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15 Abstract

16 Muscle tissue engineering aims to develop functional muscle constructs with controllable contraction
17 for applications in regenerative medicine and drug screening. In this study, we present the
18 development of a biocompatible, light-responsive bio-hybrid construct, combining the
19 electrospinning technique for scaffold fabrication with a phototransducer. The scaffold, composed of
20 electrospun poly(vinyl alcohol) or poly(caprolactone) nanofibers, supports C2C12 myoblast adhesion
21 and alignment, enabling the formation of organized cellular assemblies capable of generating
22 measurable contractions. Light responsiveness is conferred by Ziapin2, a membrane-targeting
23 azobenzene that enables non-genetic, optocapacitive stimulation under visible light exposure.

24 We fabricated both 2D and self-standing quasi- 3D scaffolds and systematically evaluated their
25 mechanical properties and functional performance, observing that aligned fibers enhanced cellular
26 organization and promoted macroscopic contractions in response to exogenous stimulation. After
27 identifying PVA as the optimal material for quasi- 3D scaffold fabrication, we evaluated the light-
28 induced contractions, which generated strain and stresses of up to 4x10-* and 3.3 kPa, respectively,
29 leading to a contraction force of 460 uN. These results highlight the potential of aligned, and
30 photosensitized nanofiber scaffolds as biocompatible, optically controllable platforms for engineered
31 muscle tissues, with applications in soft robotics, in vitro modeling, drug screening and regenerative
32 medicine.

33

34 New Concepts

35

36 This work introduces a novel bio-hybrid muscle construct that couples aligned electrospun nanofiber
37 scaffolds with a membrane-targeting phototransducer to achieve light-controlled contractions without
38 genetic manipulation. By integrating fiber alignment with photo-responsiveness, we demonstrate
39 self-standing quasi-3D muscle constructs capable of generating macroscopic contraction forces in
40 response to optical stimuli. This concept links nanofabrication, photochemistry, and tissue
41 engineering, offering a non-invasive, tunable, and scalable platform for bio-actuation. This strategy
42 opens to a different approach for the design of controllable muscle-mimetic systems with potential
43 applications in soft robotics, regenerative medicine, and drug screening.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 16 February 2026. Downloaded on 2/16/2026 6:19:04 PM.

(cc)


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/D5TB02640G

Open Access Article. Published on 16 February 2026. Downloaded on 2/16/2026 6:19:04 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

44

45
46
47
48
49
50
51
52
53
54
95
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
7
78
79
80
81
82
83
84
85
86
87
88
89
90
91

Journal of Materials Chemistry B Page 2 of 16

. View Article Online
Introduction DOI: 10.1039/D5TB02640G

Tissue engineering aims to develop functional tissues for applications in regenerative medicine,
disease modelling, and drug testing. A central challenge in this field is the design of biomimetic
scaffolds that provide appropriate structural guidance and mechanical support while enabling
externally controlled actuation. In skeletal muscle systems, anisotropic organization and coordinated
contraction are essential features that must be recapitulated to achieve tissue-like functionality.’3
Engineering muscle cells into functional tissues has recently gained significant attention, for healing
injuries to the motor system and the neuromuscular apparatus, including cardiac muscle.*% Muscle
cells can be seeded onto various substrates or matrices, including hydrogels, elastomers and
extracellular matrices, and their contractile motion can be harnessed for diverse functions, such as
artificial muscles, pumping, sensing and locomotion.® Numerous studies have explored the
cultivation of myoblasts in biocompatible matrices that replicate the stiffness, elasticity, and
morphology of natural tissues. 3D-printed gels have been utilized as tridimensional scaffolds for the
proliferation and stimulation of cardiomyocytes with external photovoltaic micro-devices.” However,
the inherent localized stimulation represents a limitation in the effectiveness of this approach, while
an extended stimulation can be provided by molecules dissolved in cells culture medium. Moreover,
despite mimicking mechanical properties of living tissue, such system does not provide a preferential
alignment to the tissue, which has been demonstrated to be ideal for skeletal muscle cells
differentiation and functionality.8*°

In particular, electrospun (ES) scaffolds are commonly utilized due to their structural resemblance to
the native extracellular matrix (ECM).'®"" The nanofibrous scaffolds obtained by electrospinning
have morphological, mechanical and biochemical properties that promote cell adhesion and
proliferation. Those are essential for myoblast fusion and myotube formation'2. Importantly, when
the ES network is deposited along a preferential axis, it can promote cells’ alignment. Furthermore,
electrospinning enables the easy and versatile fabrication of nanofibrous sheets, which serve as
biocompatible scaffolds that support and promote tissue-like cell organization.'? All these factors are
known to contribute to the formation of aligned and functionally organized muscle tissues.

Once cells are grown and organized within the scaffold, their functionality depends on the availability
of tools for exogenous contraction stimulation, with minimal side effects and invasiveness. To this
end, photostimulation has recently gained attention as a method for regulating cellular activity with
relatively high spatial and temporal resolution, selectivity, and less invasiveness compared to
electrical stimulation, which remains however the most commonly used technique.'* Several
approaches have been developed to induce light sensitivity in cells’>-'7, including optogenetics,'®1°
as well as the use of organic?®2' or inorganic semiconductor interfaces.'” Optogenetics methods
have demonstrated strong efficacy in initiating action potentials in activatable cells, and have been
successfully adapted for the light-controlled activation of cardiomyocytes and skeletal muscle.'823
Instead, our approach relies on a materials-driven strategy: a membrane-targeting azobenzene
molecule capable of triggering contraction in skeletal muscle cells upon light stimulation. Engineered
muscle tissues with light-responsive properties could be utilized for regenerative therapies,
particularly in cases of muscle degeneration or injury.2> Additionally, these systems hold potential for
high-throughput drug screening platforms, where controlled muscle contractions could serve as
functional readouts.?8 Furthermore, in biohybrid robotics, engineered muscle actuators controlled by
light could enable the development of soft, adaptive bio-machines.?” Such an approach benefits from
the fact that the mechanical properties of soft actuators more closely resemble those of biological
tissues than those of rigid actuators, making them well suited for mimicking the functions of biological
appendages, organs and tissues.®

Here we present biocompatible, ES scaffolds that supports viability, alignment, and light-triggered
contractions of organized C2C12 cellular assemblies. The scaffolds are fabricated by electrospinning
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92 poly(vinyl alcohol) (PVA) or poly(caprolactone) (PCL)%?° fibers and loaded with C2G12 cellsy PCLrie
93 and PVA were chosen as well-characterized, biocompatible, and biodegradable polymers,
94 previously used for cells culture and in muscle cell studies.*-32 After the myotubes formation, light-
95 sensitivity is conferred by adding a membrane-targeting molecular phototransducer, namely
96 Ziapin2,2433 which induces cell excitation via an optocapacitive effect both in vitro and in vivo. 34-36
97 First, we assessed the functionality of 2D and quasi- 3D networks with the final goal to create a
98 tissue-like, free-standing muscle construct. PVA self-standing membranes were selected for
99 optostimulation experiments in a quasi-3D configuration, as they combine a Young’s modulus within
100 the same order of magnitude as contracting skeletal muscle (~1 MPa)¥ with a high degree of
101 alignment that supports robust myotube formation. Contractile responses of C2C12 under repeated
102 Vvisible-light stimulation were measured, revealing a stress of 3.3kPa and a strain of 4x107%,
103 accompanied by linear displacements of AL = 4 um and generated forces of approximately 460 uN.
104 Such values highlight the importance of the need for a three-dimensional cellular organization to
105 activate synergic contractile behaviour. Additionally, by using electrospinning as a technique for
106 developing contractile quasi-3D actuators, we achieve contractile stress values within the range
107 reported for C2C12 3D constructs (1-50 kPa).3¢:38 Intriguingly, photoinduced contractions are within
108 the same order of magnitude of conventional electroinduced pacing, while offering the significant
109 advantage of being far less invasive. By combining anisotropic scaffold architecture with
110 photoresponsive membrane modulation, we establish a biohybrid platform capable of generating
111 measurable contractile forces under optical stimulation. This approach links nanofabrication, soft-
112 matter mechanics, and non-genetic photostimulation to create light-controlled, muscle-like
113 constructs with potential relevance for soft bioactuation, in vitro modelling, drug screening, and
114 regenerative medicine.
115

116 Experimental

117 Polycaprolactone solution preparation and electrospinning. The solution was prepared by
118 dissolving PCL (Mw 80,000 Da) at a concentration of 12% w/v in a solvent mixture of chloroform and
119 dimethylformamide (4:1 v/v) and stirred overnight at room temperature.

120 The solution was ES with an E-Fiber EF100 Electrospinning from Leonardino, through a 20 Gauge
121 (G) needle into randomly oriented and aligned nanofibers using different types of collectors. For both
122 the 2D random and aligned configuration, to avoid fibers detachment from the substrate, the
123 deposition was carried out on microscope glass slides (1cm x 1cm) with a spin coated layer of PCL.
124 The randomly aligned fibers were collected on a flat collector. The deposition process for 2D samples
125 was carried out until a homogeneous layer of fibers formed on the substrate. The electrospinning
126 parameters for random fibers were as follows: flow rate = 4 mL/h, distance from the collector = 15
127 cm, voltage = 20 kV, temperature = 21°C, and humidity = 50%.

128 Aligned fibers were obtained using a rotating drum with the same solution concentration and the
129 following parameters: flow rate = 1 mL/h, voltage = 30 kV, distance from the collector = 15 cm,
130 rotation speed = 2000 rpm, temperature = 21°C, and humidity = 50%.

131 For 3D self-standing ES membranes, we adopted longer deposition times, 15 minutes for random
132 fibers and 1 hour for aligned fibers, while other parameters were maintained unchanged. However,
133 fibers were collected on an aluminium foil to allow their detachment. All samples were dried under a
134 hood overnight and cut (1 cm x 1 cm) before use.

135 Polycaprolactone Films Spin Coating. The solution used for the fabrication of PCL (Mw 80,000
136 Da) films was prepared at a concentration of 5% w/v in chloroform. A small volume of the solution
137 (125 pL) was spin-coated with an acceleration of 1500 rpm/s and a final speed of 3000 rpm for 50
138 seconds.
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139 Polyvinyl alcohol solution preparation and electrospinning. Polyvinyl alcohol (P\éé) %%59%2@255
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fibers were prepared by dissolving Mowiol 18-88 (130 kDa) in deionized water at a concentration of
10% w/w. To ensure complete dissolution, the solution was maintained at 90°C and stirred overnight.
Random fibers were obtained using a collector distance of 20 cm, voltage = 14 kV, and flow rate =
0.1 mL/h. For aligned fibers, the parameters were: rotation speed = 500 rpm, flow rate = 0.2 mL/h,
collector distance = 20 cm, and voltage = 17 kV.

Fiber collection for 2D substrates followed the same method as for PCL. For self-standing
membranes, the deposition time for both aligned and random samples was fixed at 1 hour and 45
minutes.

Polyvinyl Alcohol Fiber Crosslinking PVA samples require crosslinking to prevent fiber dissolution
in water when used for cell culture. Crosslinking was performed by immersing the samples in a
solution containing 0.2 M glutaraldehyde and 0.05 M hydrochloric acid in acetone for 1 hour and 30
minutes. The substrates were then washed three times with acetone, followed by deionized water,
and left to dry overnight before use.

Scanning Electron Microscopy and Alignment Analysis All scaffolds were deposited on Silicon
substrates and examined under a scanning electron microscope (SEM - Tescan Mira3) using
secondary electron and an accelerating voltage of 5 kV to evaluate fiber morphology and diameter.
Fiber alignment was analysed using ImagedJ software by measuring the angle formed between the
fibers and the vertical axis of each image. The fiber angles were normalized from 0° to 90°.

C2C12 cell culture C2C12 cells (ATCC) were cultured at 37 °C in a 5% CO, atmosphere,
maintaining confluence below 70% to prevent damage. The cells were maintained through a
maximum of 15 passages. The maintenance medium consisted of Dulbecco’s Modified Eagle’s
Medium (DMEM) supplemented with 10% Fetal Bovine Serum and 2% glutamine.

Cells were seeded at a density of 197 cells/mm? for the 2D samples configuration and 394 cells/mm?
for the 3D self-standing membranes. Before cell seeding, the scaffolds were sterilized under UV light
for 1 h and 30 minutes and the samples were coated with a fibronectin solution (1:200 in Phosphate
buffer without Ca?* and Mg?*) to improve cell attachment. Upon reaching confluence, the medium
was replaced with a starvation medium composed of DMEM and 2% glutamine. After four days,
differentiation was induced using a medium containing DMEM, 2% glutamine, and 2% Horse Serum
for 2D samples, while 3D samples received 10% Horse Serum?* and insulin 1:1000 was added.
Throughout the starvation and differentiation phases, the medium was refreshed every two days
over a total duration of 12 days.

Confocal microscope images and fusion index analysis: Confocal microscope images have
been taken by an inverted laser microscope, Nikon eclipse Ti2. Images were acquired using NIS-
Elements (Nikon Imaging Software) with a 60x objective. Nuclei were stained with Hoechst (1:1000)
and the cells membrane with cell mask deep red (1:1000) that were incubated for 5 minutes in PBS
and then washed off. To evaluate the fusion index, a 20x objective was used and image analysis
was performed using ImageJ.

Optical stimulation During the optical stimulation experiments, the cells were treated with Ziapin2
dissolved in Dimetylsulfoxide (DMSQ). Ziapin2 was directly added to the cell’s media reaching a final
concentration of 25 uM for 2D samples and 50 uM in quasi-3D self-standing membranes. The multi-
well plate was incubated for 10 minutes to allow internalization of the photochromic molecules before
transferring the cells into an extracellular solution. The incubation time for self-standing membrane
was 30 minutes. The extracellular solution contained NaCl (0.14 M), KCI (0.0054 M), MgCl, (0.0018
M), CaCl, (0.0018 M), glucose (0.011 M), and HEPES (0.01 M).

Optical stimulation and visualization were performed using a Nikon Eclipse Ti inverted microscope
equipped with a 470 nm cyan LED source. A 20%/0.50 objective (Nikon) was used to observe
myotube contractions in the samples. Cells were stimulated by pulse trains at three different
frequencies: 0.5, 1, and 2 Hz. Light pulses lasted 200 ms for 0.5 and 1 Hz stimulation, while for 2
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188 Hz, the pulse duration was reduced to 100 ms. In self-standing membranes only 1 I;(%_%a&ggg%% Qrire
189 photostimulate the myotubes. '

190 Video recordings of the stimulation experiments were acquired using PVcam software. Stimulation
191 began 20 seconds after video recording started and continued for several seconds beyond the end
192 of the protocol to determine whether contractions were externally triggered or resulted from intrinsic
193 biological activity. All experiments were conducted at 37 °C without CO, control.

194 Electrical stimulation of ES membranes: Electrical stimulation was performed by applying a 3 V
195 voltage at a frequency of 1 Hz, each pulse lasting 20 ms. The extracellular solution used during
196 stimulation followed a previously reported for the optical stimulation. All experiments were conducted
197 at room temperature without CO, regulation.

198 Video analysis Video analysis was performed using ImagedJ and a MATLAB script. The script
199 included a visual recognition algorithm based on the Kanade—Lucas—Tomasi (KLT) method, which
200 tracks object movement across frames. The selected region of interest (ROI) was divided into
201 subregions, and coordinates for each subregion were extracted.

202 To quantify myotube contractions, the initial resting position in each video was set as the zero point.
203 The algorithm then calculated the average displacement of each point relative to this reference. The
204 analysis included measurements of the average displacement of the ROI, the contraction trajectory,
205 and the average contraction duration and frequency, following the methodology described by
206 Venturino et al.™

207 Mechanical characterization The ES membranes were evaluated using stress—strain
208 measurements to assess their mechanical properties. Before the measurement, the membrane
209 thickness was measured using a Hirox digital optical microscope (HRX-01) using the Z-stack
210 functionality. For the aligned substrates the force was applied in the preferential direction of
211 orientation of fibers through an Instron Mechanical Testing System (Instron, Norwood, MA, USA),
212 equipped with a load cell of 10 N. The tensile tests were performed with a displacement rate of 1
213 mm/min until fracture. Young’s modulus was calculated from the slope of the initial 5% of the stress-
214 strain curve, considering the ratio of the applied load to the cross-sectional area.

215

216

217 Results and Discussion

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.
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218 Electrospinning process and fibers characterization

219 Electrospinning was chosen because it provides straightforward control over fiber alignment,
220 diameter, thickness and porosity, all properties known to influence myoblast alignment, fusion and
221 contractile maturation. In our protocol, alignment was achieved using a high-speed rotating collector,
222 whereas randomly oriented mats were collected on a static plate; increasing deposition time
223 produced self-standing membranes with the thickness required for quasi-3D cell culture (see
224 Methods for specific parameters). We selected PCL (CsH1002), and PVA (C2H4O), to sample
225 complementary material chemistries: PVA for its higher wettability and cell-friendly surface
226 properties, and PCL for its hydrophobicity and slower degradation. These design choices were made
227 a priorito produce bead-free, continuous fibers with micro-architectural features that promote contact
228 guidance and volumetric infiltration.

229 The four SEM images in Figure 1 are representative examples showing aligned vs. random fiber
230 organization and the absence of beads. For the SEM analysis, a small number of fibers were
231 collected on a silicon substrate to better evaluate their morphology, diameters, and fabrication
232 quality. In the case of PCL fibers, to prevent fiber detachment and improve adhesion to the substrate,
233 a PCL interlayer of 1057 = 18 nm was spin-coated on glass. SEM analysis revealed smooth fibers,
234 free of beads or defects, as shown in Figure 1A-B. Slight differences in fibers diameter were
235 observed between randomly oriented and aligned fibers of the same material. The measurement
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236 carried out on SEM micrographs showed in all cases a diameter of a few hungggqo'%%;g?g%rz e
237 specifically: 250 £ 16 nm for PVA-aligned, 225 + 13 nm for PVA-random, 312 + 64 nm for PCL-
238 aligned, and 260 + 38 nm in the case of PCL-random. (Figure S1-2 Supplementary) The angle
239 distribution of the fibers was extracted and normalized from 0° to 90°, and represented in polar plots,
240 where the radial axis indicates the percentage of fibers aligned in each direction. The results reported
241 in Figure 1 show, as expected, that electrospinning deposition on a fixed substrate leads to randomly
242 oriented fibers (both PVA and PCL), as evidenced by the broad angles distribution and the standard
243 deviation value: 28 ° + 17° for PVA and 41° + 21° for PCL samples. In contrast, the aligned samples
244 show fibers oriented predominantly between 80° + 4° and 88° + 1 ° (for PVA and PCL, respectively).
245

A . ‘ C

PVA Aligned PCL Aligned

28538

= o

Bmean = 80° + 4° Boan = 88° £ 1°

PVARandom PCL Random

20

g 70
20 30
0 0 0 %0

Omean = 28° £ 17°  Bpoqn = 41° + 21°
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246
247 Figure 1. SEM images of A) Aligned PVA and PCL fibers, B) Random PVA and PCL fibers, C) Alignment degrees diagrams
248 of each sample and mean angles.
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249 C2C12 cells culture on 2D nanostructured substrates

250 Following morphological characterization, we evaluated 2D scaffolds made from both materials to
251 identify the optimal substrate and fiber morphology for muscle-cell alignment and to determine which
252 samples yielded the strongest myotube contractions. Between 7 and 12 days after seeding C2C12
253 myoblasts, myotube formation was evident in all scaffold types (Figure 2). Functional assays were
254 then performed 12 days after the cells first reached confluence to ensure that the myotubes were
255 sufficiently mature to contract.?® Figure 2 presents optical microscopy images of differentiated
256 skeletal muscle cells cultured on aligned and randomly oriented ES PVA and PCL fibers. In the
257 aligned scaffolds, myotubes clearly follow the orientation of the underlying substrate (Figure 2A-B).
258 Quantitative analysis, consistent with previous evaluations on neat ES networks, confirms the
259 preferential alignment of myotubes in the oriented samples. Notably, myotubes exhibit an intrinsic
260 tendency to align, as evidenced by a narrower angle distribution compared to that of the underlying
261 fibers-even on randomly oriented scaffolds (Figure 2E). However, the influence of fiber orientation
262 extends beyond geometric guidance, affecting both cell proliferation and functional maturation.
263 Samples with randomly oriented fibers exhibit a reduced number of myotubes compared to those
264 with aligned fibers (Figure 3 E-F). Only in the presence of aligned ES scaffolds, we observe the
265 formation of a homogeneous cellular layer containing myotubes that display spontaneous contractile
266 activity. To assess the extent of cellular organization on the different substrates, we quantified the
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267 fusion index from confocal microscopy images, defined as the percentage Dglflo%gg\;ggr%% oine
268 multinucleated cells containing more than two nuclei. Significant differences were observed among
269 the substrates. The formation of elongated, multinucleated structures is commonly associated with
270 myogenic progression in C2C12 cultures and is frequently used as a morphological indicator of
271 myoblast fusion.#? In addition, the observation of spontaneous contractions further supports the
272 establishment of coordinated cellular assemblies. While fusion index and contractile activity are
273 widely employed as functional and morphological readouts in engineered muscle systems, definitive
274 confirmation of myogenic differentiation would require additional molecular analyses, such as
275 immunostaining for lineage-specific markers (e.g., myosin heavy chain or actin)*' and gene
276 expression evaluation by PCR. However, comprehensive molecular characterization was beyond
277 the scope of the present study, which is primarily focused on the design, fabrication, and functional
278 evaluation of light-responsive nanofiber scaffolds as materials platforms for guided cellular
279 organization. Notably, the fusion index analysis revealed substantial substrate dependent
280 differences.*? In the presence of aligned substrates, a higher fusion index was obtained compared
281 to the random samples: aligned PVA showed the highest value of 62 + 8%, followed by aligned PCL
282 with 48 + 12%. Randomly oriented PVA showed a fusion index of 30 £ 3%, while randomly oriented
283 PCL fusion index was 24 + 5%. All these values are represented in a box plot with the corresponding
284 statistical analysis in Figure S4 of the supplementary materials and some representative confocal
285 images for each sample in Figure S3. The pronounced increase in multinucleated cell formation
286 observed on aligned substrates highlights the importance of nanostructured architectures that
287 provide structural guidance through fiber anisotropy. Such alignment promotes parallel organization
288 of myoblasts, facilitating end-to-end cellular arrangement and increasing the likelihood of membrane
289 fusion events commonly associated with myotube development. The PVA promoted a higher fusion
290 index compared to PCL. The superior performance of PVA may be attributed to its greater wettability
291 and hydrophilicity compared to PCL.43

292

PVA Aligned PCL Aligned
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293

294  Figure 2. Optical microscope images of myotubes on A) PVA aligned substrates, B) PCL aligned substrates, C) PVA
295 random substrates, D) PCL random fibers. E) Alignment degrees diagrams of myotubes differentiated on each sample and
296 mean angles. The dimensions of all the 2D substrates were 1cmx1cm.

297 Muscle cells opto-stimulation


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/D5TB02640G

Journal of Materials Chemistry B Page 8 of 16

- i i i i View Article Online
298 Opto-stimulation and contraction analysis 01 10 10aae tcle Onlne

Open Access Article. Published on 16 February 2026. Downloaded on 2/16/2026 6:19:04 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343

Differentiated C2C12 cells on 2D substrates were incubated with the amphiphilic azobenzene
Ziapin2 to enable light-induced contractions. This molecule is designed to spontaneously partition
into the lipid membrane though non-covalent interactions and modulate membrane potential via its
tfrans 2cis photoisomerization reaction. Briefly, upon partitioning, Ziapin2 tends to aggregate, leading
to membrane thinning, hence an associated increase in capacitance. Photoisomerization disrupts
these aggregates, restoring membrane thickness and producing a transient, reversible decrease in
membrane capacitance. As demonstrated by Moschetta et al.44, Ziapin2 modulates strain-sensitive
ion channels, which play a key role in excitation-contraction coupling.*® The strain-induced opening
of these channels causes transient potential hyperpolarization, followed by a rebound depolarization,
sufficient to trigger an action potential. Although such a behaviour has proven to be general, as it
has been observed in neurons, cardiomyocytes, skeletal muscle cells and bacteria*6=°, the key
novelty of this work is to provide a demonstration of Ziapin2-mediated optostimulation in 3D, tissue-
like, muscle constructs supported by nanostructured, stretchable scaffolds. This advance is not a
trivial extension of prior work: in moving to 3D, geometrically complex, nanostructured systems, the
effectiveness of Ziapin2 could not be taken for granted. Being a materials-driven paradigm, factors
such as molecular aggregation, and light scattering can hinder isomerization and critically affect the
optostimulation performances.

The cells were stimulated at 0.5, 1, and 2 Hz with 30-second light pulses trains with 200 ms pulse
duration. The pacing efficiency was evaluated by working out contraction frequency distributions.
These were extracted from videos recorded during photostimulation experiments using a 20x
objective, the frequency analysis was conducted by a MATLAB algorithm employing visual
recognition. The algorithm identifies and tracks myotube movement by selecting a region of interest
(ROI) and following its displacement across each video frames. This approach enables extraction of
the ROI position throughout the recording, allowing reconstruction of the myotube contraction
profile.24 In PVA-aligned samples, under 0.5 Hz stimulation (Figure 3A) approximately 80% of the
myotubes precisely followed the light stimulus. However, in randomly oriented PVA fibers (Figure
3B), the percentage of myotubes contracting at 0.5 Hz dropped to 50%. In contrast, PCL samples
maintained a similar percentage of myotubes (~80%) able to perfectly follow the pacing in both
aligned and random fiber arrangements (Fig. 3 C-D). It is worth mentioning that the increases in the
stimulation frequency generally led to decreased myotube performance in both aligned and random
substrates for PVA (Figure S5 and S6 for PCL, Supplementary Materials). The number of contractile
areas (regions containing actively contracting myotubes) and the total number of contractile
myotubes can be extracted from the videos and correspond to the number of ROIs where such
activity is observed for each sample type. PVA-aligned scaffolds show the best performance, both
in terms of contractile area count and myotube number (Figure 3E—F). In contrast, PVA-random
scaffolds exhibit nearly half of these values. A similar, though less pronounced, trend is observed in
PCL scaffolds. The most pronounced differences were observed between PVA aligned and random
substrates, whereas the differences between PCL and PVA did not reach statistical significance.
These results may support the hypothesis that pre-aligning cells prior to differentiation enhances
myotube maturation, as further evidenced by the fusion index analysis. In Figure S7 of the
Supporting Information, the mean contraction frequency analysis is also reported for the control
samples, in which myoblasts were differentiated on a planar 2D surface without any nanostructure.
These controls show a lower percentage of myotubes able to precisely follow the light stimulation
frequency at each applied stimulation frequency.
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346 Figure 3. Histogram represents the mean contraction frequency of myotubes photostimulated at 0.5 Hz in A) aligned PVA
347 2D sample, B) random PVA 2D sample, C) aligned PCL 2D sample, D) random PCL 2D sample. Bin sizes are based on
348 the standard error of the frequency, whereas the error on the bar is \N%. E) Histograms of the number of contractile areas
349 in each type of sample at different light frequency stimulations. F) Number of contractile myotubes in different types of fiber
350 orientations at different light frequency stimulations. Six samples were analyzed for each scaffold in the analysis reported

351 in E and F (the error bar is calculated as V/N). All the samples were illuminated with a blue LED (470 nm) at a power density
352  of 42 mW/mm? T-student was performed as statistical analysis (*p<0.05).

353 Mechanical characterization of self-standing membrane in air

354 Aiming at increasing the volume of contractile tissue, as it happens in real muscular constructs, we
355 then realized self-standing membranes by increasing the deposition time and keeping parameters
356 and materials unchanged with respect to the 2D substrates deposition. The electrospun (ES)
357 membranes were characterized by SEM to evaluate the presence of defects and the organization of
358 the fibers (Figure S9, Supplementary Information). To evaluate the suitability of the ES membranes
359 for C2C12 differentiation and their compatibility with cell contraction, the mechanical properties of
360 the self-standing membranes in air were assessed by determining their Young’s moduli. The
361 thickness of the ES membranes used in the tensile test experiments was measured with a
362 profilometer on three samples and found to be approximately 43 + 15 ym for PCL aligned, 56 + 8
363 um for PCL random, 35 + 3 uym for PVA aligned, and 53 + 8 ym for PVA random (Figure S10
364 Supplementary Materials). Figure 4A compares Young’s modulus (E) for both materials in aligned
365 and random configurations obtained by fitting the elastic region of the stress-strain curves shown in
366 Figure S11 (Supplementary Materials). The PVA random sample exhibits a Young’s modulus that is
367 almost one order of magnitude higher than the others, probably because the highly interconnected
368 and entangled fiber network offers greater resistance to the applied force. All nanofibers’ membranes
369 are well suited for tissue engineering applications because their E values are in the 10-90 MPa
370 range.%° This turns out to be a distinct advantage of ES fibers, as in thin films, of both PVA and PCL,
371 the Young's modulus is in the GPa range.5"52 Electrospinning also confers inherent porosity to the
372 membrane, reducing material density for a given volume, thus increasing flexibility, and introducing
373 defined surface topography. 5354 Based on our comparative analysis, we therefore conclude that a
374 combination of interrelated material properties, such as surface wettability,
375 microstructure/topography, and the local mechanical environment, mechanical properties and
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optimal material for fabricating tissue-like quasi-3D scaffolds. This choice was further supported by
the absence of organic solvents during the fabrication process and the potential for future scaffold
functionalization due to the presence of hydroxyl groups.
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from confocal z-stack, in blue myotubes nuclei, in red cells membrane. C) Upper focal plane. In aligned samples the tensile
strength was applied in the preferential fiber direction (anisotropic axis) and the random were treated as isotropic under
the same test configuration.

C2C12 Proliferation and Photoinduced Contractile Biomechanics of quasi- 3D PVA Scaffolds
Twelve days after seeding, we acquired confocal images to assess tissue-like cell distribution and
proliferation. C2C12 nuclei were stained with Hoechst and cell membranes with CellMask Deep Red.
In Figure 4B—C, two representative cross-sections of the self-standing PVA membrane reveal the
presence of cell nuclei distributed throughout the thickness of the material. This distribution
demonstrates that cells did not remain confined to the surface but were able to migrate and populate
deeper layers of the scaffold. Such infiltration indicates that the membrane architecture and porosity
allow cells stacking and a quasi-3D tissue like organization. In the Sl (Figure S8) we reported also
the maximum and the minimum intensity projection of the construct and a 3D image of the Z- stacked
slices (Video 1).

To evaluate the contractile capabilities of this construct, we first applied conventional electrical
stimulation before proceeding to the new photostimulation paradigm using Ziapin2. To observe the
contraction, we employed a 20x objective, and the cell-seeded scaffolds were stimulated at 1 Hz (20
ms pulses, 3V). Our PVA-based quasi-3D cell-seeded scaffold exhibited clear macroscopic
contractions induced by a train of electrical stimuli at 1 Hz (Supplementary video 2). Having observed
that standard electrostimulation drives a clear contractile behaviour, we then proceed to optical
stimulation on samples sensitized with Ziapin2, noting well-defined and precise photoinduced
contractions (Supplementary video 3).

Once the ability to contract under exogenous stimuli was demonstrated qualitatively, we performed
a quantitative analysis of the contraction dynamics and mechanical actuation. Specifically, we
calculated a photoinduced ES membrane displacement (AL,) of 4 ym and, knowing the elastic
modulus (E) of the membrane and its initial length (L) we could estimate the contraction-induced
stress using the formula o = E AL/L, (with AL/ L, representing the deformation &) and then obtained
the force generated by the muscle tissue using the equation F = o A, where A,y is the effective

area. In the area evaluation, we considered the porosity of the ES membranes starting from value
reported in literature of ¢ = 0.6 5° and the area was calculated as A.f = Ay(1 — @) where Ao is the
area without voids. We used the effective Young’s modulus of the sample measured after 12 days
of incubation in the cell medium (DMEM), which turns out to be 8.26 MPa, a value that is sensibly
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lower than the 42 MPa measured in dry conditions (Figure S12, Supplementary mat%gglgzbmgg%%zg
of generated force optical stimulation permits to reach a value of 460 uN and a stress of 3.3 kPa. All
values used for calculation are summarized in Table 1.

These values significantly overperform typical stress values for 2D films, in the order of 0.5 kPa.5%
We attribute the effectiveness of our approach to the presence of a quasi-3D cellular organization
and relatively high degree of alignment. In particular, literature reports that 3D constructs of C2C12
cells generate specific contractile stresses ranging from approximately 1 to 50 kPa, depending on
the construct organization, substrate materials, degree of differentiation, and stimulation
protocol.®6:38 |t is also interesting to note that photoinduced contractions fall within the same order of
magnitude as those produced by conventional electrical pacing (AL = 7.7 um; force = 890 uN; stress
=6 kPa see Supplementary Materials). Although direct comparison is challenging, given the different
modes of stimulation and energy inputs, we evaluated the photo- and electrical-induced
biomechanics both at maximum light intensity and the strongest electrical stimulus compatible with
cell viability.?* Under these conditions, photostimulation emerges as a minimally invasive yet highly
effective method for driving muscle contraction.

As a final note, using the average active tension generated by a single myotube (Fsm» = 0.88 uN),%*
we estimate that producing 460 uN of force requires roughly 523 contractile myotubes. Given our
electrospun membrane dimensions, the total volume is about 3.5 mm?; accounting for porosity, the
available volume for cell growth and differentiation (¢ = 0.641) reduces roughly 2 mm?3. With an
average myotube measuring 20 um in diameter % and 300 um in length,58 each occupies
approximately 1 x 10™* mm?, so all 523 active myotubes together fill about 0.05 mm?, which is the
2.5 percent of the scaffold’s available space. This occupancy highlights substantial room for
increasing cell density and alignment, and thus contractile output, through optimized seeding
strategies, scaffold design, or extended culture protocols.

Sample Thickness | Length | Width | AL, E Ao Aet Oo
PVA 3513 ym 10 mm | 10 3.5+0.4 8.26x3 | 0.35mm? 0.14 mm? 2.9+0.3
aligned mm gm MPa kPa

Table 1. Summary of the ES PVA Aligned self-standing membrane average parameters used for the force calculation. The
displacement is obtained upon optical stimulation at 470 nm (42 mW/mm? and with a frequency of 1 Hz. Here we reported
the best performances for both, while other values are reported in Figure S13 in Supplementary materials

Conclusions

In this work, we demonstrate that electrospun PVA nanofiber membranes provide a quasi-3D
microenvironment that supports C2C12 alignment and enables macroscopic force generation. The
aligned fiber architecture provides contact guidance through its anisotropic structure, promoting
parallel cellular organization and increasing the formation of elongated, multinucleated structures,
as quantified by orientation analysis and fusion index measurements. While definitive confirmation
of myogenic differentiation would require comprehensive molecular characterization (e.g.,
immunostaining for structural proteins and gene expression analysis), the present study was
primarily focused on materials design and functional scaffold performance. Within this framework,
the observation of organized, multinucleated cellular assemblies capable of spontaneous and light-
induced contractions supports the development of a biohybrid photoactuation platform.
Implementation of the membranes as free-standing constructs enables volumetric cell organization,
as demonstrated by confocal z-stack imaging showing nuclei distributed throughout the membrane
thickness, consistent with a three-dimensional cellular arrangement within the porous fibrous
network. In parallel, in situ mechanical testing established that hydrated membranes exhibit an
elastic modulus of approximately 8 MPa, providing mechanically robust support for handling and
actuation under physiological conditions.

40G
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Functionally, optical stimulation of Ziapin2-infiltrated membranes under visible Dlgg%l 3'2‘?959% e
reproducible construct contractions (displacements ~4 um), corresponding to estimated forces up to
~460 uN and stresses up to ~3.3 kPa based on measured displacement and scaffold mechanical
parameters. Although only a fraction of the available scaffold volume appears occupied by contractile
cellular assemblies, suggesting opportunities for further optimization of cell density and maturation,
these results establish free-standing electrospun nanofiber membranes as a versatile platform for
light-addressable muscle-like constructs with potential applications in soft bioactuation, drug

screening, in vitro modelling, and regenerative medicine.
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