bioplotter® consisted of two modules: (i) the
PerFactory software for standard triangulation language (STL)
data import and slicing, and (ii) the VisualMachines software
for material parameters and machine control. The bioink was
loaded into a 30 cc polypropylene syringe (7012134, Nordson
EFD) and heated at 37 °C before printing. Then, the bioink
was printed through a 250-μm cone-shaped polypropylene
nozzle (7018370, Nordson EFD) under a pressure of 0.4 bar
and a deposition speed of 10 mm s−1, depositing one single

Biomaterials Science Paper

This journal is © The Royal Society of Chemistry 2022 Biomater. Sci., 2022, 10, 5265–5283 | 5267

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
A

ug
us

t 2
02

2.
 D

ow
nl

oa
de

d 
on

 7
/7

/2
02

4 
10

:1
1:

28
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1bm01853a


layer of parallelly aligned filaments in a 24-well plate (055429,
Corning Costar). Immediately after printing, the printed struc-
tures were crosslinked by adding 1 mL of a filtered 25 mM
CaCl2 (C1016, Sigma-Aldrich) solution in deionized water and
leaving them for 10 min at room temperature. Then, the cross-
linking solution was replaced with 1 mL of growth medium.

2.6 SEM, TEM, and EDX analyses

An FEI Helios 600i Dual Beam SEM-FIB microscope (FEI
Company, Hillsboro, OR, USA) equipped with a Bruker
Quantax 200 EDX detector (Bruker Nano GmbH, Berlin
Germany) was used to obtain the scanning electron
microscopy (SEM) images and energy dispersive X-ray (EDX)
spectra of the printed structures. SEM imaging was carried
out under high vacuum conditions by setting a beam voltage
of 5 kV and a current of 43 pA. For EDX spectra acquisition,
a beam voltage of 10 kV and a current of 86 pA were set. The
working distance was set at ∼4 mm. Before the analyses, the
printed structures were air-dried for 24 h and mounted onto
standard stubs. Then, they were gold-sputtered using a
Quorum 150R ES sputter coater (Quorum Technologies Ltd,
Laughton, ES, UK) for 30 s and applying a current of 30 mA.
SEM images and EDX spectra were acquired on printed struc-
tures in the absence of cells without BTNPs and doped with
100, 250, and 500 μg mL−1 BTNPs to analyze the scaffold
morphology and nanoparticle distribution. Furthermore, to
analyze the hydrogel porosity and the internal microstructure,
a protocol similar to that of Cvek et al. was used.38 Briefly,
the printed structures without BTNPs were freeze-dried over-
night at −80 °C under low vacuum (0.002 mbar). To analyze
the internal structure of the samples, the printed structures
were cut crosswise into slices with a sharp scalpel and placed
onto standard stubs, with the cross-section of the printed
structures facing up. Then, the samples were gold-sputtered
and imaged via SEM operating at an accelerating voltage of
15 kV.

TEM imaging and EDX analysis were also performed at
the end of the differentiation experiment with LIPUS stimu-
lation (see section 2.9) in order to investigate the position of
the BTNPs with respect to the cells. Doped printed structures
were fixed at room temperature for 2 h with 2% v/v parafor-
maldehyde + 2% v/v glutaraldehyde diluted in a 25 mM CaCl2
solution, then rinsed and fixed overnight at 4 °C with 2% v/v
glutaraldehyde in a 25 mM CaCl2 solution. On the following
day, samples were rinsed, post-fixed for 1 h with 2% v/v
osmium tetroxide in a 25 mM CaCl2 solution, rinsed and
treated for 1 h with a home-made staining solution.39

Samples were dehydrated and embedded in epoxy resin
(Epon 812, EMS, Hatfield, PA, USA), which was cured for 48 h
at 60 °C. Finally, samples were cut into 90 nm thin slices
using a UC7 ultramicrotome (Leica Microsystem, Wetzlar,
Germany) equipped with a 45° diamond knife (DiATOME,
Nidau, Switzerland), and sections were collected on 300 mesh
copper grids (EMS, Hatfield, PA, USA). The TEM analysis was
carried out using a Libra 120 Plus microscope (Carl Zeiss,
Oberkochen, Germany) operating at an accelerating voltage of

120 keV, equipped with an in-column omega filter for energy-
filtered imaging, a bottom mounted 12 bit 2k × 2k CCD
camera (TRS), and a Bruker XFlash 6T-60 SDD detector for
EDX spectroscopy.

2.7 Rheological analyses and shear stress estimation

An Anton Paar Physica MCR 302 rheometer (Anton Paar
GmbH, Ostfildern, Germany) equipped with an H-PTD 200
temperature control device was used with a plate–plate geome-
try (diameter = 25 mm, measure gap height = 1 mm) to
perform rheological measurements. The measurements were
performed to evaluate bioink printability, to estimate the
shear stress to which cells were exposed during the 3D bio-
printing process, and the yield stress of the bioink. The bare
ALG/PLU-based bioink and the doped ones (with 100, 250, and
500 μg mL−1 BTNPs) were loaded with 2 × 106 cells per mL and
then analyzed in terms of strain sweep, temperature sweep,
and shear rate sweep tests. For each test, the samples were pre-
pared and deposited on a preheated/cooled Peltier plate for
5 min before starting the test. Then, the superior plate was
lowered until contacting the sample surface and the testing
sequence was applied to the sample. Each test was conducted
on three independent samples for each sample type.

Strain sweep tests ranging from 0.01 to 1000% were con-
ducted measuring 10 points per decade at 37 °C to determine
the shear elastic modulus G′ and the shear loss modulus G″.
Temperature sweep tests were performed following a heating
ramp of 2 °C min−1 from 4 °C to 40 °C at a shear rate of 100
s−1. The dynamic behavior of viscosity and shear stress were
also measured as a function of the shear rate ranging from
0.01 s−1 to 1000 s−1 at 37 °C, measuring 10 points per decade.

To estimate the shear stress, the bioink viscosity was
modeled in the region in which the shear rate ranged from 0.1
to 1000 s−1 according to the following power law:

η ¼ K γ̇ n�1 ð1Þ
where η is the dynamic viscosity, γ̇ is the shear rate of the fluid,
and K and n are the consistency index and the flow behavior
index, respectively. Through linear interpolation of the shear
rate sweep test curve, K and n were determined. Based on
these constants, obtained from rheological analyses, and con-
sidering the printing parameters such as the inner diameter of
the nozzle (d = 250 μm) and flow rate (Q = 2 mm3 s−1), the
shear stress τ was estimated as follows:40

τ ¼ �Kd
2

Q
3nþ 1

n

� �
d
2

� ��3nþ1
n

" #n

: ð2Þ

Furthermore, to estimate the yield stress τ0, the dependence
of the shear stress on the shear rate was plotted using the
Herschel–Bulkley model shown in eqn (3), which is rec-
ommended for the investigation of the yield stress for hydrogel
structures.41 The yield stress was calculated using a least
squares method:

τ ¼ τ0 þ K γ̇ n: ð3Þ
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2.8 Viability and metabolic activity assays

Cell viability in cell-laden structures was analyzed to evaluate
the effects of the BTNP presence. The bare ALG/PLU-based
bioink and the doped ones with 100, 250, and 500 μg mL−1

BTNPs were loaded with 2 × 106 cells per mL and printed by
depositing one single layer (7 × 7 mm2), using the printing and
crosslinking parameters reported in section 2.5. Then, the
printed structures were placed in an incubator (37 °C, 5% CO2)
for up to 5 days.

Cell viability and metabolic activity were evaluated using
the LIVE/DEAD™ viability/cytotoxicity kit (L3224, Invitrogen)
and the PrestoBlue™ cell viability reagent kit (A13262,
Invitrogen) after 1, 3, and 5 days of culture.

For LIVE/DEAD™, at the time points, for each sample, the
growth medium was removed and replaced with 1 mL of
DMEM containing 0.5 μL mL−1 calcein AM and 2 μL mL−1

EthD-1. Samples were then incubated for 30 min at 37 °C in
the dark. Representative fluorescence images were taken for
each experimental condition with a Leica DMi8 microscope
(Leica Microsystems, Wetzlar, Germany) using a Leica lamp
and equipped with FITC and TRITC filters. Three independent
samples were analyzed for each time point and each sample
type.

For PrestoBlue™, at the time points, the growth medium
was removed for each sample, the assay solution was mixed
with DMEM at a 1 : 10 volume ratio, then 1 mL of this mixture
was added to each structure. Samples were incubated for
90 min at 37 °C in the dark. After incubation, fluorescence
intensity was measured using a VICTOR X multilabel plate
reader (PerkinElmer, Waltham, MA, USA) at the excitation/
emission of 560 nm/590 nm. Three independent samples were
analyzed for each time point and each sample type, and fluo-
rescence reading was performed in triplicate for each sample.

2.9 Differentiation experiment with US stimulation

Based on the results of the viability tests (see section 3.3), only
the non-doped ALG/PLU-based bioink and the doped bioink
with 250 μg mL−1 BTNPs were considered for the differen-
tiation experiment, which is depicted in Fig. 1.

In this experiment, the two bioinks were loaded with 28 ×
106 cells per mL and printed by depositing one single layer
(5.5 × 5.5 mm2), using the printing and crosslinking para-
meters reported in section 2.5. For this experiment, the print-
ing surface for the structure was a 0.029 mm-thick polystyrene
film (ST311029, Goodfellow) mounted on a CellCrown™ insert
(Z742381-12EA, Sigma), to enable subsequent US stimulation.
Before use, the polystyrene films and CellCrown™ inserts were
washed under sterile conditions with ethanol 70%, rinsed with
sterile water, and exposed to ultraviolet (UV) light for 30 min.
After structure printing and crosslinking, the printed struc-
tures were maintained in growth medium for 6 days. A prelimi-
nary differentiation test was carried out to identify the most
suitable medium to be used in the differentiation experiment
with US stimulation. The details of this preliminary differen-
tiation test are reported in the ESI, section S1.† Briefly, two
different differentiation media, namely differentiation
medium 1 (DM1) and differentiation medium 2 (DM2) were
tested. DM1 consisted of DMEM supplemented with 1% FBS,
1% P/S, and 1% insulin-transferrin-selenium (ITS, I3146,
Sigma-Aldrich). DM2 consisted of DMEM supplemented with
10% horse serum (HS, ECS0091L, Euroclone), 1% P/S, and 50
ng mL−1 insulin-like growth factor (IGF-1, 250-19,
PeproTech).42–44 For the differentiation experiment with US
stimulation, DM1 was used and changed every day for 3 days.
For this experiment, non-doped and doped printed structures
were divided into two groups: one group received no additional
stimuli, while the other was stimulated every day by US, as
described below.

US stimulation of the printed structures was performed
using a system for LIPUS, described in the work of Fontana
et al.,45 which allowed precisely controlling the dose delivered
to cells. A key element of this system was the biological retain-
ing system, designed to be water-proof and transparent to the
US waves. This feature enabled the control of the US dose and
avoided undesired reflections, attenuations, and formation of
standing waves. For stimulating the samples, the CellCrown™
inserts hosting the cell-laden printed structures were moved
from the 24-well plate, used to keep the printed structures in

Fig. 1 Timeline of the differentiation experiment. ALG/PLU: alginate/Pluronic-based bioink. BTNPs: barium titanate nanoparticles. US: ultrasound.
PRF: pulse repetition frequency.
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the incubator, to the dedicated chamber of the retaining
system. Then, each chamber was filled with 3.5 mL of growth
medium (to avoid air interfaces, which may hamper US wave
transmission) and samples were subjected to the stimulation
(Movie S1†). LIPUS stimulations were performed every day
during the differentiation period setting the parameters as
follows: exposure time = 5 min; frequency = 1 MHz; spatial
average pulse average intensity = 250 mW cm−2; pulse rep-
etition frequency (PRF) = 1 kHz; and duty cycle = 20%. Finally,
at the end of the stimulation, CellCrown™ inserts were moved
back into the 24-well plate and placed in the incubator to con-
tinue the culture.

At day 1 of differentiation (before the second LIPUS stimu-
lation) and at the end-point (day 3 of differentiation), immuno-
fluorescence imaging and real-time qRT-PCR were performed.
For immunofluorescence staining, the printed structures were
gently washed with 1 mL of 0.9% w/v NaCl solution (746398,
Sigma-Aldrich). Then, they were fixed in 500 μL of 4% v/v par-
aformaldehyde (28908, Thermo Scientific) diluted in a 25 mM
CaCl2 and 0.9% w/v NaCl solution (15 min at room tempera-
ture). Samples were washed three times with 1 mL of a 25 mM
CaCl2 solution and then incubated twice in 500 μL of 0.1% v/v
Triton X-100 (T8787, Sigma-Aldrich) in 25 mM CaCl2 to per-
meabilize the cells (10 min at room temperature). After incu-
bation with 500 µL of blocking solution (25 mM CaCl2 solution
with 0.1% v/v Triton X-100 and 10% v/v FBS) for 2 h, samples
were washed four times with 1 mL of 25 mM CaCl2 solution
with 0.1% v/v Triton X-100 and incubated with 250 µL of
primary antibody solution (mouse anti-myogenin antibody,
clone F5D, ab1835, Abcam) (1 : 500) overnight at 4 °C. Then
samples were washed four times with 1 mL of 25 mM CaCl2
solution with 0.1% v/v Triton X-100 and incubated with 250 µL
of secondary antibody solution (goat anti-mouse Alexa Fluor
488, A-11029, Invitrogen) (1 : 500) overnight at 4 °C protected
from light. After washing four times with 1 mL of 25 mM
CaCl2 solution with 0.1% v/v Triton X-100 and then four times
with 1 mL of 25 mM CaCl2 solution, samples were stained.
The staining solution was prepared by diluting tetramethyl-
rhodamine (TRITC)-conjugated phalloidin (P1951, Sigma-
Aldrich) (1 : 400) and Hoechst 33342 (H1399, Invitrogen)
(1 : 1000) in 25 mM CaCl2 solution. All samples were incubated
in the staining solution for 80 min at room temperature.
Finally, immunofluorescence images were acquired using a
Leica TCS SP8 confocal microscope (Leica Microsystems,
Wetzlar, Germany). Representative images were selected for
each experimental group.

For real-time qRT-PCR, printed structures were gently
washed with 1 mL of 0.9% w/v NaCl solution, then dissolved
in 500 μL of sodium citrate buffer composed of 50 mM sodium
citrate (S4641, Sigma-Aldrich) and 100 mM sodium chloride,
with pH 7.4 in deionized water, as described by Mozetic
et al.29 Then, cells were collected by centrifugation (500g,
5 min), the supernatant was removed, and total RNA was iso-
lated using 500 μL TRIzol™ reagent (15596018, Thermo
Scientific) and extracted using RNeasy Micro kit (74004,
Qiagen) according to the manufacturer’s instructions. The

extracted RNA was quantified with a Nanodrop™ 2000
(Thermo Scientific, Waltham, MA, USA) and reverse-tran-
scribed using SuperScript™ IV VILO™ Master Mix (11756050,
Thermo Scientific), according to the manufacturer’s protocol.
Real-time qRT-PCR was subsequently performed with
PowerUP™ SYBR™ Green Master Mix (A25742, Thermo Fisher
Scientific) in a Rotor-Gene Q (Qiagen, Hilden, Germany),
according to the manufacturer’s instructions. Glyceraldehyde-
3-phosphate dehydrogenase (GAPDH), myogenic differentiation
1 (MYOD1), myogenin (MYOG), cyclin D3 (CCND3), cyclin-
dependent kinase inhibitor 1A (CDKN1A), myogenic factor 5
(MYF5), actin alpha 1, skeletal muscle (ACTA1), cysteine and
glycine-rich protein 3 (CSRP3), myosin heavy chain 2 (MYH2),
myosin heavy chain 4 (MYH4), and actinin alpha 2 (ACTN2)
genes were analyzed with real-time qRT-PCR. All the primers
used are listed in Table S1.† GAPDH was used as a housekeep-
ing gene and relative gene expression quantification was per-
formed following the 2−ΔCt method. At least three independent
samples were analyzed for each experimental group.

2.10 Statistical analyses

Experimental data were subjected to a D’Agostino–Pearson
normality test. Then, normally distributed data were analyzed
by one-way analysis of variance (ANOVA), followed by Tukey’s
post hoc testing for multiple comparisons. Instead, non-nor-
mally distributed data were analyzed by Kruskal–Wallis, fol-
lowed by Dunn’s post hoc testing for multiple comparisons.
Results are expressed as mean values ± standard deviations.
Differences between experimental groups were considered stat-
istically significant at p < 0.05.

3. Results and discussion
3.1 Nanoparticle characterization

TEM imaging allowed measuring the BTNP dimensions
(Fig. 2a). The nanoparticles had a diameter of 61.6 ± 16.5 nm.
The piezoelectric properties of the BTNPs were also investi-
gated by PFM analysis. Fig. 2b shows a topographic image of a
single BTNP entrapped in the PLLA ultra-thin layer. This layer
allowed keeping the nanoparticles stable during the analysis
while keeping their surface exposed to the PFM tip. By apply-
ing a voltage (2 V), the amplitude response of the piezoelectric
material (Fig. 2c) was considerably different from that of the
background. This analysis allowed quantifying the piezoelec-
tric coefficient d33, which resulted 88.1 ± 23.7 pm V−1. Such a
value matches the typical ones reported in the literature for
BTNPs.46

BTNPs were chosen as piezoelectric nanocomponents to be
included in the ALG/PLU-based bioink due to their strong
piezoelectric properties and biocompatibility.47 However,
BTNPs tend to aggregate;48 thus, a coating to stabilize them in
an aqueous solution is needed to guarantee their homo-
geneous dispersion in the bioink. Therefore, BTNPs were
coated by polymer wrapping of PGA, which was chosen being
FDA-approved for various biomedical applications.49
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Fig. 2d and e summarize the results obtained on the nano-
particles in terms of hydrodynamic diameter and polydisper-
sity index (PDI), both in deionized water and DMEM. The
hydrodynamic diameter values measured with the DLS ana-
lysis were higher than the diameters measured through TEM
imaging. In terms of hydrodynamic diameter, no differences
could be appreciated among different BTNP concentrations in
deionized water (∼150 nm for all samples), while in DMEM
slight differences (p < 0.05) were observed only between the
BTNP concentration of 100 and 250 μg mL−1 (296.2 ± 5.8 nm,
249.2 ± 8.5 nm, and 273.3 ± 10.7 nm for 100, 250, and 500 μg
mL−1 BTNPs, respectively). The hydrodynamic diameter
measured in DMEM resulted higher in comparison with the
one in deionized water. This can be explained by the fact that
DMEM has a higher ionic strength and it is composed of a

greater quantity of salts and other molecules (i.e., amino acids,
vitamins, glucose) that can interact with BTNPs and PGA,
resulting in a higher hydrodynamic diameter than the de-
ionized water case, as also reported in other state-of-the-art
examples.50–54 The hydrodynamic diameter remained almost
constant over time for each experimental condition, as well as
the PDI, thus demonstrating the suitability of the PGA coating
to guarantee a homogeneous dispersion of BTNPs in a nano-
composite bioink during the whole printing procedure.

No insights are reported in the state of the art so far regard-
ing the use of PGA for BTNP coating. In the literature, PGA has
been proposed for stabilizing graphene oxide nanoflakes,55

demonstrating high biocompatibility and the ability to keep
these nanomaterials well dispersed in aqueous media.
However, the dimensions of these flakes (lateral dimension:

Fig. 2 (a) TEM imaging of the BTNPs. Scale bar: 50 nm. (b) 3D topographic map of a BTNP entrapped in the PLLA layer. (c) Map of the piezoelectric
signal (d33) of a BTNP entrapped in the PLLA layer. (d) Size and polydispersity index of BTNPs dispersed in deionized water and coated with PGA. (e)
Size and polydispersity index of BTNPs dispersed in DMEM and coated with PGA. The graphs show mean values ± standard deviations. BTNP: barium
titanate nanoparticle. DMEM: Dulbecco’s Modified Eagle’s Medium. PDI: polydispersity index.
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∼10 µm, thickness: ∼1.5 nm) were not comparable with the
ones of BTNPs used in this study. Other surfactants have been
reported to promote BTNP dispersion and stabilization in
aqueous suspensions, such as ammonium polyacrylate,56–59

polymethacrylic acid,56,60 block copolymers of poly(vinyl
alcohol) and poly(acrylic acid),61 polyaspartic acid,62 glycol
chitosan,63 or poly-L-lysine.50 These surfactants proved to be
effective in dispersing BTNPs. However, none of them was
FDA-approved for medical use. Our results show the opportu-
nity to use this certified polymer as a reliable alternative for
this purpose.

3.2 Bare bioink and doped bioink characterization

The FT-IR spectra of sodium alginate, Pluronic® F-127, auto-
claved ALG/PLU-based bioink, and non-autoclaved ALG/PLU-
based bioink are shown in Fig. 3a. The autoclaved and non-
autoclaved bioink spectra showed a combination of the spec-
tral bands of both Pluronic® F-127 and sodium alginate. In
particular, the bands at 2881, 1465, 1342, and 1097 cm−1 are
associated with Pluronic® F-127: the band at 2881 cm−1 rep-
resents the stretching vibration of C–H bonds, those at 1465
and 1342 cm−1 correspond to the bending vibrations of C–H,
while the spectral band at 1097 cm−1 is related to the stretch-
ing vibration of C–O. The band at 1595 cm−1 is related to
sodium alginate, corresponding to the asymmetric stretching

vibration of the carboxyl group. Comparing the spectra of the
autoclaved and non-autoclaved ALG/PLU-based bioinks, no
differences could be appreciated, thus suggesting that the ster-
ilization process did not cause any significant change in the
chemical nature of the material. As expected, a noticeable
similarity of the bioinks spectra with the one of Pluronic®
F-127 was observed, being Pluronic® F-127 their most abun-
dant component.

Fig. 3b shows the DSC results for autoclaved and non-auto-
claved bioinks. Both of them presented an exothermic peak at
around 28 °C and an endothermic peak at around 57 °C. The
endothermic peak was associated with Pluronic®
F-127 melting process occurring during the heating scan,
while the exothermic peak was related to the Pluronic® F-127
crystallization process occurring during the cooling scan.64

Sodium alginate transitions are generally found at higher
temperatures, which are out of the temperature range analyzed
in this study.65 Except for these two peaks in the DSC curves of
the autoclaved and non-autoclaved bioinks, no other signifi-
cant transitions were observed. No differences were appreci-
ated between autoclaved and non-autoclaved bioink curves,
indicating that the sterilization process did not alter the
thermal behavior of the bioinks.

Pictures of the printed structures obtained through the pro-
cedure described in section 2.5 are shown in Fig. S1.†

Fig. 3 (a) FT-IR spectra of ALG/PLU-based bioinks before and after autoclave, Pluronic® F-127, and sodium alginate. (b) DSC curves of autoclaved
and non-autoclaved ALG/PLU-based bioinks; for both conditions, only the second heating curve and the cooling curve are shown. ALG/PLU: algi-
nate/Pluronic-based bioink. (c) Representative SEM images at different magnifications showing the hydrogel internal section of non-doped printed
structures, in the absence of cells. Scale bar: 200, 80, and 30 µm for 400×, 1000×, and 2750× magnification, respectively.
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The internal microstructure of the bioink was investigated
by SEM imaging. Fig. 3c shows the SEM images of the internal
section of the printed structures at different magnifications
(400×, 1000×, and 2750×). The samples exhibited porosity, par-
ticularly appreciable at 1000× and 2750× magnifications. The
pores were interconnected and homogeneously distributed
throughout the volume. The nanoparticle presence did not
alter the biomaterial porosity (results not shown). Similar
internal microstructure and porosity were observed by Cabrini
et al., who analyzed freeze-dried hydrogels composed of 20%
w/v Pluronic® F-127.66 An architecture of such high porosity
and interconnected pores is desirable to promote cell
migration, proliferation, and diffusion of oxygen and nutrients
inside the printed structures.67

Fig. 4a shows 24000× magnification SEM images of a small
surface portion of the printed structures without BTNPs and
also doped with 100, 250, and 500 μg mL−1 BTNPs, respectively
(without cells embedded). Sample surfaces qualitatively
appeared more irregular by increasing the BTNP concen-
tration. The EDX analysis performed on the same surface
portion showed the co-localized presence of barium (Ba) and
titanate (Ti) only in the doped bioinks, thus confirming the
presence of the nanoparticles and their homogeneous distri-
bution in the ALG/PLU matrix (Fig. 4b). Also, the EDX analysis
quantifying weight concentration % and atomic concentration
% of Ba and Ti confirmed an increased content of the two
elements in the bioinks with higher nanoparticle concen-
trations (Fig. 4c and d).

The rheological curves obtained for the different bioinks
are reported in Fig. S2.† In particular, Fig. S2a and S2b† report
the moduli (i.e., G′ and G″) upon strain %: in each sample con-
dition, the storage modulus G′ exhibited an initial plateau
phase followed by a decreasing phase for higher strain %
values, while the loss modulus G″ revealed a positive peak
before the decreasing phase. In the linear viscoelastic region
(strain < 1%), G′ values resulted in 10.9 ± 3.4, 13.1 ± 1.3, 12.5 ±
1.2, and 11.1 ± 3.7 kPa (p > 0.05) for the ALG/PLU-based
bioink and the ALG/PLU-based bioinks doped with 100, 250,
and 500 μg mL−1 BTNPs, respectively, while G″ values were 0.9
± 0.2, 1.2 ± 0.2, 1.3 ± 0.2, and 1.2 ± 0.3 kPa (p > 0.05). The G′
and G″ values were close to the ones reported by Abrami et al.,
who characterized a hydrogel made of 2% w/w sodium alginate
and 18% w/w Pluronic® F-127 in deionized water.68

Temperature sweep results (Fig. S2c†) showed a sigmoidal
trend of the viscosity, highlighting that bioinks underwent a
gelation process from 15 °C on up, with an exponential
increase of viscosity at 20–25 °C. This allowed us to select
37 °C as the printing temperature as it maintained the bioink
in its gel state while ensuring good shape retention during the
3D printing process and avoiding filament collapse or spread-
ing after extrusion. Additionally, cells encapsulated in gel state
bioinks have no tendency to sediment, thus yielding to homo-
geneous cell distribution in the printed material. Setting the
printing temperature to 37 °C also allowed us to avoid an
abrupt change in temperature to the cells embedded in the
bioinks. At 37 °C, measured viscosity values were 2.6 ± 0.5, 3.2

± 0.4, 2.6 ± 0.1, and 2.4 ± 0.5 Pa s (p > 0.05) for the ALG/PLU-
based bioink and the ALG/PLU-based bioinks doped with 100,
250, and 500 μg mL−1 BTNPs, respectively. Viscosity decreased
linearly as the shear rate increased (Fig. S2d†) for all the ana-
lyzed samples, thus all bioinks exhibited a shear-thinning be-
havior typical of non-Newtonian fluids, such as hydrogels.69

Shear-thinning properties lead to reduced shear stress during
printing, thus guaranteeing both the facile deposition of the
bioink and cell survival.70

The rheological properties of the bare ALG/PLU-based
bioink and the doped ones with 100, 250, and 500 μg mL−1

BTNPs were similar to the ones of Pluronic® F-127,71 which
represented the most abundant component.

Overall, the rheological properties were similar for all
bioinks, showing that the BTNP presence did not significantly
influence their rheological behavior. Indeed, the BTNP concen-
trations used in this work were significantly lower than 1%
w/v, which is considered the threshold above which nano-
particles induce drastic changes in the mechanical properties
of hydrogels.72

The shear rate sweep test curves (Fig. S2d†) were fitted to
eqn (1) using linear regression. The fitted values of K and n are
listed in Table 1. The shear stress to which cells were exposed
during the 3D bioprinting process was estimated by applying
eqn (2), considering the diameter of the nozzle used for 3D
bioprinting and the flow rate applied. Table 1 shows that τ

values were similar for all bioinks (p > 0.05). For all of them,
cells were exposed to τ values much smaller than 5 kPa, which
is considered the safety threshold to guarantee cell viability
during the printing process.73

To quantify the yield stress of the ALG/PLU-based bioink
and the ALG/PLU-based bioinks doped with 100, 250, and
500 μg mL−1 BTNPs, the experimental data of the shear
stress on the shear rate curves (Fig. S2e†) were fitted to the
Herschel–Bulkley model – eqn (3). The calculated yield stress
values are listed in Table 1: no significant differences were
found between the bioinks. The obtained yield stress values
were larger than the ones reported for other bioinks used
for skeletal muscle tissue engineering74,75 and they were con-
sistent with the values obtained with Pluronic® F-127-based
hydrogels with similar composition.76 As recently reported,77

yield stress higher than 100 Pa allows for material retention
and shape fitting even before crosslinking, thus preventing
layer spreading after extrusion and increasing print
fidelity and homogeneous distribution of cells within the
bioink.78,79

3.3 Viability and metabolic activity of cells embedded in the
bioinks

Cell viability and metabolic activity results are shown in Fig. 5.
The fluorescence images highlighted live (green) and dead/
necrotic (red) cells embedded in the bioinks (Fig. 5a). An excel-
lent cytocompatibility of BTNPs was demonstrated up to a con-
centration of 250 μg mL−1 throughout the whole analyzed
period. Almost no dead cells were observed in the printed
structures, similar to the non-doped control. A slightly higher
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number of dead cells were observed in the bioink doped with
500 μg mL−1 BTNPs.

Qualitative viability results were confirmed by the measure-
ments of cell metabolic activity (Fig. 5b). No statistically sig-
nificant differences were found between the metabolic activity
of cells embedded in the bare bioink and the ones doped with

BTNPs, with concentrations up to 250 μg mL−1. A statistically
significant decrease in the cell metabolic activity was observed
instead for bioinks doped with 500 μg mL−1 BTNPs on day 1,
3, and 5. Overall, cells remained metabolically active over 5
days, which is demonstrated by a significant increase in meta-
bolic activity from day 1 to day 5 for all sample types. However,

Fig. 4 (a) Representative SEM images of bare and doped printed structures from a top view. Scale bar: 5 μm. (b) Representative EDX analysis images,
showing the presence of Ba (in pink) and Ti (in light blue). Scale bar: 5 μm. (c) Quantitative EDX detection of the two elements (Ba and Ti) in terms of
weight concentration % and (d) atomic concentration %, on the representative images. ALG/PLU: alginate/Pluronic-based bioink. BTNPs: barium tita-
nate nanoparticles. Ba: barium. Ti: titanate.
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cells in the bioink doped with 500 μg mL−1 BTNPs showed a
less marked increase in the metabolic activity compared to the
other experimental conditions.

Based on these results, further differentiation experiments
were performed with the cell-laden bioink without BTNPs and
the cell-laden bioink doped with 250 μg mL−1 to maximize the
effects induced by the synergetic interaction between US and
nanoparticles. This was the highest concentration of BTNPs
that was found to be non-toxic to cells.

3.4 Ultrasound stimulation and cell differentiation in the
piezoelectric bioinks

A preliminary differentiation test was carried out to identify
the most suitable medium to be used in the differentiation
experiment and to preliminarily evaluate the effects of BTNPs
embedded into the printed structures. The results of this test
are reported in ESI, section S1.† Here, gene expression ana-
lyses of myogenic markers pointed out the greater myogenic
potential of the medium based on DMEM, 1% FBS, 1% P/S,
and 1% ITS. Notably, under the same condition of printed
structures cultured in this medium, higher expression levels of
MYOD1, MYOG, ACTA1, and CSRP3, which are key genes in the
early myogenesis phases,80 were measured for printed struc-
tures embedded with BTNPs, highlightling a possible promyo-
genic role of the nanoparticles.

Then, we performed a differentiation experiment stimulat-
ing the printed structures with LIPUS.

This phase was crucial to evaluate the effects of the piezo-
electric bioink combined with the US treatment (thought to
induce the generation of local electrical charges)7 on the bio-
printed cells. Four different experimental groups were investi-
gated on independent samples: (i) non-doped and non-LIPUS
treated, (ii) non-doped and LIPUS treated, (iii) doped and non-
LIPUS treated, and (iv) doped and LIPUS treated. The results
obtained are reported in Fig. 6 and 7.

Myogenic differentiation consists of several processes,
including the initial cell cycle arrest and subsequent activation
of various genes for the acquisition of skeletal muscle-specific
functions. In the early phase of differentiation, also named
specification, the myogenic regulatory factors have an essential
role.81 More specifically, MYOD1 is the master gene of skeletal
myogenesis and it is in charge of committing cells to a myo-
genic program; MYOG follows the up-regulation of MYOD1 and
activates the expression of late differentiation genes; while

MYF5, together with MYOD1, regulates myoblast
commitment.81–83 Cell cycle arrest is a key step to start myo-
genesis, and MYOD1 itself activates the expression of CCND384

and CDKN1A,85 whose upregulation is needed to induce and
maintain a terminal cell cycle withdrawal.

The gene expression analyses performed on day 1 of differen-
tiation showed that the presence of BTNPs (even without LIPUS)
implies an initial boost in the differentiation induction com-
pared to the normal differentiation condition, shown by the
upregulation of MYOD1 (p < 0.05), MYOG (p < 0.05), CCND3 (p <
0.01), and CDKN1A (p < 0.01) (Fig. 6). Interestingly, the doped
and LIPUS treated printed structures exhibited considerably
higher gene expression levels of MYOD1 (p < 0.0001), MYOG (p
< 0.05), CCND3 (p < 0.01), CDKN1A (p < 0.01), and MYF5 (p <
0.001) compared to the non-doped and non-stimulated printed
structures. The activation of these genes is a clear signal of the
cell cycle withdrawal and the onset of the myogenesis, pathways
that are boosted at day 1 of differentiation by the combination
of BTNPs and LIPUS stimulation. On day 1 of differentiation,
LIPUS stimulation on its own showed no effects: no significant
differences were detected in the gene expression levels. For
markers featuring later differentiation phases (ACTA1, CSRP3,
MYH2, MYH4, and ACTN2) no differences were detected among
the four experimental groups at this time point.

On day 3 of differentiation, the piezoelectric nanoparticles
in combination with LIPUS stimulation led to a considerable
upregulation of MYOD1 (p < 0.01), MYOG (p < 0.05), and MYH2
(p < 0.01) with respect to all the other samples, including the
BTNPs-doped ones. Actually, the correlation between MYOD1,
MYOG, and MYH2 is widely known, since MYOD1 is a myogenic
factor expressed in the early stages of myogenesis, while MYOG
mediates the differentiation process and it is associated with
the expression of MYH2, which is a later muscle differentiation
marker.80,86 These results confirmed the pro-differentiative
effect that the combination of piezoelectric nanoparticles and
LIPUS stimulation has on the early myogenesis of 3D bio-
printed cells. ACTA1, MYH4, and ACTN2 gene expression levels
increased when compared with the corresponding values on
day 1 of differentiation; however, for these genes, no signifi-
cant differences were found among the experimental groups,
probably because these markers feature later differentiation
stages, not analyzed in these experiments. LIPUS stimulation
on its own showed no significant differences in terms of gene
expression levels, with respect to the non-stimulated control.

Table 1 K and n values fitted according to eqn (1), obtained by the shear rate sweep test curves; estimated values of the shear stress to which cells
are exposed during the 3D printing process and of the yield stress for all bioinks

K [Pa sn] n τ [Pa] τ0 [Pa]

ALG/PLU 228.81 ± 35.17 0.10 ± 0.06 626.46 ± 301.22 245.10 ± 51.76
ALG/PLU + 100 μg mL−1 BTNPs 201.62 ± 31.59 0.08 ± 0.03 436.08 ± 109.59 201.80 ± 22.63
ALG/PLU + 250 μg mL−1 BTNPs 196.36 ± 20.67 0.06 ± 0.05 381.83 ± 136.51 177.37 ± 29.27
ALG/PLU + 500 μg mL−1 BTNPs 170.38 ± 4.04 0.07 ± 0.12 338.40 ± 41.90 167.77 ± 12.29

Results are expressed in terms of mean values ± standard deviations. ALG/PLU: alginate/Pluronic-based bioink. BTNPs: barium titanate
nanoparticles.
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On day 1 of differentiation, immunofluorescence images
(showing F-actin and nuclei in Fig. 7a) confirmed that cells
were well distributed in the printed structures. Notably, the
presence of BTNPs led to a marked formation of cell aggre-
gates, which were even more evident in the LIPUS-stimulated
sample. The formation of cell aggregates went with a higher
presence of MYOG in the nuclei, highlighted by the colocaliza-

tion of the green and blue signals, representing MYOG and
nuclei, respectively (Fig. 7a). This expression pattern is in
agreement with the role of MYOG in promoting myocyte
fusion.87 Ferri et al. observed that MYOG is expressed in all
undifferentiated cells, mainly in the cytoplasm. Then, after
differentiation induction, MYOG is progressively concentrated
in the nucleus to activate the expression of late differentiation

Fig. 5 (a) Representative fluorescence images of cells embedded in the printed structures without BTNPs and doped with 100, 250, and 500 μg
mL−1 on day 1, 3, and 5 after printing. Green: live cells; red: dead or necrotic cells. Scale bar: 200 μm. (b) Cell metabolic activity measured on day 1,
3, and 5 after printing. The box and whisker plots represent the median values and interquartile ranges (whiskers represent the maximum and
minimum values obtained). ** p < 0.01, *** p < 0.001, **** p < 0.0001 refer to comparisons between the different experimental groups (bioink
without BTNPs and doped with 100, 250, and 500 μg mL−1 BTNPs) on the same day. # p < 0.05, ## p < 0.01, ### p < 0.001, #### p < 0.0001 refer
to comparisons between day 1 and the following time points, for each experimental group. ALG/PLU: alginate/Pluronic-based bioink. BTNPs: barium
titanate nanoparticles.
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genes for myotube formation and the contractile apparatus
protein synthesis.88 Therefore, the higher presence of MYOG
in the nuclei in the presence of BTNPs suggests a boost in
differentiation induction due to the BTNPs.

On day 3 of differentiation, cell aggregates increased in
size and they were still more evident in the presence of
BTNPs, and even more in the doped and LIPUS treated

printed structures (Fig. 7b). Immunostaining for MYOG was
still found to be positive, matching with previous findings
for early phases of C2C12 differentiation,89 but no differ-
ences were observed between the different experimental
conditions.

The results obtained in this study are in agreement with
previous evidence shown by the authors,13 in which the differ-

Fig. 6 Gene expression analyses of differentiating myoblasts embedded in the printed structures (non-doped and doped with 250 μg mL−1 BTNPs)
on day 1 and day 3 of differentiation, with and without LIPUS stimulation. The box and whisker plots represent the median values and interquartile
ranges (whiskers represent the maximum and minimum values obtained). * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. ALG/PLU: alginate/
Pluronic-based bioink. BTNPs: barium titanate nanoparticles. LIPUS: low-intensity pulsed ultrasound stimulation. Day 1 (diff.) and day 3 (diff.) refer to
the 1st and 3rd day of differentiation, respectively.
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entiation process of C2C12 was accelerated once treated with
piezoelectric BNNTs (internalized by the cells) and US waves
(wavelength: 40 kHz).

To ascertain the role of US-stimulated BTNPs in the differ-
entiation process, the voltage generated by the interaction
between the US waves and the BTNPs inside the printed struc-
tures was estimated through an electroelastic model developed

by Marino et al.10 Briefly, the model provided the maximum
voltage φR generated by the US stimulation on the surface of a
single BTNP:

φR ¼ �Rðserr þ 2erθÞ
sεrr

PUS
sγ þ 2α

� �
ð4Þ

Fig. 7 Representative immunofluorescence images (maximum intensity projections) of differentiating myoblasts embedded in the printed struc-
tures (non-doped and doped with 250 μg mL−1 BTNPs) at (a) day 1 and (b) at day 3 of differentiation, with and without LIPUS stimulation. Red:
F-actin, green: MYOG, blue: nuclei. F-actin/nuclei images scale bar: 100 μm. MYOG/nuclei images scale bar: 25 μm. ALG/PLU: alginate/Pluronic-
based bioink. BTNPs: barium titanate nanoparticles. LIPUS: low-intensity pulsed ultrasound stimulation.
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where R is the radius (R ∼ 30 nm), err and erθ are the piezoelec-
tric coefficients (err ∼ 10 C m−2; erθ ∼ −1 C m−2), εrr is the
dielectric constant of the BTNP (εrr ∼ 8.85 × 106 F m−1), PUS is
the maximum pressure associated with the US wave (PUS ∼
8.66 × 104 Pa), and α, γ, and s are expressions related to the
elastic properties of the BTNP.

According to eqn (4), when stimulating BTNPs with an
intensity of 250 mW cm−2, the maximum voltage generated on
the surface of a single BTNP is ∼0.09 mV. However, the local

voltage may increase if BTNPs are accumulated in clusters,
thus increasing the overall diameter.

Interestingly, TEM images revealed the internalization of
BTNPs within the cell membrane and entrapped in intracellu-
lar vesicles in groups from a few to a hundred of BTNPs
(Fig. 8a). An EDX analysis performed on the formed clusters
confirmed the presence of BTNPs (Fig. 8b). Probably, the rela-
tively small size of the BTNPs (diameter: 60 nm) contributes to
their endocytosis, as also demonstrated by Zhao et al. (dia-

Fig. 8 (a) TEM images showing two examples of BTNP clusters with a different amount of nanoparticles internalized in cell vesicles. (b) EDX analysis
confirming the presence of BTNPs inside the cells. EDX spectra quantified the amount of barium and titanium, as components of the BTNP, inside
and outside the cell. Copper was also visualized, being the main material of the mesh used during the analysis.
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meter: 66 nm),90 different from what was found by Marino
et al. in which BTNPs (diameter: 300 nm) were accumulated
onto the cell membrane.10

The presence of a cluster implies an increase in the esti-
mated voltage, supposing the superposition property. In our
case, such a voltage ranges from 0.18 mV to 0.91 mV, for clus-
ters having a diameter from 120 nm to 600 nm, respectively, as
visible in Fig. 8a. As known in the state of the art, the localized
voltage generated by the US-mediated BTNP stimulation
induces the enhancement of the Ca2+ ions influx, according to
the prospect that a Ca2+ channel opening increases exponen-
tially with membrane depolarization.11,90 Indeed, it has been
shown that even 2 mV has a chance to open them up to a rele-
vant fraction (∼30%).91 Furthermore, it is worth mentioning
that such probability is a continuous function of the mem-
brane potential, with no threshold.92 Thus, it is likely that
even a relatively small intracellular potential (hundreds of µV
or even tens of µV), like the one estimated in our case, may
contribute to the activation of the myoblast voltage gate chan-
nels, which have an important role in skeletal muscle
differentiation.93,94

LIPUS has been recently employed to evaluate possible ben-
eficial effects on various cell cultures, including muscle
cells.95,96 In particular, Salgarella et al. found optimal fre-
quency at 1 MHz after developing an in-house stimulation
system that minimized reflections and attenuations, allowing
precise control of ultrasound delivery. Despite that, the ana-
lysis was performed only on the morphological shape of differ-
entiated myotubes cultured over a 2D substrate. In our study,
the LIPUS stimulation has been applied to a printed structure
for the first time, and results showed that LIPUS promoted the
expression of MYOD1, MYOG, and MYH2 in doped bioinks,
thus enabling the modulation of myogenic markers.

Overall, our results show the opportunity of using piezoelec-
tric nanoparticles and LIPUS stimulation as a pro-myogenic
paradigm for accelerating the differentiation/maturation of
printed skeletal muscle structures. This paradigm was demon-
strated in our case by using an alginate/Pluronic-based bioink,
which was proposed in the literature as a material keeping
good shape retention at physiological conditions and guaran-
teeing high cell viability and expression of myogenic genes
with higher performance of 3D constructs compared to cells
cultured in two-dimensional conditions.29 However, the
same paradigm may be easily applied in the future to a variety
of bioinks that proved their high potential as matrices for
3D skeletal muscle constructs, e.g., hyaluronic acid, gelatin,
and fibrinogen,74,97 gelatin, fibrinogen, hyaluronic acid,
and glycerol,98–100 or decellularized extracellular matrices
(dECM).101

Our findings may have important future implications in
drug testing and treatment of VML diseases or muscle defect
injuries. Indeed, US-stimulated piezoelectric materials com-
bined with 3D bioprinting may allow to obtain mature 3D
printed skeletal muscle constructs more rapidly, by boosting
the myogenesis of myoblasts embedded in a 3D bioprinted
construct. This paradigm also has the promising perspective

of a possible wireless stimulation in vivo, after implantation,
exploiting the minimal invasiveness of ultrasound. This oppor-
tunity can make this technology attractive for future preclinical
and clinical translation of this technology.

4. Conclusion

In this study, we demonstrated the possibility of developing a
printable piezoelectric bioink based on an alginate/Pluronic
hydrogel and doped with barium titanate nanoparticles
(BTNPs, diameter: ∼60 nm, d33 piezoelectric coefficient: ∼88
pm V−1) and stimulating it through ultrasound waves to boost
myoblast differentiation. A non-covalent wrapping of propy-
lene glycol alginate allowed obtaining a stable aqueous dis-
persion of the nanoparticles, which guaranteed their homo-
geneous dispersion in the printed nanocomposite bioink.
Rheological analyses evidenced that both the bare and doped
bioinks allowed a safe bioprinting procedure, with estimated
shear stresses well below the safety threshold of 5 kPa. Single-
layer structures embedding C2C12 cells were bioprinted,
showing that cell metabolism and viability were not negatively
affected by the nanoparticle presence in the bioink up to a con-
centration of 250 µg mL−1. When subjected to ultrasound stimu-
lation for three consecutive days during differentiation, cells
embedded in the doped printed structures showed more marked
skeletal muscle differentiation than the controls, with the for-
mation of cell aggregates and the over-expression of MYOD1,
MYOG, and MYH2. Gene expression analyses suggest that this
behaviour may be due to the activation of the cell cycle arrest.

These results highlight that piezoelectric nanoparticle-
mediated ultrasound stimulation can be exploited to boost
myoblast differentiation in 3D bioprinted constructs. Thus, in
future experiments, we will consider exploring the combi-
nation of piezoelectric nanoparticles and LIPUS stimulation to
different bioinks, also shaping them into a more complex
architecture, based on multiple layers. The results of these
investigations will allow deeper elucidation of the mechanisms
of action of the combinations of the two stimuli, in view of
further in vitro application and in vivo translations.
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