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Laser-Induced Structuring of Biocompatible Polymers for
the Controlled Orientation of Multinucleated Myotubes

Clarissa Murru, Lucas Duvert, Daniel Ferry, Ahmed Al-Kattan, Frederique Magdinier,
Anne-Patricia Alloncle, Stefano Testa,* and Adrien Casanova*

Surface topography plays a critical role in regulating cellular behavior through
contact guidance. In this context, micro-nanostructured materials have gained
widespread use in biomedicine with applications in biosensing, bioimaging,
or tissue engineering. Among the different strategies that can be applied for
surface structuration, laser-induced surface patterning offers a precise and
versatile alternative to traditional lithographic techniques by enabling rapid
processing and tailored modifications of material properties. Using an
ultrafast femtosecond laser, the laser structuring of three different
biopolymers, sodium alginate, gelatin, and collagen are investigated here. The
resulting surfaces are analyzed using confocal and scanning electron
microscopy (SEM). In parallel, the structural and chemical modifications
induced by the laser ablation are thoroughly characterized. The interaction of
human myoblasts cultured on these engineered surfaces is evaluated
revealing that the laser-induced topographical features have a significant
impact on myoblast alignment. Specifically, optimal channel widths of
20–25 µm and interline spacings ranging from 35 to 150 µm promoted
efficient cell organization mimicking the native constraint of skeletal muscle
tissue. These findings emphasize the potential of laser-patterned polymer
surfaces to guide muscle cell orientation and differentiation, providing a
promising approach for developing functional surfaces in skeletal muscle
tissue engineering.
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1. Introduction

In vivo, cell behavior is influenced among
others by the physical properties of the
extracellular matrix (ECM) and its as-
sociated mechanical cues.[1,2] In vitro,
cell-to-surface interactions modulate cell
morphology, cytoskeletal organization,
and gene expression (cit.3). Cell adhe-
sion plays a critical role in cell sur-
vival and fate determination (cit.4). In
recent years, surface properties, includ-
ing topography, stiffness, and chemical
composition, have been shown to pro-
foundly affect cellular processes by pro-
viding both mechanical and biochemi-
cal signals that regulate cell response.[5]

Recent developments in materials sci-
ence and tissue engineering have high-
lighted the crucial role of surface to-
pography in precisely controlling cellu-
lar functions. In particular, structural
features, such as surface roughness,
geometric patterns, and porosity, are
recognized by cells via mechanotrans-
duction pathways.[6,7] Multiple studies
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have demonstrated that micro- and nano-patterned surfaces with
specific geometries can significantly affect cell adhesion,[8] in-
crease the orientation,[9,10] and promote the proliferation[11] and
differentiation of several lines of cells.[12]

The design of surface patterns can be realized through a
range of advanced techniques, each offering unique capabili-
ties for achieving specific structural and functional features.[13–18]

For instance, Casanova et al. described a self-aligning chemi-
cal functionalization method that enables the creation of low-
density neuronal networks with precise control over soma posi-
tioning and dendritic growth on aligned nanostructures, allow-
ing for accurate monitoring of neuronal activity at the single-
cell level.[19] In contrast, lithography-based approaches are more
commonly employed to fabricate highly precise and complex
3D structures.[20,21] Despite the high spatial resolution achieved
through lithography, its applicability is limited by several factors,
including the significant costs associated with the materials re-
quired for pattern generation,[22] and the complexity of the fab-
rication process[23] which requires specific environmental condi-
tions (vacuum, clean room).[24] In this context, laser-induced to-
pography, as a direct writing and digital process, appears as an op-
portunity to process a wide range ofmaterials in a simple and effi-
cient way. By enabling the design of 3D structures, laser-induced
topography overcomes the limitations of complex traditional
lithography and avoids the use of cell-interactive chemicals. The
use of high repetition rate lasers allows the rapid processing of
a large number of samples under standard environmental con-
ditions. The process is also environmentally friendly as it does
not require nor produce chemical pollutants.[25] Laser-based ap-
proaches for the design of bio-interfaces range from additive ap-
proaches (Matrix Assisted Pulsed Evaporation MAPLE or Laser-
Induced Forward transfer LIFT),[26,27] laser direct writing (two
photons polymerization to create 3D scaffolds at a nanoscale[28,29]

or LIPSS formation) or laser texturing techniques.[30] These last
methods rely on the ability to induce localized deformation or ab-
lation of the targeted substrate in one straightforward step under
a laser beam irradiation. Modification of the material can here be
induced through photothermal and/or photochemical processes,
depending on laser parameters (wavelength and pulse duration)
and the composition of the substrate (optical properties).
The use of ultrafast lasers has become increasingly popular

in recent years thanks to their unique ability to interact with
a wide range of materials.[31] Given the transparency of most
bio-polymers in the visible and near-infrared range, femtosec-
ond laser pulses provide the high-intensity energy needed to in-
duce non-linear absorption.[32] This enables precise processing
of the material at micro and submicron scale levels, on a large
range of structures (pillars, ripples, spikes, and grooves) provid-
ing a unique control over the uniformity and regularity of the
structured surfaces and allowing their use in tissue engineer-
ing applications.[25] The ability of laser-structured surfaces to in-
fluence cell behavior via topographic guidance has been largely
studied;[24,33,34] Dinca et al. reported that the precise control of
surface topography can regulate the differentiation and prolifera-
tion of various mesenchymal stem cell lineages.[23] Similarly, An-
gelaki et al. observed that the same topographical patterns elicit
distinct responses for peripheral nervous system cells (murine
Schwann (SW10) and Neuro2a (N2a) cells), either facilitating or
inhibiting their adhesion.[35] These findings question the poten-

tial of laser-structured surfaces for modeling skeletal muscle, a
tissue characterized by a highly organized anisotropic architec-
ture consisting of parallel and aligned myofibers arranged in
bundles.[36] The unidirectional arrangement of these myofibers
is crucial for generating efficient contractile force and ensuring
functionality.[37] For these reasons, the alignment of myoblasts,
precursor cells that fuse to formmultinucleatedmyotubes, which
subsequently develop intomyofibers in culture is essential for the
proper formation of skeletal muscle tissue in vitro.
This work introduces an innovative approach for controlling

skeletal muscle cell alignment using ultrafast laser-induced sur-
face structuring of biopolymers. Through precise laser modifi-
cation, anisotropic topography gradients were created on three
widely used biopolymers: i) alginate, known for its biocompat-
ibility and use in controlled drug delivery and skin repair;[38,39]

ii) gelatin, a versatile polypeptide that can easily form hybrid bio-
materials due to its functional groups[40–42] and iii) collagen, a
fundamental structural protein extensively used in the engineer-
ing of nerve, musculoskeletal tissues, and vascular grafts.[43–46]

A significant breakthrough is the fabrication of microscale chan-
nels (20–25 μmwide) with adjustable interline spacings (ranging
from 35 to 150 μm), allowing precise tailoring of surface features.
This advanced surface structuring approach offers an effective
method to influence cellular behavior, specifically enhancing the
organization and alignment of human myoblasts, to mimic the
natural skeletal muscle tissue architecture.[47] By combining ul-
trafast laser technology with biopolymer engineering, this work
not only deepens the understanding of cell-material interactions
but also offers a scalable and adaptable system for designing
biomimetic surfaces. The described process could pave the way
for the development of advanced and easily accessible engineered
culture surfaces, with applications ranging from skeletal mus-
cle modeling and neuromuscular disease studies to personalized
and regenerative medicine.

2. Experimental Section

2.1. Coatings Preparation

Sodium alginate (ThermoFisher Scientific) and gelatin powder
(Acros Organics) were suspended in deionized water at a concen-
tration of 3% w/v, and the dissolution process of the polymers
was optimized by stirring the mixtures for 2 h at 60 °C. A vol-
ume of 400 μL was finally cast onto a round glass coverslip with
a diameter of 17 mm with a graduated pipette. For the sodium
alginate coating, the coverslips were dipped in a 0.5 m CaCl2 solu-
tion (ionic cross-linking agent) to promote its reticulation: several
tests were carried out by soaking the sodium alginate coatings in
CaCl2 for different durations, and the time of 1 min was cho-
sen for subsequent experiments. Gelatin coatings were left to dry
at room temperature overnight. The collagen mixture was pre-
pared as follows: 715 μL of a 0.3mgmL−1 solution of collagenwas
mixed with 85 μL of 10x PBS and 184 μL of cell culture medium
(DMEM). Finally, 16 μL of a NaOH solution 1 m was added to
promote the gelation of the polymer and reach the final volume
of 1 mL. The manipulation of the mixture was carried out while
keeping all reagents on ice in order to avoid premature gelling
of the collagen. 400 μL were cast onto round glass coverslips
to obtain the coatings that spontaneously reticulated after 15min.
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Figure 1. a) Experimental laser set-up for the micro-structuration of polymer samples. b) Preparation protocol of the samples.

2.2. Experimental Set-Up for the Micro-Structuration of Polymer
Samples

A 60 kHz femtosecond laser (Carbide CB-01 Light Conversion)
emitting at a fundamental wavelength of 1030 nm with an av-
erage pulse duration of 213 fs and a maximum power output
of 5 W was used to create the micro-structuration. To achieve
high processing speed, a galvanometric scanning system (Scan-
Lab intelliSCAN14) coupled with a 70 mm focus length F-Theta
lens (Linos F-Theta-Ronar lenses) was used (Figure 1). The beam
waist, determined by Liu’s regression technique,[48] was calcu-
lated to be 2wo = 36 μm. The average fluence values will be cal-
culated using this value. Biopolymer surfaces were ablated at a
fluence of 0.8J cm−2 and at a scan speed of 320 mms−1, corre-
sponding to a pulse overlap of 80%.
With these parameters, the typical channel width ranged from

20 to 25 μm, depending on the processed material. This value
was strongly influenced by the beam quality, size, and wave-
length. To maximize process speed and efficiency–particularly
given the density of topographic features–a high-speed galvano-
metric scanner was used. Higher processing resolution could
be achieved with specialized magnification optics, though at the
expense of speed and overall efficiency. The round glass cover-
slips coated with the different biopolymers were laser-structured
to produce micropatterned surfaces (area of 227 mm2) consist-
ing of arrays of lines with a spacing ranging from 35 to 150 μm.
Then, the micro-structured substrates were washed three times

in a 70% ethanol solution and rinsed with sterile PBS to ensure
sterility for subsequent cell culture experiments.
The patterns created on the surface of the coatings were ob-

served in detail using SEM (JEOL JSM-6390, Tokyo, Japan) and
characterized with a confocal microscope (LEICA DCM3D, Nan-
terre, France).

2.3. Infrared Analysis

The surface chemistry and thermal behavior of the struc-
tured samples were recorded in Attenuated Total Reflectance
(ATR, germanium crystal) mode using a Bruker VERTEX70
mid-IR Fourier Transform spectrometer equipped with a
temperature-stabilized DLaTGS detector (Deuterated lanthanum
𝛼-alanine-doped triglycine sulphate). All spectra were accumu-
lated on the surface of the different areas in a spectral range of
650–4000 cm−1 by recording 200 scans at a resolution of 4 cm−1.

2.4. Contact Angle Analysis

Wettability modifications of the laser-structured surface were
characterized by studying contact angles. Five μL of distilled wa-
ter was deposited on the created topography and photographed
through a camera (DAHUA) equipped with a 10X zoom lens
(Computar). The droplets were illuminated by a white light (Wild
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Heerbrugg). The angle formed between the surface and the tan-
gent to the droplet surface along their line of contact was calcu-
lated using the Contact Angles plugin for FIJI software.[49] The
obtained value was used as an index of hydrophobicity: values
ranging from 0° to 90° indicate a hydrophilic surface, while val-
ues comprised between 90° and 180° a hydrophobic one.

2.5. Cell Cultures

Human immortalized myoblasts were cultured according to a
previously published protocol[47] on 10 cm culture dishes (Fal-
con) at 37 °C with 5% CO2 in Basal Medium (BM) composed
of 4:1 volumes parts of Dulbecco’s modified Eagle medium
(DMEM, Gibco) and 1 volume of Medium 199 (Gibco), supple-
mented with 15% fetal bovine serum (Euroclone); 0.02 mHEPES
buffer (Invitrogen); 1.4 mg L−1 vitamin B12 (Sigma); 0.03 mg L−1

ZnSO4 (Fisher Scientific), 0.055mg L−1 dexamethasone (Sigma),
2.5 μg L−1 hepatocyte growth factor (Chemicon International)
and 10 μg L−1 basic fibroblast growth factor (BioPioneer). Once
90% confluency was reached, cells were transferred to Differ-
entiation Media (DM) composed of BM supplemented with 2%
Horse Serum (Gibco) to induce final differentiation. For biologi-
cal experiments, cells were seeded on top of the different micro-
patterned coated supports at a concentration of 5 × 104 cells per
support and grown depending on experimental needs: 3 days
of incubation for myoblast-surface interaction experiments and
7 days (3 days in culture medium and 4 days in differentiation
medium) for myotubes orientation experiments.
To clearly visualize the cells and to monitor their interactions

with the surfaces, samples were incubated with calcein-AM live
staining solution (Thermofisher) for 30 min at 37 °C.
Imaging analyses were performed with a reverse microscope

(EVOS M5000, Invitrogen, ThermoFisher) and a reverse fluores-
cence microscope (Axio Observer Z1/7, Zeiss).

2.6. Cell Fixation and Immunofluorescence Analysis

The samples were fixed in paraformaldehyde (4%, for 15 min at
4 °C), washed in PBS, and stored at 4 °C. Immunofluorescence
was performed as previously described.[50] Briefly, cells were per-
meabilized in a solution of Triton X-100 (Sigma) 0.3% in PBS for
1 h at room temperature (RT) and blocked with a blocking solu-
tion consisting of 10% natural goat serum (Thermo Fisher Scien-
tific), 1% glycine (Thermo Fisher Scientific), and 0.1% Triton X-
100 in PBS for 1 h at RT. Subsequently, the cells were incubated
with rabbit polyclonal anti-Desmin (Abcam) primary antibody, di-
luted 1:100 in blocking solution for 2 h at RT, and then rinsed
with a washing solution consisting of 1% bovine serum albumin
(BSA, Sigma) and 0.2% Triton X-100 in PBS. After washing, the
cells were incubated with Alexa Fluor 488-conjugated goat anti-
rabbit IgG secondary antibody (H + L; Thermo Fisher Scientific,
diluted 1:400) for 1 h. Finally, the nuclei were counterstained with
300 nm DAPI (Thermo Fisher Scientific) in PBS for 10 min.

2.7. Image Analysis

Once myoblasts were differentiated into myotubes expressing
Desmin, their organization was studied using the OrientationJ

plugin[51] of the Fiji software.[52] In particular, the pictures
(832 × 832 mm2) were converted into highly contrasted 8-bit im-
ages and processed using the OrientationJ distribution tool to ob-
tain a weighted histogram of muscle elements orientations; the
“weight” of this distribution was represented by the coherency
value, a value ranging between 0 (no orientation) and 1 (per-
fect orientation) calculated using OrientationJ dominant direction
tool.[53]

2.8. Statistical Analysis

All experiments were performed in biological triplicates. Data
were analyzed using GraphPad Prism 8, and values were ex-
pressed as means ± standard error. Statistical significance was
tested using one-way ANOVAwith the appropriatemultiple com-
parison tests. A probability of less than 5% (P < 0.05) was con-
sidered statistically significant.

3. Result and Discussion

3.1. Morphological Characterization

The aligned patterning obtained on the surface of the polymers
was characterized by SEM. The 50 μm spaced channels showed a
homogeneous and compact structure, with a width of 20 μm for
sodium alginate (Figure 2a) and 25 μm for gelatin and collagen
(Figure 2b,c) coatings. These dimensionswere selected according
to the myoblast cells that feature an observed mean dimension
of 20 μm.[54] For the different biomaterials, a difference in the
morphology and the porosity of the channel surface was observed
(Figure 2d–f).

3.2. Characterization of Functional Groups

In the second step, the functional groups were studied both in
laser-treated and untreated samples through Fourier-transform
infrared spectroscopy (FT-IR). Sodium alginate spectra showed
stretching vibrations of Oxygen─Hydrogen (O─H) bonds in the
range of 3000–3600 cm−1 while stretching vibrations of aliphatic
Carbon─Hydrogen (C─H) were observed at 2900–2800 cm−1

(Figure 2g–i). The increase in the peak intensity at 1635 cm−1

corresponds to the symmetrical stretching of COO-while the
peaks observed at 1580, 1416, and 1340 cm−1 are attributed to
the asymmetrical stretching of the COO─ group. Peaks at 1110
and 1034 cm−1 are associated with the stretching of the C─O
group. In the case of gelatin, both spectra showed similar pat-
terns, and four regions were observed: 3600–2300 cm−1(Amide
A), 1656–1644 cm−1 (Amide I), 1560–1335 cm−1 (Amide II) and
1240–670 cm−1 (Amide III). Collagen absorption bands can be
distinguished in the amide I at 1657 cm−1 resulting from the
stretching vibration of the peptide carbonyl group C═O, amide II
at 1560 cm−1 that corresponds to a combination of the N─H in-
plane bend, and the C─H stretch and a set of three weaker bands
that represent amide III vibration modes centered at 1245 cm−1

belonging to a combination of the C─N stretch and the N─H in-
plane bend. Moreover, the absorption registered between 1360
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Figure 2. Morphological and chemical characterizations of the structured surfaces; a,d) SEM images of micropatterned surfaces of sodium alginate,
b,e) gelatin, and c,f) collagen. g) Infrared spectra for the fine layers of sodium alginate, h) gelatin, and i) collagen. The samples were studied both in
their structure and in their initial form.

and 1560 cm−1 belongs to the symmetric vibrations of CH2 and
CH3, while the peaks identified ≈1100 cm−1 correspond to the
asymmetric C─O and C─O─C stretching vibration. The similar-
ity of the spectra obtained from structured or unstructured sam-
ples demonstrates that, at the chosen irradiation conditions, the
laser treatment did not cause the appearance of new functional
groups that might be potentially toxic for cell survival or growth.

3.3. Study of Coating Suitability for Cell Culture

Once morphologically and chemically characterized, we studied
the behavior of themicro-structured supports in a typical cell cul-
ture environment. The supports were placed in a 12-well plate,
then 2mL of culturemedium containing 5× 104 cells were added
in each well and incubated for 24 h at 37 °C. In these condi-
tions, sodium alginate detached from the glass surface while the
structuring process cut the coating layer, resulting in a loss of
structural integrity (Figure 3a). On the other hand, the gelatin
dissolved rapidly in water (less than 1 h) (Figure 3b) while the
collagen surface (Figure 3c) was able to maintain its morphology
and adhesion throughout the experiment and therefore proved to

be the only stable and suitable coating for a long-term study with
muscle cells. For this reason, only the collagen-coated supports
were used for the following experiments.
Collagen coatings were characterized after laser structuring

through confocal (Figure 3d) and SEM (Figure 3e) analysis, which
revealed reproducible channels of ≈12–14 μm depth and 25 μm
width (Figure 3d,e). Finally, we prepared half-structured coatings
in order to study the long-term cell interaction with collagen-
coated surfaces and emphasize the effect of laser-induced to-
pography on cell organization. In this regard, channel spacing
was adjusted to 35 μm to maximize the processed area. Interest-
ingly, after 3-day of culture, human-immortalized myoblasts dis-
played signs of organization in the laser-structured compartment
(Figure 3f) with a preferential alignment in the direction of the
channels.

3.4. Analysis of Myoblast Orientation on Laser Micro-Patterned
Surfaces

Myoblast differentiation is an ordered multistep process guided
by the stepwise activation of myogenic factors that lead to the
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Figure 3. Top: coatings response to the cell culture environment. a) Inverted microscope images of laser-assisted structuring of sodium alginate, b)
gelatin, and c) collagen coatings after hydration. Bottom: collagen coating analysis. d) Confocal analysis of the laser-structured collagen-coated surfaces
and e) related SEM picture. Human immortalizedmyoblasts (stained for calcein-AM, green) orientation on non-structured and laser-structured collagen-
coated surfaces. The dotted line indicates the boundary between the non-structured and laser-structured areas.

fusion of myoblasts into multinucleated myotubes. Eventually,
myotubes will give rise to the diverse muscle fiber types to build
the complex skeletal muscle architecture essential to carry out its
most important functions, such as body movement, postural be-
havior, and breathing.[55] The orientation of muscle fibers in vivo
is an automatic process driven by the interaction of muscle cells
with a well-organized environment and exposure to mechanical
forces. In vitro, cells must be guided in adhesion and growth to
replicate, once differentiated, the typical organization of human
skeletal muscle tissue with parallel aligned muscle fibers.[56] The
aim of this study was to promote the orientation of the human
myoblasts through an anisotropic surface obtainedwith the assis-
tance of the laser. To better understand and characterize the pre-
vious observations on cell alignment, human immortalized my-
oblasts were seeded on collagen micro-patterned substrates with
different laser-ablated channel spacing (control without structur-
ing, 35, 45, 55, 75, 100, and 150 μm) and cultured for 7 days to
allow for myotubes formation.
Myotubes organization was analyzed and we observed an ex-

cellent rate of orientation for all the spacing tested (Figure 4a–f),
as indicated by the presence of a single peak in the graph dis-
playing the distribution of cells in space (Figure 4h). In contrast,
myotubes grown on the unstructured control substrates spread
randomly without a prevalent orientation (Figure 4g), as shown
by the black line in the orientation graph (Figure 4h). For spacing
ranging from 35 to 55 μm, we observed a myotube density sim-
ilar to that of structured channels, with cells grown both within
and between channels (Figure 4a–c). As the spacing increased to
75, 100, and 150 μm, the reduction in structured channel den-
sity led to a decreased number of myotubes (Figure 4d–f). This
observation could be due to the increased area between chan-

nels, resulting in reduced geometric constraints on cultured my-
oblasts. However, even at these higher spacing, sufficient topo-
graphical cues are still present to induce preferential orientation
(Figure 4h).
Interestingly, a comparison of the myoblast immunostaining

pictures with their brightfield counterparts (Figure 4a–g, left
half) reveals that at a spacing of 150 μm, the cells do not align
with the laser-ablated channel (Figure 4f), despite exhibiting a
single orientation peak comparable to the other spacing values
(Figure 4h). We concluded that the surface topography at 150 μm
can still facilitate the myotubes alignment due to contact geom-
etry, an aspect that should be further investigated by expanding
the tested values.
Finally, as shown by the coherency analysis, all tested spacing

values were significantly higher than the control, with a maxi-
mum of 55 μm (Figure 4i). However, the differences between the
individual spacing values were not significant, confirming the ef-
fectiveness of the ultrafast laser-induced surface structuring pro-
cess in creatingmicro-patterned collagen-coated surfaces capable
of guiding muscle cell organization.

3.5. Contact Angle Study on Collagen Layers

To better understand the mechanisms behind cell orientation,
the hydrophilicity of the processed collagen surfaces was ana-
lyzed through water contact angles (Figure 5a). The previously
studied spacing values that resulted in controlled cell organi-
zation (35, 45, 55, 75, and 100 μm) were chosen to assess the
influence of the topography on the surface hydrophilicity. Two
measurements were taken, parallel and perpendicular to the

Adv. Mater. Interfaces 2025, 12, 2500131 2500131 (6 of 10) © 2025 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 4. Alignment analysis. Immunofluorescence analysis of human myotubes positive for Desmin (green), juxtaposed with relative brightfield image
(left half), grown on collagen-coated laser-structured supports with different spacing values: a) 35 μm, b) 45 μm, c) 55 μm, d) 75 μm, e) 100 μm, f)
150 μm and g) non-structured control. Nuclei are counterstained with Dapi (blue); h) graph of the distribution of orientation for all the experimental
conditions and i) the relative coherency values. P values: p = 0001 (35 μm), p <0,0001 (45, 55, 75, and 100 μm), p = 0004 (150 μm).

channels. Interestingly, for smaller spacings (35 and 45 μm), the
orientation clearly affects the contact angle, with values signifi-
cantly higher when measurement was done in a perpendicular
orientation relative to the channels. Moreover, at these spacing,
we found a drastic decrease in the measured contact angles com-
pared to the control, with a minimum reached for 45 μm spacing
(Figure 5b). The difference between the structured samples and
the control decreased while remaining significant for larger spac-

ings, with values ≈90° and no differences between orientations
(Figure 5b).
Studies have demonstrated that the hierarchical structure and

porosity in collagen scaffolds enhance the availability of hydroxyl,
carboxyl, and amine groups on the scaffold surface. This occurs
because porosity and microtopography increase the surface area
where these functional groups can interact with the environ-
ment, making them more accessible for cellular attachment and

Adv. Mater. Interfaces 2025, 12, 2500131 2500131 (7 of 10) © 2025 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 5. a) Contact angle measurement on structured collagen surfaces at different spacing values. b) Evolution of the contact angle depending on the
channel spacing and orientation of the channel, parallel (0°) or perpendicular (90°) to the recording direction. (* compared to control 0°) (p values: ****

p < 0,0001, *** p = 0,0003, * p = 0,0477, $$$$ p < 0,0001, $$$ p < 0,0002).

biochemical interactions.[57] In this work, we observed that the
increase in surface area due to laser-induced topography and as-
sociated porosity (Figure 2c,f) leads to an increase in the amount
of exposed polar groups, promoting hydrophilicity (Figure 5b),
providing preferential conditions for muscle cells differentiation
(Figure 3f). This effect undergoes a natural decay with increased
spacing due to a lesser percentage of processed surfaces, ulti-
mately leading to the loss of cell organization (Figure 4f).

4. Conclusion

We report here the application of an ultra-fast laser system to
structure the surface of biopolymers. The aim was to develop
cell culture supports capable of driving cell growth, orientation,
and differentiation in a well-defined and pre-designed structured
support.
Different biocompatible biopolymers, such as sodium algi-

nate, gelatin, and collagen, were tested. However, despite the
good physico-chemical stability of all three biopolymers during
the laser-structuring phase, only the collagen coating proved able
to tolerate the biological conditions, being the only one to show
stable adhesion to the glass support and excellent resistance to
prolonged exposure in the aqueous environment of cell culture
conditions.
For this reason, the collagen-coated supports were used to

create micro-patterned surfaces thanks to the ultra-fast laser-
ablation technique. Anisotropic topographies composed of par-

allel lines at different spacing (from 35 to 150 μm) were tested
for their ability to promote human myoblasts organization. The
pattern was specially designed to replicate the skeletal muscle
tissue architecture composed of parallel, aligned, and elongated
elements corresponding to the muscle fibers. Interestingly, the
laser-structured surfaces were able to promote myoblasts organi-
zation via contact guidance and to foster their differentiation into
highly alignedmyotubes. This organization is correlated with the
increased hydrophilicity of the substrates following the structur-
ing process for spacing ranging from 35 to 100 μm, as demon-
strated by contact angle measurements. Above 100 μm, the den-
sity of channels on the collagen surface becomes insufficient to
achieve proper control of cell culture conditions.
In conclusion, the reported micro-patterned supports are

based on an ultra-fast laser processing of regularly used bio-
compatible polymers. They integrate seamlessly into the cell cul-
ture workflow without additional steps or chemical considera-
tions. Their potentiality was here demonstrated with the align-
ment of skeletal muscle cells, but their use can easily be ex-
tended to other cell types to mimic tissue-specific organization,
by varying the spacing and the pattern geometry. The processed
surfaces also proved their ability to create well-defined and pre-
designed cell cultures that can be effectively utilized for skeletal
muscle modeling or for the organization of more complex mod-
els such as neuromuscular and myotendinous junctions. Finally,
the possibility of obtaining well aligned cell culture allows for
precise morphological studies with the discrimination of single

Adv. Mater. Interfaces 2025, 12, 2500131 2500131 (8 of 10) © 2025 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH
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independent myotubes. This level of detailed analysis would not
be possible with traditional cell culture surfaces where myotubes
are randomly oriented (Figure 4g). Given their versatility and ease
of integration, laser micro-patterned supports represent a power-
ful tool for tissue engineering and biomedical applications.
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