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lon-Permeable Electrospun Scaffolds Enable Controlled
In-Vitro Electrostimulation Assay of Myoblasts

Serafina Pacilio, Francesco Decataldo, Roberta Costa, Tobias Cramer,* Beatrice Fraboni,

Giovanna Cenacchi, and Maria Letizia Focarete*

In-vitro models are fundamental for studying muscular cell contractility and
for wide-screening of therapeutic candidates targeting skeletal muscle
diseases, owing to their scalability, reproducibility, and circumvention of
ethical concerns. However, in-vitro assays permitting reliable electrical
stimulation of cell contractile activity still require technological development.
Here, a novel approach to electrically stimulate differentiated muscular cell
contractility is reported exploiting the ionic conductivity and mechanical
flexibility of 3D nanofibrous scaffolds. The electrospun poly(L-lactide-
co-caprolactone) scaffold allowed for C2C12 murine myoblasts horizontal
elongation and myotubes formation. Scaffold porosity enables high ionic
conductivity and strong electric field generation, orthogonally oriented to the
scaffold surface. Electrically induced cell contractility is determined with
atomic force microscopy (AFM) enabling real-time monitoring of scaffold
vibrations in liquid environment. Differentiated cell actuation is found to be
linearly correlated to current amplitude and number of current stimuli.
Integrating the 3D nanofibrous scaffolds with real-time AFM monitoring
provides highly accurate in-vitro assays for biomedical research. The
induction of electric fields orthogonal to the scaffold surface allows for
accurately mimicking the excitation-contraction coupling mechanism
observed in native skeletal muscle tissue. This work paves the way for the
quantitative study of muscular cell dynamic behavior and physiology, further
evaluating therapy effectiveness for muscular pathologies.

progressive muscle wasting and weak-
ness are hereditary myogenic disorders.
Currently, no therapies effectively target
the underlying genetic defects or sig-
nificantly improve the debilitating weak-
ness and wasting caused by these dis-
eases. While research predominantly fo-
cuses on gene therapy, there is also explo-
ration into drug treatments.[?! In emerg-
ing approaches, a combination of thera-
pies aims to preserve muscle mass, en-
hance muscle maturation, and promote
regeneration. However, for the discov-
ery of an effective agent and the un-
locking of the potential for future treat-
ments, a comprehensive understanding
of pathophysiology is crucial.’] Under-
standing the functional properties of
muscle cells, such as responses trig-
gered by contraction and contractility de-
velopment, can be used as indicators
for muscle disorders. Such knowledge
aids in the identification of therapeutic
targets and deepens our understanding
of the underlying pathogenetic mecha-
nisms. Investigation into the interplay
between muscle function and pathol-
ogy contributes to diagnostic tools ad-
vancements for preventing or mitigating

1. Introduction

Severe loss of skeletal muscle can result from various fac-
tors, including trauma, surgery, sarcopenia, diabetes, and in-
herited genetic diseases.!!] Genetic myopathies, characterized by

muscle impairment.] Pioneering studies demonstrated
the potential of “in vitro exercise models” using my-
otubes stimulated by electric impulses (EPS) to investi-
gate contractile activity effects.’] Electric stimulation is
well-established as an effective means to promote cell
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proliferation, differentiation, and maturation, supporting
functionality.[]

An additional motivation to extend the capabilities of in vitro
assays arises from the ethical imperative to minimize the re-
liance on animal testing. The utilization of in vitro models cir-
cumvents ethical concerns, aligning with the demand for alter-
native biomedical approaches. Moreover, in vitro assays offer ad-
vantages such as scalability and efficient screening of potential
therapeutic candidates. By harnessing the power of in vitro sys-
tems, these assays accelerate early-stage drug discovery and op-
timize compound selection for clinical applications.l”®! Key fac-
tors for successfully fabricating in vitro SKM include providing a
mechanically compliant microenvironment for cellular growth, a
nanostructured orientation for cellular organization, and a con-
trolled electrical system for cellular activity.!%! In particular, 3D
supports, such as scaffolds, enable biomimicry of the natural tis-
sue environment, providing a framework for cellular attachment
and proliferation as well as enhancing cellular differentiation and
maturation.'!]

A major technological challenge is the development of ad-
vanced 3D scaffolds for in vitro cell culturing combined with
electronic functionality for cell electrical stimulation. The elec-
tric fields generated at the cellular positions during stimulation
need to be carefully controlled in terms of intensity, timescale,
and spatial extent as all these effects directly impact the cellu-
lar interaction pathway and the related cellular responses. Fur-
thermore, the high ionic conductivity of the cell culture medium
causes the screening of static electric fields on rapid timescales
(<100 ps) due to ionic displacement currents. Accordingly, stim-
ulating electrodes must be designed to drive a persisting ionic
current near the cells to generate electric fields that affect the
cell’s membrane potential. At the same time, driving large cur-
rents through resistive media can cause Joule heating potentially
leading to temperature-induced damage in the cell culture. In
literature, different approaches have been exploited to generate
electrical stimuli affecting the cell phenotype and cell contrac-
tion. Four general approaches can be distinguished for such a
task using either conductive or dielectric scaffolds, as depicted
schematically in Figure 1.

The first approach (Figure 1a) utilizes a conductive scaffold
through which an electronic current is driven by applying bias
on opposite ends of the scaffold (electrical polarization is paral-
lel to the scaffold surface, Figure 1a).12"1%) In this configuration,
scaffold conductivity should be modulated to avoid too high cur-
rents that would overheat cells owing to the Joule effect. Direct
currents (DC) allow to generate a gradient in surface potential
along the scaffold, impacting cell-adhesion properties. However,
due to the screening of the surface potential, electric fields re-
main within the Debye length (<1 nm) of the scaffold and can
only reach after strong attenuation of the cell body. Accordingly,
this approach is not exploited to depolarize the cell membrane
potential and to achieve cell stimulation. Instead, it is relevant
to generate active cell culture surfaces with real-time control of
cell adhesion and cell migration.!?’! Also, the second approach
(Figure 1Db) exploits a conductive scaffold.?'**] But in this con-
figuration, an alternating current (AC) potential is applied to the
scaffold with respect to the cell culture medium. A bath elec-
trode (typically a chlorinated silver wire or an ionic salt bridge)
sets the medium potential to ground. As a result, a displace-
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Figure 1. Four different scaffold and electrical stimulation geometries for
driving stimulating electric fields on cells. a) Conductive scaffolds with par-
allel electrical polarization; b) Conductive scaffolds with orthogonal electri-
cal polarization; c) Dielectric scaffolds with parallel electrical polarization;
d) Dielectric porous scaffolds for orthogonal electrical polarization. Red
and blue arrows indicate electrical and ionic currents, respectively.

ment current generates orthogonal to the scaffold surface. The
ionic current surrounding the cultured cells may generate elec-
tric fields across the cell membrane sufficient to activate voltage-
gated channels enabling electrical cell stimulation. The third and
fourth approaches (Figure 1c,d) rely on dielectric scaffolds. In
one case, the ionic current is driven in the direction parallel to
the scaffold surface (Figure 1c) by electrodes positioned on op-
posing sites on the cell culture surface.[1%26-2] Such an approach
is technically easy to realize and does not require an ionic con-
ductivity of the cell culture scaffold. However, the electric field in
close vicinity to the scaffold is difficult to control and potentially
too small or not uniformly distributed making controlled stimu-
lation experiments difficult. Typical causes that reduce local elec-
tric fields are surface roughness or cell migration into the scaf-
fold. The fourth approach (Figure 1d) employs dielectric porous
scaffolds, in which scaffold porosity permits ionic currents in an
orthogonal direction with respect to the scaffold surface.*”! Such
ionic currents and the related electric field surround all cells in
and on the scaffold, independent of their position. To generate
such currents, an electrode must be placed below the scaffold and
is driven by bias with respect to the cell culture bath electrode. To
realize this approach, the ionic conductivity of the scaffold needs
to be sufficiently large to achieve high local current densities.

In this work, we follow the approach relying on a porous
dielectric scaffold. We exploit electrospinning to fabricate 3D
nanofibrous scaffolds of poly(L-lactide-co-¢ caprolactone) with
high ionic conductivity, thus allowing for the generation of strong
electric fields through their surface. Our approach leverages the
synergistic power of controlled electrical stimulation, precisely
electric fields orthogonally oriented with respect to cell align-
ment, and cutting-edge mechanical compliance to drive cellu-
lar contractile activity. We visualize and characterize in real-
time the scaffold actuation, induced by tissue contraction, using
atomic force microscopy (AFM). Our work shows how nanos-
tructured multifunctional scaffold materials enable significant
advancement for in vitro assay design. With our work, cells
can be cultured in realistic conditions and be targeted with
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Figure 2. Porous PLACL scaffold characterization. a) SEM micrograph of the scaffold-aligned fibers and chemical formula of the PLACL compound.
b) Fiber diameter (top) and scaffold porosity (bottom) distribution analysis. c) Schematic cross-section of the 4-point probe experimental setup used to
determine the ionic conductance of the scaffold. Through the salt bridges, an ionic current is driven through the membrane. The two Ag/AgCl electrodes
are used to measure the voltage drop occurring over the membrane. d) |-V characteristics for pure PBS (blue) and with the 40 pm-thick membrane
(orange) added between the PDMS o-rings. €) Force as a function of AFM tip height measured in PBS for approach (blue) and retract (orange) curves.

chemical-physical stimuli that mimic the in vivo conditions all
combined with real-time analysis of cellular response.

2. Results and Discussion

The poly(L-lactide-co-e caprolactone) copolymer scaffolds
(PLACL7030) were fabricated using electrospinning. Scanning
electron microscopy (SEM) micrographs confirmed the presence
of aligned and bead-free fibers in the scaffolds (Figure 2a).
Analysis of the fiber diameter distribution revealed an average
diameter of 0.7 + 0.2 pm. Furthermore, the pore dimensions
ranged from 0.4 to 4 um with peak values occurring between
1 and 2.8 ym (Figure 2b). Previous stress—strain measure-
ments conducted on PLACL7030 nanofibrous scaffold showed
a relatively elastomeric behavior, with an elastic modulus of
~14.5 MPa enabling the fabrication of a soft scaffold with low
flexural rigidity.'!] We further note that reduced elastic moduli
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of scaffold materials are associated with improved muscle fiber
formation in in-vitro experiments.[>!]

For precisely measuring the ionic current flowing through the
scaffold (ionic conductance), the scaffolds were mounted in a
customized electrochemical cell in a 4-point probe configura-
tion using phosphate buffer saline (PBS) 0.1 M as an electrolyte
solution. A schematic representation of the experimental setup
and its detailed description are reported in Figure 2c and Ex-
perimental Section, respectively. The ionic conductance experi-
ment demonstrated the high porosity of the PLACL 7030 scaf-
fold and its applicability for cell culture electrical stimulations:
the current versus voltage straight lines reported in Figure 2d,
show comparable ionic resistances with (266.67 + 0.06) Q or
without (243.9 = 0.3) Q the 40 pm-thick scaffold. From these val-
ues and using the 0.1 M PBS conductivity (655 = 13 mS cm™!),
we were able to estimate the scaffold ionic conductivity 6 g5 =
(0.84 + 0.02) mS cm™! (see Section S1, Supporting Information).
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Figure 3. a) SEM micrographs reporting myoblast proliferation at 2, 6, and 24 h (from left to right). White line scale bar = 30 um. b) Cell viability over
days to evaluate scaffold biocompatibility. SEM micrographs of undifferentiated (T0) c) and differentiated (T5) C2C12 d). White line scale bar = 100, 30,

and 10 um (from left to right).

To complete the characterization, AFM morphological images of
the scaffold were taken in liquid environment (PBS, see Section
S2, Supporting Information). We find that the overall fiber mor-
phology and alignment are preserved but increased fiber diame-
ters indicate water uptake and swelling of the co-polymeric scaf-
fold. The AFM experiments allowed further to determine the ef-
fective Youngs modulus deciding on the scaffold stiffness in a
biologically relevant liquid. Figure 2e shows force spectroscopy
data obtained in the center of the circular free scaffold membrane
(r = 5 mm) clamped at its borders. Upon tip indentation, the
membrane deforms resulting in a stiffness of 0.69 nN nm~!. Ap-
plying plate deformation theory, we obtained an effective elastic
modulus of 52 MPa (see Section S3, Supporting Information).l*!
The same order of magnitude was found earlier in tensile stress
tests of the scaffold.['!] We note that the scaffold properties are
strongly thickness-dependent. A thicker scaffold has a higher
ionic resistivity. Experimental measurements of ionic conductiv-
ity demonstrate such an increase but show also that for thin films
(thickness in the range of tens of micrometers) conductivity is
subjected to strong variations due to the porous structure (Sec-
tion S4, Supporting Information). More important for our cell-
culture experiment is the finding that thickener films become
more rigid. From the mechanical engineering of elastic plates,
it is well known that the flexural rigidity increases with thickness
following a superlinear trend (D ~ t3>-see Section S3, Supporting
Information). With the more rigid behavior, scaffold deformation
due to cell activity becomes more difficult to detect. Accordingly,
we chose here a scaffold thickness of 40 um that was determined
to be the best compromise to achieve good mechanical toughness
so that the scaffold can easily be handled, high ionic conductivity
for stimulation, and low mechanical bending stiffness to facili-
tate cell mechanotransduction.

In cell-culture experiments, C2C12 murine myoblasts were
seeded and cultured on the scaffolds. Myoblast proliferation was
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analyzed by SEM at 3, 6, and 24 h (Figure 3a): at 3 h, C2C12
having a round-shape morphology due to previous trypsinization
began to attach onto the substrate; at 6 h C2C12 with a spindle-
shape morphology are completely adhered to the substrate and
began to elongate following nanofiber orientation; at 24 h the
nanofiber surface was fully coated with stretched C2C12. Con-
sidering this result, we analyzed the cell viability on the scaffold
at days 1,2, 5, and 7 compared with the control on tissue culture
plastic. The conducted analysis showed the biocompatibility of
the scaffold, with an initial proliferation lag due to the cell’s phys-
iological need for adhesion prior to the onset of cell cycle pro-
gression (Figure 3b), as documented in other studies.?*3* Ad-
ditionally, we further investigated myoblast morphology on scaf-
fold using SEM; we focused on undifferentiated (T0) or differ-
entiated (T5) stages. TO showed the presence of single aligned
myoblast following the scaffold orientation (Figure 3c), while T5
presented fused myocytes well organized in mature myotubes
(Figure 3d). C2C12 proliferation, morphology, and differentia-
tion demonstrated the cytocompatibility of the scaffold and the
impact of the tissue-like matrix on C2C12. These results are in
accordance with previous studies!®’! and confirm that scaffold
topography characterized by oriented nanofibers, provides con-
tact guidance for myoblast elongation and alignment, driving cell
maturation and differentiation.

To monitor muscular cell contractility upon differentiation
and electrical stimulation, we employed the AFM tip to sense
scaffold vibrations induced by cellular contractions in liquid.
Figure 4a shows the experimental setup in cross-section: the cir-
cular PLACL7030 scaffold is clamped at its borders with a PDMS
ring (hole diameter = 10 mm) separating the liquid reservoir in
two half-spaces. The lower half-space is electrically contacted with
an ITO electrode at the bottom. The upper half space is instead
in contact with a platinum wire. These two electrical contacts are
used to drive a stimulating current pulse through the scaffold
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85UB017 SUOWILIOD 3A D) 3|edl|dde auy Ag pausenob a1 saoife WO ‘8sn JO SaIn1 10} AIg1T 8UIIUO AB|IM UO (SUO3IPUCD-PUR-SWR}LI0D AB | 1M ARe4q)| U1 |UO//SONY) SUORIPUOD PUe SWLB L 38U} 89S *[202/2T/€0] Uo Ariq auljuo AB|IM ‘el eueiyo0D Ag T0900¥Z02 ILUPR/Z00T OT/I0p/W00" A3 1M Atelq 1jeuluo//Sdny Wolj papeo|umoq ‘0 ‘0SEL96T2


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

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS
INTERFACES

Open Access,

www.advancedsciencenews.com

(a)

Pt wire

Current stimuli

(c)

=
=,
~
.2
)
[
=
©
>
-
=
20
[}
T -201 E
o 100 200 300 400 500 600 700
Time (ms)
(e)
— 50 Nstim =2
E Nstm=4
5 40 K Nstim =6
Nstim =8
&
] 80 Nstim = 10
= ; Nstim = 12
20 j
2 Nstim = 14
© 10 \ Nstim = 18|
> 2 Nstim = 20
£ o v N 0 ot i s Nstim = 25
%) ey . At
‘© 10 - ",'Q—
T v
20
0 200 400 600 800 1000
Time (ms)

www.advmatinterfaces.de

(b)

10 x - - x - 40
s 5 1 130
qé’ @ N ] ] T
S 51 l {20 g
4 ~
= -15 4 1 =
@ lo ©
i -20 | ‘l\

281 {-10

-30 : T — r

0 20 40 60 80
time (ms)

(d) 40 : . : :
~ 351 = Differentiated Cells i
é 301 a  Undifferentiated Cells ]
5 25 ]
T 20 - p
=
9 15 ) ]
- L ]

_.5) 12- . ]
[0 ] o ]
T ol ! 1 1]
1 } 1
-5 T T T T r
2 4 6 8 10

Current Amplitude (MmA)

50 /}/}\{ /} 1
40 1 } /
304 }/ -
20 - {/{/
10 }/ 1

0 5 10 15 20 25 30
Number of bipolar stimuli at 10 mA

Height variation (nm)

Figure 4. In vitro cell contractility evaluation. a) Cross-section of the experimental setup used for measuring the scaffold deformations induced by
myoblasts (in green) grown or differentiated into it, upon the orthogonally oriented electric field stimulations. b) Example of a current stimulation
protocol (set at 10 mA with combined negative and positive polarity). c) Scaffold height monitored in real-time by the AFM tip upon electrical stimulation
using different current amplitudes. d) Scaffold height variation peaks for differentiated (orange) and undifferentiated (blue) cells in the function of the
stimulation current amplitude (using a train of 10 current stimuli). e) Scaffold height monitored in real-time by the AFM tip upon electrical stimulation
at a fixed 10 mA amplitude for the diverse number of stimuli. f) Scaffold height variation peaks for differentiated cells in the function of the number of

stimuli at a fixed current amplitude of 10 mA.

membrane. Displacements of the scaffold membrane are con-
stantly monitored with the AFM tip positioned at the center of the
scaffold with a constant contact force. Figure 4b reports the bipha-
sic current pulses and related voltages employed for cell electrical
stimulation (see Experimental Section for the complete protocol
description): current amplitude, number of stimuli, and stimuli
polarity were investigated as key parameters potentially impact-
ing differentiated cell contractility. Figure 4c shows the scaffold
height monitored by the AFM tip upon 10 bipolar stimulations on
differentiated cells using different current amplitudes. From this
analysis, we observe three main outcomes: i) cell contractions in-
duce bell-shaped scaffold height variation upon current stimula-
tion, having 80 and 140 ms as rising and fall time constants, re-
spectively; ii) 4 mA represents the current amplitude below which

Adv. Mater. Interfaces 2024, 2400601 2400601 (5 0f8)

differentiated cells are not affected by the current stimuli; iii)
contractility is progressively growing (measured as the scaffold
height variation) for increasing currents. For comparison, undif-
ferentiated cells on the PLACL7030 scaffold have been similarly
investigated, reporting a constant, null height for all the current
amplitudes (Figure 4d). These data prove that height variations
monitored by the AFM can be ascribed to differentiated cell con-
traction. Moreover, we have observed that increasing the number
of stimuli enhances cell contraction response (Figure 4e). Plot-
ting in Figure 4f the maximum height variation in function of the
number of bipolar stimuli (at 10 mA), it could be noted that a lin-
ear correlation is present up to 15 stimuli, after which a plateau
is reached with a constant height change response. Differently,
stimuli polarity does not affect cell contractility as demonstrated
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in Section S5 (Supporting Information), in which no significant
height variations are obtained for either negative or positive cur-
rent polarities. Fitting Figure 4d—f, we extracted the linear sen-
sitivity (S) of the scaffold actuation in function of current ampli-
tude (R* =0.967, S = (4.7 = 0.5) nm mA~!) and number of stim-
uli (R* = 0.997, S = (3.19 + 0.08) nm n~! stimuli), respectively,
which enables the evaluation of the selected stimulation parame-
ter weight on differentiated cell contractility. In addition, the ob-
tained straight lines identify the threshold value above which cell
actuation is observed (schematically reported in Section S6, Sup-
porting Information for current amplitude), which proved to be
(3.1 £ 0.4) mA for the current intensity and (—1.2 + 0.4) for the
number of stimuli. The former is converted into an electrical field
Einduced by the driven current I, through the following equation
(see Section S7, Supporting Information):

E= L M

where p and a represents the ionic resistivity of the scaffold and
the PDMS hole radius, respectively. According to this formula,
the minimum electrical field required for starting cell contractil-
ity is (4.7 £ 0.7) V. cm™, in agreement with previous studies.l*®’
The negative threshold value obtained for the number of cur-
rent stimuli could be explained considering that cell actuation
would be observed even using a single 10 mA current stimu-
lus: indeed, for the single bipolar stimulus an expected height
of (6.9 + 0.7) nm should be monitored.

Through our innovative real-time monitoring technique,
we demonstrated that dynamic changes in actuation times
(Figure 4c—{) are aligned with the physiological action potential
of the SKM. Effectively, the action potential of the SKM encom-
passes three distinct phases: depolarization (height rise), repo-
larization (height fall), and hyperpolarization (baseline return),
overlapping with the twitch phases of the latent period, contrac-
tion period, and relaxation period.’”] Additionally, as shown in
Figure 4e, increasing the number of stimuli, particularly between
the range of 20 and 30 stimuli led to twitches summation with
the generation of a tetanic contractile force. The good correlation
between the electrical stimulations and mechanical responses
underscored the reliability of our in vitro assay, which faithfully
mimics the excitation—contraction coupling mechanism in SKM.

3. Conclusion

Our work demonstrates how the porous structure of 3D nanofi-
brous scaffolds can be exploited to develop advanced in vitro
techniques enabling the study of electrical stimulation on cel-
lular response. For the case of C2C12 murine myoblasts, we
show how the cells develop into functional muscular tissue on
the engineered 3D scaffold. With controlled ionic-current pulses
driven through the porous scaffold, we are able to elicit cell con-
traction and to study the impact of stimuli amplitude, stimuli
duration, and stimuli polarity on the tissue response in an in-
vitro experiment. The achievement became only possible due to
the multifunctional properties of the scaffold based on the engi-
neered nano-fiber mat PLACL7030. Compared to existing meth-
ods for electrical stimulation of in-vitro generated muscular tis-
sue, our approach offers the following advantages: i) The elec-
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tric field causing cell depolarization is orthogonal to the cell-
culture substrate and is fully controlled by the current driven
through the scaffold. ii) The high porosity of the scaffold leads
to high ionic conductivity. Therefore, high voltages and possible
temperature variations due to Joule heating can be avoided. iii)
The scaffold can be prepared in the form of a thin but robust
membrane with a small elastic modulus of 52 MPa and low flex-
ural rigidity. Accordingly, the mechanical contraction of cells is
transduced into a macroscopic deflection of the scaffold that can
be easily quantified. In our experiments we measure the deflec-
tion with Atomic Force Microscopy, however, also optical tech-
niques based on interference could be applied for this purpose.
iv) The scaffold’s porosity is determined to be between 1 and
2.8 um. This is significantly smaller than typical cell dimensions
and enables homogenous stimuli that affect all cells present on
the scaffold equally. Based on these advantages resulting from
optimized materials properties, we achieve an improved stim-
ulation assay for in-vitro generated muscular tissue. Our study
paves the way for more sophisticated in vitro investigation and
a stronger understanding of the interplay among cell differenti-
ation processes, electrical-induced stimulation, and cell contrac-
tility response. Thus, by combining tissue engineering and elec-
trostimulation in well-controlled assays, the complex structure
and functionality of SKM can be accurately recreated. The devel-
oped method holds significant potential to accelerate the inves-
tigation of healthy and diseased SKM tissues, identify potential
therapeutic targets, and streamline drug effectiveness evaluation
and repurposing.

4. Experimental Section

Scaffold Fabrication: The electrospinning process was performed us-
ing a homemade apparatus consisting of a high-voltage power supply
(Spellman SL 50 P 10/CE/230), a syringe pump (KD Scientific 200 series),
and a glass syringe filled with the polymer solution connected to a stain-
less steel blunt-ended needle. Uniaxially aligned nanofibers were produced
using a rotating collector (metallic drum: length = 120 mm, diameter =
50 mm) at a linear speed of 6000 rpm. Polymer solutions were prepared
by dissolving poly(L-lactide-co-¢ caprolactone) with a molar composition
70/30 L-lactide/e caprolactone (PLACL7030) (Corbion, Amsterdam, The
Netherlands) in a mixture of dichloromethane (DCM) and dimethylfor-
mamide (DMF) (Sigma-Aldrich, St. Louis, MO, USA), DCM:DMF = 65:35
v/v at a polymer concentration of 20% w/v. The polymeric solution was de-
livered at a constant flow rate of 1.2 mL h™, with a needle-to-collector dis-
tance of 20 cm and a voltage of 20 kV. Prior to cell seeding, the electrospun
scaffolds were coated with type | collagen solution from calf skin (Sigma—
Aldrich, St. Louis, MO, USA). Scanning electron microscopy (SEM) was
conducted using a Phenom Pro-X SEM (Thermo Fisher Scientific Inc.,
Waltham, MA, USA) at an accelerating voltage of 10 kV on gold-sputtered
samples. The SEM images were analyzed using Image)2, to determine the
distribution of nanofiber diameters and pores size, which were reported
as the average diameter + standard deviation (SD).

Cell Cultures and Viability Analysis: C2C12 murine myoblasts (ATCC
Cat# CRL-1772, RRID: CVCL 0188) were seeded in a complete growth
medium containing Dulbecco’s modified Eagle high-glucose medium
(DMEM) supplemented with 10% fetal bovine serum (FBS) (Biowest,
Nuaille, France), L-glutamine (Euroclone, Milan, ltaly), and 1% peni-
cillin/streptomycin. C1C12 was incubated at 37 °C and 5% CO, until
80% confluence. Subsequently, C2C12 was differentiated by substituting
the complete growth medium with a differentiation medium consisting
of DMEM supplemented with 1% horse serum (HS) (Sigma—Aldrich, St.
Louis, MO, USA). The process of myogenic differentiation was examined
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at different time points: TO (0 day of differentiation stimuli) represented
the control group of proliferating undifferentiated myoblasts, T5 (5 days
of differentiation stimuli) represented the intermediate stage of cell differ-
entiation. The C2C12 cells were cultured at the same density under two
conditions: tissue culture plates (TCP) as the control group and scaffolds.
Cell viability and proliferation were evaluated using the Cell Titer 96 Aque-
ous One Solution Cell Proliferation Assay (Promega, Madison, WI, USA).
Viability and proliferation experiments were performed at four time points
(days 1,2, 5, and 7), in triplicate.

SEM Analysis:  Scanning electron microscopic (SEM) observations
were performed using a Phenom Pro-X SEM (Thermo Fisher Scientific
Inc., Waltham, MA, USA) at an accelerating voltage of 10 kV on gold-
sputtered samples. SEM observations of C2C12 cultured on scaffolds were
performed at 2, 6, and 24 h of culture for cell morphogenesis analysis.
Myogenic differentiation was analyzed at TO and T5 of differentiation. The
scaffolds were fixed as described by S. Pacilio.l'"] Finally, the scaffolds were
processed for SEM analysis following the same procedure described in the
Scaffold Fabrication and Characterization section.

Scaffold lonic Conductance: The 40 um-thick scaffold was mounted in
the customized measurement cell, confining the area in contact with the
PBS 0.1 m electrolyte using a silicone O-ring of 5.0 mm in diameter. A
source measure unit (SMU, Keysight B2912) was employed to set the
ionic current flowing in the PBS solution, through Ag/AgCl electrodes and
agarose salt bridges. The voltage drop across the scaffold was measured
in a 4-point probe configuration to extract the scaffold resistivity.

Cell Stimulation Chamber: The cell stimulation chamber featured a
PLACL 7030 scaffold suspended within a polydimethylsiloxane (PDMS)
well with a 10 mm hole diameter. The scaffold was positioned between an
Indium Tin Oxide (ITO) electrode on a glass surface and a Platinum (Pt)
wire, serving as the bath electrode. The compartments below and above
the scaffold were filled with PBS 0.1 m. A Keysight B2912 SMU was used
to provide current controlled stimuli ranging from 2 to 10 mA. Charge-
balanced, bipolar stimulation pulses were applied, with a pulse duration
of 2 milliseconds. The stimulation protocol consisted of a variable number
of successive stimuli, ranging from 2 to 30.

In Vitro AFM Analysis:  To evaluate cell contractility the cell stimulation
chamber was placed on the sample holder of a NX10 (Park-Systems) AFM.
The liquid probe hand was used to put the AFM tip (HQ:NSC36/Cr—Au BS)
in contact with the scaffold (setpoint 12 nN). While feedback was active,
the scaffold was stimulated, and the z-scanner height was monitored on an
oscilloscope screen. Imaging of the scaffold was done in pin-point mode.
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