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ABSTRACT

The engineering of skeletal muscle tissue, a highly organized structure of myotubes, is promising
for the treatment of muscle injuries and muscle diseases, for replacement or pharmacology
research. Muscle tissue development involves differentiation of myoblasts into myotubes with
parallel orientation, to ultimately form aligned myofibers, which is challenging to achieve on flat
surfaces. In this work, we designed hydrogen-bonded tannic acid/collagen layer-by-layer
(TA/COL LbL) nanofilms using a simple brushing method to address this issue. In comparison to
films obtained by the dipping, brushed TA/COL films showed oriented COL fibers of 60 nm
diameter along the brushing direction. Built at acidic pH due to COL solubility, TA/COL films
released TA in physiological conditions with a minor loss of thickness. After characterization of
COL fibers orientation, human myoblasts (C25CL48) were seeded on the oriented TA/COL film,
ended by COL. After 12 days in a differentiation medium without any other supplement, human
myoblasts were able to align on brushed TA/COL films and to differentiate into long aligned
myotubes (from hundreds of nm up to 1.7 mm length) thanks to two distinct properties: (i) the
orientation of COL fibers guiding myoblasts alignment, and (ii) the TA release favoring the
differentiation. This simple and potent brushing process allows the development of anisotropic
tissues in vitro which can be used for studies of drug discovery and screening or the replacement

of damaged tissue.



Introduction

Musculoskeletal tissues are one of the most important components of the human body representing
around 40% of adult body mass. Containing thousands of muscle fibers bundled together into an
aligned parallel organization, their pivotal role is to perform routine voluntary locomotion by
creating forces that are then transmitted by tendons towards the skeleton.! Muscle injuries are
commonly caused by contusions during sports, accidental trauma, age-related wear etc.? Since the
development of collagen-coated substrate to culture avian myotubes,* extensive research has been
carried out to regenerate skeletal muscle tissue in vitro for the treatment of muscle injuries or
diseases, such as muscular dystrophies or paralysis. Muscle development involves differentiation
of myoblasts into myotubes with parallel orientation, to ultimately form aligned myofibers to
compensate for the muscle loss.* For skeletal muscle, myotube alignment is difficult to achieve on
flat surfaces, like tissue culture polystyrene (TCPS) which gives randomly organized myotubes.’
The alignment and differentiation of myoblasts were controlled by microstructure topography®~’
and ECM proteins-based micropatterned surfaces in vitro.® Since the early use of collagen (COL)

to functionalize biomaterial surfaces,> >

various approaches were developed to align COL with
nanometric control!! to guide fibroblasts,'” and/or differentiate myoblasts.”> For instance,
alignment of COL fibers was achieved via lithography,'* micro-grooved substrates,!’
microfluidics,'® electrospinning,!” magnetic fields,'8!® flow,? stretching,?! and by rubbing.??-**
However, these techniques possess certain limitations such as the requirement for specialized

instrumentations** or microfluidic equipment,'¢

mechanical assemblies, and strong electric or
magnetic fields, which could damage the COL structure.'” ' Aside, the use of the nanostructured

surface for cell culture are implemented with soluble factors, such as insulin,"?* dexamethasone,?*"

27 and insulin-like growth factor (IGF-1),?® to trigger, support or even accelerate the regeneration



or differentiation processes. Polyphenols consumption is known to contribute to muscle health due
to their antioxidant and anti-inflammatory properties. It was shown in vitro that polyphenol-rich
plum extract treatment enhanced the size of C2C12 mouse myoblasts and accelerated their
differentiation.?’ Previously, we reported the use of tannic acid (TA) to develop hydrogen-bonded
layer-by-layer (LbL) nanocoatings of COL type I using the dipping method.?3! Hydrogen-bonded
TA LbL with neutral polymers offer tunable stability over wide pH range, thanks to the pKa of
TA.* In 2018, Park et al. introduced the brushing method, using a paintbrush, to functionalize a
surface with chitosan/alginate LbL films for drug delivery, however no alignment of
macromolecules was investigated.’® The brushing process was then used to align a monolayer of
clay nanotubes allowing the orientation of human fibroblasts and mesenchymal stem cells along
the axis of nanotubes.>* Mimicking natural plywood, the brushing method was used to develop

hierarchically structured hydroxyapatite micro- to nano-fibers/alginate films.>

Herein, we report a potent and simple brushing LbL method to develop oriented COL type I based
nanocoating, i.e., TA/COL LbL film (Figure 1). Unlike dip-coating, this method is fast, requiring
only a few seconds of deposition time for one layer. Moreover, it does not require specific or
expensive instrumentation. Built at acidic pH, the oriented TA/COL LbL nanofilms released TA
in solution upon contact with a physiological medium with a minor loss of thickness. After
characterization of COL fibers orientation, human myoblasts (C25CL48) were seeded in a
differentiation medium on the oriented TA/COL film, ended by COL. The alignment and
differentiation of the cells were studied after 12 days of culture in comparison to nonoriented
TA/COL films, obtained by the dipping method, uncoated glass, and TCPS (polystyrene)

substrates.
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Figure 1. (a) Manual brushing experimental set-up using nylon paintbrush, (b) Schematic
representation of the brushed LbL films buildup. Paintbrush image from stockio.com for

commercial use.

Results and discussion

The brushing method aligns collagen fibrils in TA/COL LbL films. The buildup of brushed
TA/COL films was performed manually on silicon or glass substrate using a nylon paintbrush at
each deposition of TA and COL, alternating with a rinsing step and a drying step (Figure 1 and
Supplementary video 1). Based on previous work on dipped TA/COL LbL films, an anchoring
layer of a poly (ethylene imine) was deposited to allow a homogeneous distribution of COL on the
substrate.’! The brushed film buildup was optimized using different concentrations of TA, two
types of paintbrush (Figure S1 in the SI), two angles of the paintbrush to the substrate and two
different rinsing solutions (Figure S2-6 in the SI). The rinsing and drying procedures were chosen
to sustain COL orientation and according to Park et al,* i.e. by pipetting and drying in a vertical
direction along the brushing direction. Nonoriented TA/COL LbL films were obtained using the
conventional dipping method. Figure 2a shows the buildup of brushed and dipped TA/COL films.
After 8 deposited bilayers, the thickness of the brushed TA/COL film was around 50 + 1.5 nm in
comparison to 167 £ 19 nm for the dipped film. The buildup by the brushing method follows
strictly a linear growth (R? = 0.999) with COL and TA thickness increments of 4.6 = 1 and 1.3 +

0.7 nm, respectively. The greater thickness increment of COL is probably due to its higher



molecular weight (300 000 g/mol) compared to TA with only 1 702 g/mol. Indeed, isolated COL
deposited on mica substrate has a thickness of around 2.8 + 0.2 nm. In citrate buffer, COL tends
to form large bundles of around 5.7 nm in thickness which can justify the higher thickness of COL
adlayers (Figure S7 in the SI). The size of the TA molecule was determined at 1.3 + 0.5 nm by

dynamic light scattering (Figure S8 in the SI).
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Figure 2. Physico-chemical characterization of the brushed and the dipped TA/COL films. (a)
Evolution of the thickness, followed by ellipsometry in dry state, as a function of the last deposited
layer (mean and standard deviation from three different samples). The standard deviation of the
brushed films is not visible due to the scale of the y-axis (the values are gathered in Table S1 in
the SI, Figure S5b in the SI). (b) Typical AFM topography images of the (TA/COL)sg films and the
orientation distribution graphs calculated by Image J and as an inset the zoom of the topography.
The brushing direction, visible on the video camera, is indicated by the white arrow. (c) Circular

dichroism spectra of the TA/COL films.

The surface topography of both TA/COL films was characterized by Atomic Force Microscopy

(AFM) in dry state by scanning random areas of various sizes, from 5x5 to 1 x1 um?, on the sample



surface. Fibrillary structures were observed for the brushed and dipped TA/COL films (Figure 2b).
In the case of the brushed TA/COL film, the alignment of COL fibers was visible (zoom-in Figure
2b) and quantified on the AFM topography image using “Orientation]” (Figure S4 in the SI). The
diameter of the COL fibers was 60 = 8 nm. The orientation distribution graph of the brushed
TA/COL films shows a broad peak at 0° indicating that some COL fibers are oriented between -
45° and +45° (Figure 2b) unlike the dipped TA/COL films showing randomly distributed COL
fibers with a flat distribution graph. Figure S9 in the SI shows different AFM images from four
different brushed TA/COL films at different scales, with even sharper peak at 0° (the brushing
direction) in the orientation distribution graph at higher magnification. The degree of COL
orientation of the brushed TA/COL films decreases by increasing the number of layer pairs with a
complete loss at 16 bilayers (Figure S10 in the SI). This might be due to the loss of effective shear
of the brushing by increasing the thickness of underlying LbL film. The secondary structure of
COL was then determined by circular dichroism (CD). In solution, COL usually displays
characteristic optical activity in the far UV spectrum with a small positive peak around 220-225
nm and a large negative peak in the range 197-200 nm. The CD spectrum of both the brushed and
dipped TA/COL films shows a broad negative peak around 197 nm (Figure 2c). The intensity of
the negative peak of brushed TA/COL films is lower than the dipped film, which could be
explained by the difference in thickness of both films. No significant positive peak at 225 nm was
observed in both cases. Generally, the absence of the positive peak at 225 nm, associated with the
triple helix, is an indication of partial to full denaturation of COL.*® However, COL hydrogels
crosslinked by TA were reported to sustain COL native conformation with no positive peak (225
nm).>” The absence of the positive peak of COL solutions was also observed at around 30°C, at

which the triple helix structures assemble through fibrillogenesis into highly organized fibrils.*® In



the following, the brushed and dipped (TA/COL)s films will be named the oriented and the

nonoriented TA/COL films, respectively.

The tannic acid in solution triggers myoblasts’ elongation. Before seeding human myoblasts
on TA/COL films to study their differentiation and orientation, we first analyzed the cytotoxicity
of TA in solution. Figure S11 in the SI shows that TA is toxic to human myoblasts with less than
70% of viability after 24 h of contact at concentrations above 33 pg/mL. For instance, the cell
viability was close to zero (0.3+0.1 %) above 375 pg/mL of TA. The treatment of myoblasts with

TA shows an important change in the cell area and morphology for concentrations below 33 pg/mL

(Figure 3).
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Figure 3. Effect of TA in solution on human myoblasts (C25 CL48) morphology after 24 h of
culture. (a) Cell area calculated and (b) cell aspect ratio of the myoblasts, (c-d) Confocal images
of the cells in contact with (c) 0, (d) 10, and (e) 25 pg/mL of TA solutions (Scale bars = 100 pm)

after F-actin labeling (red, phalloidin) and nuclei labeling (blue, Hoechst 33342).



Such an effect was quantitatively evaluated in terms of cell area (Figure 3a) and aspect ratio (Figure
3b), using ImagelJ. The incubation with TA induced the elongation of cells resulting in roughly
20% reduced cell area and 4 times higher aspect ratio compared to the cells without TA treatment.
In the absence of TA, cells were well spread with no significant elongation (Figure 3c). At 10 and
25 ng/mL after 24 h of incubation, myoblasts showed elongated morphology, also known as a pro-
differentiation phenotype, which is an essential precursor for cell fusion (Figure 3d and Figure
3e).*° Until now, no studies on the effect of TA on the differentiation of myoblasts was performed,
only the uptake of TA by myoblasts was reported so far.*’ The observed elongation in the presence
of TA is consistent with the studies related to the effect of polyphenols on muscle pathology and

myotubule formation.?® 4!

Human myoblasts align and differentiate on the oriented TA/COL films. The orientation and
differentiation of human myoblasts were investigated on TA/COL LbL films via
immunocytochemistry to stain heavy chain myosin (MHC) sarcomere protein, typically expressed
by mature myotubes. Myoblasts were seeded on LbL samples and uncoated glass for 24 h in
complete growth medium followed by 12 days in differentiation medium, without any other
supplements. We checked that the nanostructure of the oriented TA/COL film was preserved after
3 days of incubation in the DMEM medium (Figure S12 in the SI). Confocal microscopy images
were recorded on day 12 and treated by Orientation], as shown in Figure 4. On the oriented
TA/COL nanofilms, the immunostaining showed that the cells aligned and differentiated into
multinucleated long myotubes with the oriented arrangement of myonuclei (Figure 4a). Myofibers’
actin filaments appeared aligned which was expressed as a broad peak at 0°, i.e., the brushing

direction (Figure 4b).
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Figure 4. Orientation and differentiation of human myoblasts after 12 days of culture on the
oriented and the nonoriented TA/COL films, and uncoated glass. (a) Confocal microscopy images
at different channels with nuclei (in blue), myosin heavy chain (in green), and actin filament (in
red). The white arrow represents the brushing direction (Scale bar = 100 um). (b) The orientation
distributions were calculated from the actin cytoskeleton via ImagelJ. All the confocal microscopy

images are representative of three experiments (three samples each).
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Such myotubes formed thicker myofibers of diameter around 100 pum, i.e., approximately
equivalent to the diameter of human muscle fibers (Figure 4a and Figure S13 in the SI). At this
stage, some myofibers were also observed to neglect the LbL orientation (data not shown). On the
nonoriented TA/COL nanofilms, randomly distributed and elongated myoblasts can be observed
as in the case of the glass control substrate with almost no myosin staining (Figure 4a). In
comparison, randomly distributed myoblasts and shorter myotubes (fewer fused nuclei) were
observed on TCPS (Figure S14 in the SI). Regarding the cell morphology, a strong difference can
be observed after 12 days of culture (Figure S15 in the SI). Of critical importance in muscle
regeneration, the differentiation of myoblasts follows a contact-dependent mechanism, where
movement or migration to come closer, fuse, and form myotubes is important.'* The myoblasts
movement was recorded by time-lapse video for the first 48 h in contact with the oriented TA/COL
films in the growth medium (Supplementary video 2). The oriented COL LbL guides
undifferentiated myoblasts to align in the direction of the brushing and form denser cell regions
favoring later the fusion and differentiation into myotubes in the differentiation medium. On the
nonoriented TA/COL films and the uncoated glass surface, a random movement of cells was
observed on 48 h time-lapse video (Supplementary videos 3 and 4, respectively). We then assessed
the cell density on the different coatings after 12 days of differentiation. Based on the mean values
of total nuclei, the oriented TA/COL film presented the same cell density as the uncoated glass
substrate. In the case of nonoriented TA/COL film, the cell density is one-third compared to the
glass control (Figure 5a). TA/COL films switch significantly from biocompatible to cytotoxic
towards human myoblasts depending on the buildup method. TA/COL LbL films were shown to
be stable in the physiological medium with a part of TA released.’**?> We then monitored the TA

release of both TA/COL films. Upon incubation in PBS at room temperature, the release of TA
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followed an initial linear kinetic with roughly 86% of release within the first 4 h, which then
stabilized over 1-4 days. The nonoriented TA/COL films, i.e. (TA/COL)s, released approximately
9 times more TA than the oriented film with 37 = 3.6 ug/mL vs 4.2 + 0.5 pg/mL, respectively
(Figure 6). The difference in the amount of released TA can be explained by the thickness of the

films (Figure 2a).
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Figure 5. Quantitative information from immunofluorescence images (surface image area 691 456
um?) of human myoblast differentiation after 12 days of culture on TA/COL LbL films. (a) Cell
density (b) fusion index, (c¢) aspect ratio of nuclei, (d) area of myotubes, and (e) their dimensions,
(f) myotube prevalence. Three different fields were measured for each condition and the

experiments were conducted in triplicate.

The quantity of TA released by the nonoriented film (37 + 3.6 pug/mL) is close to the cytotoxicity

threshold towards myoblasts leading to a lower cell density in comparison to the glass control.

12



This effect can even be strengthened by local release of TA at the surface of the nanocoating as

found for the antibacterial effect on the same system.”!
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Figure 6: Cumulative release profiles of TA from the oriented and the nonoriented TA/COL films

in contact with PBS pH 7.4 at room temperature.

Lastly, we evaluated the final myotube formation after 12 days of differentiation by the
quantification of the fusion index (defined as a ratio of nuclei contained in myotubes, with >2
nuclei, to the total nuclei), the aspect ratio of nuclei, the area, dimension and prevalence of
myotubes (defined as the number of nuclei per myotube represented as % of total nuclei)** (Figure
5b-f). The oriented TA/COL films showed an ability for the development of aligned myotubes
from human myoblasts. Indeed, the fusion index calculated on the oriented TA/COL films is
around 90 + 9 % in comparison to 22 + 14 % for the nonoriented films and 5% for glass control
(Figure 5b). This indicates that approximately all the attached and proliferated myoblasts
differentiated into myotubes after 12 days of culture on the oriented TA/COL films. Interestingly,
the nanotopography of TA/COL films not only impacted the myoblast differentiation, but also the
morphology of the nuclei (Figure S16 in the SI). Elongated nuclei with an aspect ratio of around
2.8 were observed on the oriented TA/COL films, whereas a broad shape morphology with the

aspect ratio of approximately 1.5-1.6 is observed on the nonoriented TA/COL film and the glass
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control (Figure 5c). Myoblasts were reported to exhibit deformed nuclei morphologies depending
on surface nanostructures.’® Besides the fusion index, we observed significant differences in the
area and dimensions of myotubes formed on the different samples. Myotube area on the oriented
TA/COL films is around 3.6 times higher than the one on the nonoriented film, the glass control
(Figure 5d). Consistent with the myotube area, the myotubes on the oriented TA/COL films are
698 + 28 um in length and 230 + 21 um in width i.e., approximately 4 times longer and 2 times
thicker than the ones on the nonoriented films and glass (Figure 5e). We can notice the presence
of myotubes with more than 30 to 100 nuclei only on the oriented TA/COL films (Figure 5f). To
investigate the impact of TA release on the myoblasts’ differentiation, TA was washed out from
the oriented TA/COL films, by 24 h incubation in PBS medium, prior to the cell seeding. After 12
days of culture, myoblasts appeared partially elongated. Actin cytoskeleton of cells were randomly
oriented as shown by Image J treatment (Figure S17 in the SI) with the maxima of the orientation
distribution not centered at 0° (the brushing direction). In contrast to the oriented TA/COL films
(not washed by PBS), a significantly lower number of cells showed myosin labeling and the
obtained myotubes were not aligned along the oriented COL fibers of PBS-incubated films (Figure
S17 in the SI). In addition to COL-induced orientation of myoblasts, TA release appears to trigger
efficient cell differentiation, as shown in Figure 4. Indeed, on PBS-incubated oriented TA/COL
films, the fusion index of myoblasts was of 69 + 22 % vs 91 = 9 % on the untreated films with a
similar nuclei aspect ratio, myotube area, dimensions, and prevalence (Figure S18 in the SI). The
comparison with TCPS as control substrate is also shown in Figure S18 in the SI, presenting
comparable results as the glass substrate. To confirm the synergistic role of TA release and COL
orientation, we performed experiments on nonoriented TA/COL films having similar thickness (54

+ 4 nm) and amount of TA released (5.9 £ 1.2 ug/mL) as the oriented TA/COL films, i.e. dipped
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(TA/COL)3 films (Figure S19 in the SI). After 12 days of incubation on the nonoriented
(TA/COL)3 film in the differentiation medium, elongated and randomly distributed myoblasts
were observed with no myosin expression (no green staining), similar to the nonoriented film
(TA/COL)g (Figure S20a in the revised SI) with a higher cell density due to the lower amount of
TA released in the supernatant (Figure S20c in the SI). The glass control was also performed for
comparison (Figure S20b in the SI). On the nonoriented (TA/COL)3; and (TA/COL)g films, the
fusion index was similar at 17 = 7% and 22 + 14%, respectively, and the aspect ratio of the nuclei
was approximately 1.5 (Figure S20d-e in revised SI). The dimensions of the myotubes were
different, with cells being more elongated in the nonoriented (TA/COL); than (TA/COL)s film
with a length/width of 185 + 61 um/24 £ 8 um vs 173 + 31 um/129 + 13 um, respectively (Figure
S20f-h in the SI). Regarding the prevalence of myotubes, no myotubes with more than 10 nuclei
were observed on the nonoriented films (TA/COL)s. In summary, the absence of COL orientation
prevents the orientation of myoblasts as well as their differentiation into myofibers and the lower
amount of TA released allows for better cytocompatibility, the presence of more elongated
myotubes but with fewer nuclei on the nonoriented films. The orientation of the myoblasts is due
to the orientation of the COL chains and their elongation to the TA released into the supernatant
by the oriented film which leads to their differentiation into myofibers. Myofibers of length around
1.7 mm reconstructed from confocal images were observed on the oriented TA/COL films,
showing the distribution of the nuclei (blue), myosin heavy chain (in green) and actin filament (in
red). The myotube dimensions obtained might range from hundreds of micrometers to millimeters,

depending on the size of the sample.
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Figure 7. Confocal microscopy images of a human myotube, obtained from myoblasts after 12
days of culture on the oriented TA/COL film, with combined channels of nuclei (in blue), myosin
heavy chain (in green) and actin filament (in red). Zoom in 3D reconstructed confocal image is

shown on the right.

Conclusion

We demonstrated that the brushed LbL films appear to be a potent and simple way to produce
surfaces with aligned topography using macromolecules of high aspect ratio, such as COL. In
comparison to the other methods developed so far, there is no need for sophisticated apparatus.
The aligned TA/COL nanofilms influenced the cells behavior, by improving their adhesion to a
substrate, influencing their morphology, alignment, and differentiation. The differentiation of
human myoblasts was obtained in 12 days when seeded on the oriented TA/COL films in
differentiation medium without any other supplement thanks to two distinct properties: (i) COL
orientation which helps to align myoblasts favoring their close contact, and (i1) TA release which
favors the differentiation. On the TA/COL films, the topography cues and the strong links between

cells and the collagen can be further used to mimic the complexity of in vivo conditions and design
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model tissues to regenecrate anisotropic tissues, the treatment of injuries or diseases or for

pharmacology research.

Experimental Section

Materials. Collagen (COL, purified type I from calf, Symatese, France), tannic acid (TA, Mw =
1701.2 g/mol, Sigma-Aldrich, France), poly(ethylene imine) (PEI, branched, 30% w/w aq.
solution, Mw = 50 000-100 000 g/mol, Alfa Aesar, Germany), citric acid monohydrate (Mw =
210.14 g/mol, Sigma-Aldrich), sodium citrate tribasic dihydrate (Mw = 294.10 g/mol, Sigma-
Aldrich), Dulbecco’s phosphate buffer saline (PBS, L0615, Dominique Dutscher, France),
Dulbecco’s Modified Eagle Medium (DMEM, L0103, Dominique Dutscher, France), sodium
dodecyl sulfate (Prolabo, Poland), NaCl (VWR), HCI, and NaOH (Sigma-Aldrich) were used as

received.

Collagen and tannic acid solutions. All solutions were prepared freshly prior to use except COL.
Deionized water (Milli-Q, 18.2 MQ-cm at 25 °C) supplied by Advantage A10 (MERCK) was used
in the entire study. The pH values were adjusted by using 0.1 M HCI or 0.1 M NaOH solution
prepared in deionized water. Prior to thin film buildup, all the solutions were filtered using a 0.20
um filter (Sarstedt, no. 831826001) to remove any impurity or undissolved substances. The citrate
buffer used in this study was prepared at pH 4 by mixing 41 mL of 0.1 M sodium citrate tribasic
dihydrate solution and 59 mL of 0.1M citric acid monohydrate solution. PEI solution was prepared
at 0.1 mg/mL in 0.15 M sodium chloride (NaCl) aqueous solution (no pH adjustment). TA solution
was prepared at 0.5 mg/mL in citrate buffer at pH 4 (otherwise stated) and kept in dark to avoid
its photooxidation. COL solution was prepared at 1 mg/mL in citrate buffer at pH 4 (otherwise

stated) by overnight agitation using a magnetic stirrer at 4 °C.
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TA/COL LbL buildup. Silicon wafers or microscopic glass slides were cut using a sharp diamond
pen to obtain 1 x 6 cm? rectangular substrates. Silicon wafers were cleaned with ethanol/water
(50% v/v) solution for 15 min prior to their use. Glass substrates were cleaned by immersing in
the solutions of 10 mM SDS and 0.1 M HCl at 70°C for 10 min each, followed by extensive rinsing
with deionized water. Prior to the film buildup, the substrates were plasma etched for 2.5 min with
air using Harrick PDC-002-HP at high RF level to remove particles and to render the surface
negatively charged and hydrophilic. PEI, a branched polycation, was used as precursor layer on
each substrate before LbL buildup. Immediately after plasma cleaning, the substrate was dipped
in PEI solution for 10 s, rinsed twice with ultrapure water for 5 s and dried with filtered compressed
air. The substrate is then a positively charged surface ensuring a good anchoring of the films.
Oriented TA/COL based films were obtained by the brushing method. The PEI-functionalized
substrate was clipped with a support in a horizontal direction facing upwards to brush the solutions
always in the same direction with nylon paintbrush with hard bristles (Sestrene Grenes, Aarhus,
Danemark). Horsehair paintbrush with soft bristles (Sestrene Grenes, Aarhus, Danemark) was also
used at the optimization of the buildup. Regarding the optimized buildup of oriented TA/COL
films, TA and COL solutions were brushed manually with the nylon paintbrush tilted at an angle
of 30° to the substrate and left to dry for 10 s, followed by two rinsing steps with ultrapure water
using a disposable pipette and dried with filtered compressed air at 2.5 bar, both in a vertical
direction along the brushing direction. With n the number of bilayer deposition, the following
brushed PEI-(TA/COL), films were studied and named oriented TA/COL film with n= 8.
Nonoriented TA/COL films were obtained by the dipping method. The PEI-functionalized
substrate was immersed in TA solution for 10 s, followed by two rinsing steps by dipping in

ultrapure water for 5 s and dried by filtered compressed air. The same process was followed to
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deposit COL adlayer, to obtain one bilayer. The process was repeated n times to obtain brushed
PEI-(TA/COL), named nonoriented TA/COL film with n = 8. Once the desired film architecture
is achieved, the homogeneous part of the sample (in the center of the substrate) was selected and

cut to obtain 1x1 cm2 area samples to characterize the film properties.

Ellipsometry. The film thickness was measured, after rinsing with water and drying by
compressed air, using an Ellipsometer (SD2300, PLASMOS) with an incident laser beam
(632.8nm) and a constant angle of 45°. Refractive index was assumed to be constant and equal to
1.465 for all the measurements. The dry thickness values reported here are the average values with
standard deviation of three individual LbL buildup experiments. Ten measurements were
performed at random areas on each one of the multilayer sample surfaces. The routine ellipsometry
measurements might show insignificant differences in absolute dry thickness and a more advanced
ellipsometry equipment would be required for accurate measurements. However, the thickness

readings are satisfactorily accurate to compare the buildup of different LbL films reported here.

Atomic Force Microscopy (AFM). COL/TA films, in dry state using nitride coated silicon tips
on a nitride cantilever (Model ScanAsyst-Air, with force constant k = 0.4 N/m and frequency fn
=70 kHz) and Peak Force Tapping (ScanAsyst) mode. The images were obtained at a scan rate of
1 Hz with a resolution of 512 % 512 pixels. The data analysis was performed using NanoScope
Analysis software version 1.7. Random areas of the samples were scanned to obtain typical
topography images. Open-source software Image J was used to determine the orientation of COL
fibres using plugin “Orientation J” developed at the Ecole Polytechnique Fédérale de Lausanne
(EPFL).** Firstly, AFM images were converted into grey scale (8-bit) and then the program
computes the local orientation properties. From this software, a visual directional analysis is

obtained in which the orientation is encoded in color following the color-coding reference image.

19



An orientation histogram can be calculated by taking into consideration few parameters such as a
Gaussian window of 1 pixel to account for the smallest possible nanostructure, and a minimum
coherency and energy of 1% to eliminate the effect of isotropic areas. The distribution of
orientation for TA/COL multilayers was adjusted to 0°. The same method was applied on
fluorescence microscopy images to determine the orientation of cells seeded the different

substrates.

TA release in physiological conditions. TA release from the oriented and the nonoriented
TA/COL films in contact with PBS buffer at room temperature was followed by measuring the
absorbance intensity at 277 nm using a spectrofluorometer (SAFAS Xenius XC). COL used in the
study showed no absorption at this wavelength. First, a calibration curve of TA was obtained by
measuring the absorbance intensity at 277 nm for different concentrations of TA in PBS buffer.
The samples were prepared on glass slides with final dimensions of 1x1 cm? Five hundred
microliters of PBS buffer at pH 7.4 at room temperature was put in contact with the films. One
hundred microliters of the supernatant were withdrawn and put in a UV-Star 96-well plate (Greiner
bio-one) to measure the absorbance at 277 nm. To compensate 100 pL of supernatant loss, 100 pLL

of fresh PBS was added.

Human Myoblasts (C25CL48) culture. The initial biopsies from which the human myoblasts
cell lines were isolated were provided by MyoBank, the tissue bank from The Institut de Myologie
in Paris, affiliated to EuroBioBank. MyoBank has receive the approval from the French Ministry
of Higher Education, research, and Innovation to distribute human samples for research
(Authorization AC-2019-3502). Cells were maintained in TCPS flasks in a humidified 5% CO2
incubator at 37°C. The experiments were conducted from cell passage 5-9. The cells were cultured

in Dulbecco’s Modified Eagle Medium (DMEM) + 4.5 g/L glucose supplemented with 20% fetal
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bovine serum, and 1% penicillin and streptomycin, named as “growth medium (GM)”. The cells

were pre-cultured to reach around 70% confluence.

Human myoblasts’ viability. The cell (3000/well) were seeded in a TCPS 96-well plate and
allowed to proliferate for 24 h. The cells were rinsed with PBS, and 100 uL of TA solutions at
different concentrations prepared in the growth medium was dispensed in the wells. After 24 h of
contact with the TA, followed by a PBS rinsing step, 100 uL of the CellTiter-Glo 2.0 assay reagent
(Promega, G9242) was added and incubated in a shaker for 15 min at room temperature. Finally,
luminescence was recorded using a spectrofluorometer (SAFAS Xenius XC). The cell area was
calculated using Freehand tool in the ImagelJ software and presented as a mean value of 40 cells

on five individual images (200 cells in total).

Myoblasts differentiation. The freshly prepared TA/COL film samples were UV sterilized in dry
state for 20 min before the cell seeding. 20,000 cells/mL were seeded on each tested sample and
allowed to proliferate for 24 h. Then, the growth medium was switched to differentiation medium
(DM) (DMEM high glucose supplemented with 2% horse serum and 1% penicillin and
streptomycin). Cell differentiation was followed for 12 days. DM was replaced with fresh DM
after every 3-4 days. After 12 days of differentiation, cells were fixed with 500 pL of 4% PFA for
15 min at room temperature, followed by two rinsing steps using 1mL PBS, 5 min each. The cells
were permeabilized by incubating in 1 ml of 0.5% Triton X-100 in PBS for 4 min, followed by
three rinsing steps using 1mL PBS, 5 min each. The cells were incubated in 1% BSA solution in
PBS for 1h at room temperature to block unnecessary sites to minimize background noise. To stain
heavy chain myosin, 500 pL of the primary antibody (MF-20, AB_ 2147781, 0.039 pg/mL, 1/564
dilution in 0.1% BSA in PBS) was added for 2h at room temperature, in dark. After rinsing with

PBS, cells were incubated in 500 pL of Abcam 150113 Goat Anti-Mouse IgG H&L (Alexa Fluor®
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488) 1/500 diluted in 0.1 % BSA in PBS for 1 h at room temperature, in dark followed by two
rinsing steps with PBS (2 x 1000 pL). Then, the cells were incubated in 500 pL of phalloidin-
TRITC solution (dilution 1/800) in PBS for 30 min at room temperature, in dark followed by PBS
(1000 pL) rinsing step. Finally, 500 uL of Hoechst 33342 (Invitrogen, B2261, dilution 1/1000) at
5 ug/ml in PBS were added at room temperature for 10 min to stain nuclei. Finally, the samples
were mounted in transparent glass slides to observe under Zeiss LSM 710 confocal microscopy.
For cell viability in contact with different concentrations of TA solutions, only actin filament
(phalloidin-rhodamine) and nuclei (Hoechst 33342) were stained following a similar protocol as
above. The quantitative information calculated from immunofluorescence images of human
myoblast differentiation after 12 days of culture on the oriented and the nonoriented TA/COL
films, uncoated glass and TCPS were calculated on a given surface image of area 691 456 um?>.
Three different images were measured for each condition and the experiments were conducted in

triplicate.

Statistical analysis. The two-tail student t-test was performed on all cell biology experimental
data to determine the statistical significance of differences between the oriented and the
nonoriented multilayer films with uncoated glass substrates (control). The obtained p-values are
indicated on the corresponding graphs with symbols such as *, ** *¥** and **** for p < (.05,

0.01, 0.001, and 0.0001, respectively.
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