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Abstract
Regenerative medicine is continuously looking for new natural, biocompatible and possibly
biodegradable materials, but also mechanically compliant. Chitosan is emerging as a promising
FDA-approved biopolymer for tissue engineering, however, its exploitation in regenerative devices
is limited by its brittleness and can be further improved, for example by blending it with other
materials or by tuning its superficial microstructure. Here, we developed membranes made of
chitosan (Chi) and glycerol, by solvent casting, and micro-patterned them with directional
geometries having different levels of axial symmetry. These membranes were characterized by light
microscopies, atomic force microscopy (AFM), by thermal, mechanical and degradation assays,
and also tested in vitro as scaffolds with Schwann cells (SCs). The glycerol-blended Chi membranes
are optimized in terms of mechanical properties, and present a physiological-grade Young’s
modulus (≈0.7 MPa). The directional topographies are effective in directing cell polarization and
migration and in particular are highly performant substrates for collective cell migration. Here, we
demonstrate that a combination of a soft compliant biomaterial and a topographical
micropatterning can improve the integration of these scaffolds with SCs, a fundamental step in the
peripheral nerve regeneration process.

1. Introduction

Peripheral nerve injuries (PNIs) are a common con-
dition around the world, with an incidence going
from 13 to 23 cases per 100 000 persons every
year [1]. Differently from the central nervous sys-
tem, the peripheral nervous system presents a nat-
ural regenerative capability [2]. In small damages,
the peripheral glial cells, called Schwann cells (SCs),
undergo a phenotype switch, forming structures,
called Bungner Bands, that provide a physical sup-
port to the regrowth of the nerve axon [3]. However,
due to the tissue loss, in most cases and without
a proper intervention, PNIs can lead to neuroma
and scar tissue formation, with a subsequent loss of

nerve functionality [4]. Surgically, direct end-to-end
suturing can be used only for small defects (<5 mm),
while for larger gaps the risk of worsening the damage
is high, due to the strong tension that must be applied
to the two stumps of the broken nerve [5]. Autologous
and heterologous cell transplants are not diffuse for
the low availability of SCs and because of safety and
ethical concerns in the use of multipotent and pluri-
potent stem cells in clinics [6]. The gold standard
for PNIs reparation in clinics remain the autologous
nerve graft. Nonetheless, a shortage in donors, com-
bined with the need for a second surgery to harvest
the graft tissue, put limitations on this technique [7].

Neural scaffolds, such as nerve guidance con-
duits (NGCs), can be crucial in effectively accelerating
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the regeneration process in PNIs, and in providing a
structural support to the axon regrowth [8]. In recent
years, a variety of differentmaterials have beenused to
produce NGCs and some have already been approved
for a clinical use, even if without resolutive results. A
renewed interest in the development of nerve pros-
theses/interfaces was driven by the ability to manipu-
late novel biomaterials, controlling their surface topo-
graphy, stiffness, or adaptable properties. To improve
basic hollow conduits, different types of functionaliz-
ation or engineering (e.g. material, porosity, protein
coating, fillers, geometry) are under investigation [9].
It is now well known that neural cells can perceive
nano and micro-topographical stimuli around them,
both in vivo and in vitro. Neuronal and glial cells cul-
tured on nano/micro-structured substrates actively
tune their morphology, proliferation and migration
[10]. Gratings patterns (GRs), anisotropic (direc-
tional) patterns of alternating lines of ridges and
grooves, demonstrated their ability to polarize neur-
onal cells and SCs, and to direct their displacement
[11–14]. In particular, we previously demonstrated
that small-period GRs are particularly effective in
driving collective SC migration and wound healing
by contact guidance mechanism (i.e. features with
a shorter period than the cell body diameter: line
width < cell soma, ≈ 2–4 µm) [15]. Furthermore,
it recently emerged that also the symmetry of the
substrate’s features can play a role in terms of cell
responses. Interestingly, osteoblasts showed tomodu-
late their shaping and migration speed in response to
substrates with different levels of rotational symmetry
[16]. Moreover, in a previous work, we demonstrated
that SCs were guided by the underlying directional
micro-topographies, but they also behaved accord-
ing to the patterns’ asymmetry [14]. Increasing the
rotational asymmetry of the microtopography (using
scalene (SCA) triangles pattern) leads to an improve-
ment in the SCs migration ability, in comparison
to GRs or isosceles triangles pattern (features with
a lower rotational asymmetry). The most asymmet-
ric directional pattern, with zig–zag SCA, polarized
and aligned the RT4-SCs less strictly, leaving a higher
degree of freedom for the nuclear/cell body orient-
ation, but promoted a farther displacement of the
cells with an increased persistence on one direc-
tion of migration, by inducing the establishment of
asymmetric cell fronts with different actin fibers’
organizations [14].

The need for new biocompatible materials in
regenerativemedicine is also driving research towards
the study of natural biopolymers. One of these,
chitosan (Chi), is gaining increasing interest for its
availability and low costs. Chitosan is a deacetyla-
tion product of chitin, a major component of
shrimps and other crustaceans’ shells. Chitosan is
completely biocompatible, non-immunogenic, bio-
degradable, and has been approved by the Food

and Drug Administration for its use in medical
devices [17]. However, the use of Chi instead of other
petroleum-based polymers has been limited by its
physical characteristics: in fact, Chi films tend to be
rigid and brittle. For this reason, plasticizers can be
used to enhance the mechanical properties of Chi
[18]. In this sense, polyols and glycerol, in partic-
ular, have been extensively tested [19, 20] and Chi
films plasticized with glycerol resulted softer and
more manageable [21]. The mechanism at the base of
this ability consists in the capacity of the glycerol to
interact with Chi chains, thus decreasing the number
of interactions between them [20]. Several studies,
using different concentrations of glycerol, demon-
strated that the mechanical properties of Chi films
(including stiffness) can be modulated by varying the
concentration of the glycerol used [22]: in particular,
higher amounts of glycerol lead to lower stiffness val-
ues. Glycerol-plasticizedChi films also have improved
properties such as antibacterial activity, biocompat-
ibility, water vapor permeability, and tensile strength
[23, 24]. Basic plain Chi nerve conduits have been
approved for clinical use in Europe: they can amelior-
ate peripheral nerve regeneration [25–27], however,
their regeneration potential is still debated [28].

Mechanical features play pivotal roles in determ-
ining cell fate, too. The external stiffness is a key regu-
lator of nervous tissue development/regeneration [29,
30] by triggering neurite outgrowth [31], SC behavior
[32] or the gating ofmechanosensitive Piezo receptors
[33]. Therefore, it is important to take it into account
and to develop mechanically compliant scaffolds for
regenerative medicine applications. In this frame-
work, nerves are soft tissues, with a Young’s modulus
value of about 0.5 MPa [34].

In this work, we developed, characterized and
tested glycerol-blended chitosan (Gly-Chi) micro-
structured membranes, aiming to improve the mech-
anical compliance between scaffolds and the peri-
pheral nerve tissue but maintaining the topograph-
ical structures. Gly-Chi membranes with directional
micro-topographies, presenting different levels of
symmetry [GR and SCA] were produced by solvent
casting and then tested in vitro with a glial SC
line. We investigated nuclear, cell cytoskeleton and
cell junctions’ organization, Yes-associated protein
(YAP) activation and glial markers expression,migra-
tion and wound-healing response, with the aim to
develop improved scaffolds for nerve regeneration
applications.

2. Results

2.1. Production andmorphological
characterization of Gly-Chi micro-patterned
membranes
Gly-Chi membranes were microfabricated and pat-
terned with anisotropic topographies of varying axial
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Figure 1. Gly-Chi microstructured membranes production.
(a) Microstructured glycerol-chitosan membrane
fabrication process with two molds, by solvent casting;
insets: image of a PDMS intermediate mold and a Gly-Chi
micropatterned membrane. (b) Optical (left panels) and
AFMmeasurements (inserts) of the Gly-Chi membranes:
GR (left) and SCA (right) membranes upon production/
not neutralized (first row) and after neutralization (second
row); the AFM height profile is taken along the red lines.
Top insets: CAD designs of the two patterns: Gratings (GR),
having 2 symmetry axes (grey arrows); scalene triangles
(SCA), having no symmetry axis.

symmetry levels by solvent casting on polydimethyl-
siloxane (PDMS) intermediate molds (figure 1(a)).
Patterns were transferred from silicon molds onto
PDMS intermediate molds, following the procedure
detailed in our previous work [14]. These molds were
then utilized to structure a glycerol (10%)-Chi solu-
tion through solvent casting.

A 2% w/v Chi solution containing 10% v/v gly-
cerol was poured onto the PDMS intermediatemolds,
and the solvent was allowed to evaporate under a
chemical hood at room temperature (RT) for 72 h.
Subsequently, Gly-Chi films were peeled off from
PDMS. These membranes were soft, rubbery, and
transparent, and the topographical features were well
preserved on the Gly-Chi films (figure 1(a)-right).
Two directional topographies were developed: GR,
having two symmetry axes, and zigzag pattern with
SCA, having no symmetry axis (figure 1(b)-insets).
Isotropic flat membranes (FLAT) were also developed
as control substrates. The PDMS molds used for
solvent casting presented a period (i.e. the width of
a ridge and a groove) of 10 µm, with 6 µm ridges and
4 µm grooves, and a depth of 2.5 µm.

The topographies created on Gly-Chi membranes
were characterized using atomic force microscopy
(AFM) (figure 1(b)). AFM measurements confirmed
that the patterns had been successfully imprinted
on Gly-Chi membranes during production (before
neutralization) with the expected period of 10 µm

(comprising 4 µm ridges and 6 µm grooves). The
heights of the features were as follows: 2.51± 0.03µm
for GR and 2.86 ± 0.03 µm for SCA (mean ± SD)
(table 1). We investigated the effects of the neutral-
ization step (in 0.5% w/v NaOH for 30 min; neces-
sary to prevent the solubilization of Gly-Chi films
in water). After neutralization and subsequent dry-
ing, Gly-Chi dry membranes exhibited an approxim-
ate 50% reduction in pattern features (figure 1(b)-
bottom row): the size reduction was 40 ± 2% for
ridges, 53 ± 3% for grooves, and 53 ± 2% for depth,
in both GR and SCA (table 1).

We then checked the effects of the exposure to
liquids (i.e. water, PBS, cell culture medium) on
our micro-structured membranes by optical ima-
ging (figures 2(a) and (b)). Once in liquid, Gly-Chi
films swelled immediately and the topographical fea-
tures increased again in size, resulting in a pattern
period of 7.6 ± 0.3 µm for GR and 7.9 ± 0.1 µm
for SCA after 5 min in liquid. The patterns’ size
remained unaltered after longer exposure to liquid
(after 24 h: 7.7± 0.4 µm for GR and 7.8± 0.3 µm for
SCA, figure 2(a)). Importantly, Gly-Chi membranes
soaked in liquid maintain their patterns stable and
unchanged for long time, fromdays to severalmonths
(figures 2(a) and (b)-left column), independently
from the liquid (water, PBS, culture media). In con-
clusion, the period size of Gly-Chi wet membranes
was reduced of 24± 3% for GR and 22± 3% for SCA,
compared to the original 10 µm period size.

Overall, we can develop stable and reproducible
micro-grooved Gly-Chi membranes. Importantly,
the addition of 10% glycerol allows retaining the pat-
tern micro-topographical features and having more
handleable films. After chemical neutralization, the
patterns’ dimensions are reduced on Gly-Chi mem-
branes compared to the printing molds: the dimen-
sionality reduction is≈50% for films in their dry state
while it is only∼23% for wet films once in liquids.

2.2. Degradation, thermal andmechanical
characterization of Gly-Chi micro-patterned
membranes
The degradation profile of the Gly-Chi membranes
was measured over the course of three months, in 10
and 100 mg l−1 solutions of lysozyme in PBS; a PBS
solution was used as a control. To assess the pattern
stability over time, Gly-Chi membranes were imaged
in bright field over long time (figure 2(b)). The super-
ficial patterns were still present on the membranes
after 3 months. To measure the material degradation
over time,membraneswereweighed after the neutral-
ization process (t = 0) and then weighed at selected
time-points (3, 7, 14, 21 d and 1, 2 and 3months). The
change in weight over time is reported in figure 2(c).
For all conditions, the weight loss increased over
time, however in presence of the lysozyme solution,
Gly-Chi membranes degradation was significantly
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Table 1. AFMmeasurements quantification of micropattern features (mean± SD) for GR and SCA Gly-Chi membranes before
neutralization and after neutralization; period= ridge width+ groove width.

Ridge width (µm) Groove width (µm) Period (µm) Depth (µm)

GR (before neutralization) 3.52± 0.09 6.17± 0.27 9.7± 0.3 2.51± 0.03
GR- neutralized (dry) 2.08± 0.12 2.67± 0.12 4.8± 0.2 1.22± 0.02
SCA (before neutralization) 4.50± 0.05 5.59± 0.16 10.1± 0.2 2.86± 0.03
SCA- neutralized (dry) 2.71± 0.13 2.80± 0.16 5.5± 0.3 1.30± 0.10

Figure 2. Gly-Chi microstructured membranes characterization. (a) Optical microscope images of Gly-Chi GR and SCA
membranespin dry state upon production/ not neutralized (left) and after neutralization in liquid environment (here water) for
24 h (center) and 1 week (right. Scale bar= 50 µm. (b) Optical microscope images of Gly-Chi SCA membranes, after 2 (upper
row) and 3 months (lower row) in PBS (left), in 10 mg ml−1 (center) or 100 mg ml−1 (right column) lysozyme solution (in PBS).
Scale bar= 50 µm. (c) Degradation test of Gly-Chi membranes in 10 mg ml−1 and 100 mg ml−1 solution of lysozyme; PBS
(blue) was used as a control condition. Data=mean± SEM, n⩾ 3. (d)–(f) Representative curves for thermal and mechanical
characterization of Gly-Chi (blue lines) and Chi (red lines) membranes. (d) TGA curves for Gly-Chi and Chi membranes (solid
lines). Dashed lines show the first derivative of the relevant solid curves. (e) DSC curves for Gly-Chi and Chi membranes; black
boxes highlight the glass transition event. (f) Stress-strain curves for Gly-Chi and Chi obtained by uniaxial tension stress tests.
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Table 2. TGA, DSC and uniaxial tension stress test average results for Gly-Chi and Chi (as in [14]) membranes; 1 peak values in the first
derivative of the thermogram curve.

Sample
Decomposition
temperature (◦C) 1 Tg (

◦C)
Young’s

modulus (MPa)
Stress at

break (MPa)
Strain at
break (%)

Gly-Chi 192.3± 0.7 100± 10 0.7± 0.1 1.0± 0.4 131± 40
Chi 275.7± 1.4 115± 13 5± 1 5± 1 130± 11

enhanced (P < 0.01/0.001, PBS vs. 10 mg l−1 lyso-
zyme and vs. 100 mg l−1 lysozyme, Bonferroni test).
Overall, our Gly-Chi membranes maintain microto-
pography instructions over time, also in the presence
of scaffold degradation.

The expected plasticizing effects of glycerol on
the Chi films were evaluated by thermogravimet-
ric analysis (TGA), differential scanning calorimetry
(DSC), and uniaxial tension stress tests on Gly-Chi
membranes in comparison to those of pure Chi
(data are summarized in table 2). The TGA ther-
mograms of pure Chi and of the Gly-Chi mem-
branes are shown in figure 2(d). As expected, the
TGA curve of Chi and Gly-Chi films showed two
stages of weight loss. Overall, Gly-Chi films show a
reduced thermal stability; however, decomposition
occurs at temperatures well above the envisioned
working temperature of the final scaffold. DSC ana-
lysis (figure 2(e)) revealed an average glass transition
temperature (Tg) of about 115 ◦C for the pure Chi
membranes. The addition of glycerol caused a drop of
the average Tg to about 100 ◦C. This is in good agree-
ment with the plasticizing effect exerted by glycerol,
whose presence can interfere with the packing of the
Chi chains [21]. Figure 2(f) shows a typical stress–
strain curve for a Gly-Chi membrane, in comparison
with a pure hydrated Chi membrane. Data (table 2)
show that, even if Gly-Chi blended membranes have
a similar average relative strain at break if compared
to Chi ones, Gly-Chi membranes have a significantly
lower Young’s modulus (0.7± 0.1 MPa).

2.3. Effect of Gly-Chi microstructured substrates
on SCmorphology, polarization, YAP activation
and glial markers expression
We tested our Gly-Chi membranes in vitro with
RT4-SCs, a SC line (RT4-D6P2T) stably expressing
the green-fluorescent-protein (GFP), to assess their
ability to direct and improve SC polarization and
migration.

RT4-SCs adhered and grewwell onGly-Chimem-
branes, reaching cell confluence on Gly-Chi mem-
branes in standard times. We analyzed the morpho-
logy of RT4-SCs cultured on our films by stain-
ing cells for nuclei, actin fibers, and cell–cell junc-
tions (figures 3(a) and (h)). We quantified two nuc-
lear shape-defining parameters: alignment angle◦; (in
respect to the pattern orientation; figure 3(b)) and
aspect ratio (ratio of its major axis to its minor

axis; figure 3(c)). Nuclei aligned along GR and SCA
patterns, at a similar extent (FLAT 43 ± 2◦, GR
12± 1◦, SCA 16± 2◦; P< 0.001 vs. FLAT, Bonferroni
test; figure 3(b)), and were more elongated accord-
ingly (P < 0.05 GR and SCA vs. FLAT, Bonferroni
test; figure 3 (c), while on FLAT nuclei were roun-
ded shaped. We then analyzed the organization of the
cytoskeleton in RT4-SC layers on our Gly-Chi mem-
branes. Actin fibers orientationwas quantified by Fast
Fourier Transform (FFT) analysis of the fluorescent
images, which returns the actin fibers’ signal disper-
sion (i.e. indicator for the angular spread of the actin
fluorescence signal) and directionality (an indicator
for the overall degree of orientation of the cytoskel-
eton fibers, here normalized versus the underlying
pattern direction) (figures 3(d) and (e)). As expected,
both the patterns were highly efficient in orientating
RT4-SC actin fibers (P < 0.001 vs. FLAT, Bonferroni
test), while on the FLAT cells were randomly orient-
ated (average angle≈45◦; figure 3(d)). GR decreased
significantly the dispersion of actin signal (P < 0.05,
FLAT vs. GR, Bonferroni test), by highly polarizing
the fibers along the GR pattern, while SCA was not
efficient in this framework and presented intermedi-
ate values (figure 3(e)).

We then investigated the effects of topography on
cell–cell interactions, by looking at the adherent junc-
tions via β-Catenin andN-Cadherinmarkers’ expres-
sion (figures 3(a) and (h)). Both β-Catenin and N-
Cadherin expression pattern was analyzed using the
same method presented for actin. The localization
of β-Catenin developed oriented and aligned to the
patterns, while it appeared randomly organized on
FLAT. We found that both GR and SCA guided β-
Catenin orientation (P < 0.01 vs. FLAT, Bonferroni
test; figure 3(f)), however they had almost no impact
on its dispersion (figure 3(g)), leaving a high degree of
freedom to β-Catenin organization. We observed an
analogous behavior on the signal distribution of the
N-Cadherin (figures 3(i)–(l)), confirming the orient-
ation of cell–cell junctions on both GR and SCA, at a
similar extent.

Overall, Gly-Chi membranes are well suitable
substrates for SCs. These data demonstrate that both
GR and SCA Gly-Chi membranes are effective in
inducing SC polarization and alignment along the
patterns, at nuclear, cytoskeleton, and cell–cell junc-
tions’ levels. The more asymmetric pattern, SCA, just
leaves a higher degree of freedom to cell cytoskeleton,
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Figure 3. RT4-Schwann cell morphological analysis. (a) Confocal images of RT4-SCs cultured on FLAT, GR and SCA Gly-Chi
membranes: from left to right, nuclei (blue), with patterns’ bright field inserts, actin fibres (red), and β-Catenin (green); scale
bar= 20 µm. (b), (c) Nuclear morphological analysis: nucleus alignment angle (δ) (b) and aspect ratio (AR; nuclear Major
axis/minor axis) (c) of RT4-SCs on GR and SCA Gly-Chi membranes, and on the FLAT control. (d), (e) Actin fibers cytoskeleton
organization analysis: actin fibers directionality (d) and dispersion (e) of RT4-SCs on GR and SCA membranes and on the FLAT
control. (f),(g) Analysis of β-Catenin positive cell–cell junctions’ organization: β-Catenin directionality (f) and dispersion (g) for
RT4-SCs cultured on GR and SCA membranes and on the FLAT control. ∗/∗∗∗ P < 0.05/0.001, One-Way ANOVA, Bonferroni
test. Data=mean± SEM, n⩾ 3. (h) Confocal images of RT4-SCs cultured on FLAT, GR and SCA Gly-Chi membranes: from left
to right, actin fibers & nuclei (red-blue), with patterns’ bright field inserts, N-Cadherin (green) and YAP (yellow); scale
bar= 20 µm. (i), (l) Analysis of N-Cad positive cell–cell junctions’ organization: N-Cad directionality (i) and dispersion (l) for
RT4-SCs cultured on GR and SCA membranes and on the FLAT control. (m) YAP intracellular localization: YAP activation is
reported as YAP nuclear/cytoplasmic ratio on different substrates. (n) Glial markers expression analysis by qRT-PCR: S100 and
MBP. Graphs show normalized relative quantification using TBP as housekeeping gene; data are normalized to cells grown on
standard plastic well plates (CTRL). ∗∗∗ P < 0.001, One-Way ANOVA, Bonferroni test. Data=mean± SEM, n= 3.

showing a higher dispersion of the actin fibers signal.
Altogether, these data demonstrate that soft Gly-Chi
directional patterns guide RT4-SCs, but RT4-SCs are
not influenced by their asymmetry level.

We finally investigated the involvement of
YAP/TAZ signaling in cell contact guidance on our
soft Gly-Chi topographies. Once activated by mech-
anical signals, YAP concentrates into the nucleus, thus
we performed immunostaining for YAP to investigate
its intracellular localization in response to the dif-
ferent Gly-Chi topographies (figures 3(h) and (m)).
The nuclear/cytoplasm YAP ratio was similar on the
different substrates (figure 3(m)).

Finally, the mRNA expression level of glial mark-
ers, S100 and myelin basic protein (MBP), and
of brain-derived neurotrophic factor (BDNF) was
examined by quantitative real-time PCR (qRT-PCR)

in RT4-SCs cultured on our FLAT, GR and SCA
Gly-Chi membranes. S100 resulted well and equally
expressed in RT4-SCs cultured on the different
Gly-Chi patterns and on the standard plastic plate
(figure 3(n)). The expression of MBP was also stable
but really low in our RT4-SCs (figure 3(n)). Similarly,
the mRNA expression level of BDNF was also really
low in our samples (figure S1(a)). We also per-
formed additional analysis (n = 2) using HPRT1 as
housekeeping gene, and we obtained the same res-
ults (figures S1(b)–(d)). In conclusion, data confirm
that RT4-SCs are not influenced by the different topo-
graphies on softer Gly-Chi membranes.

Our previous work [14] indicated the presence of
an asymmetric protrusion organization and a con-
sequent asymmetric cell contractility status in RT4-
SCs growing on SCA topographies made of full Chi.

6



Biomed. Mater. 19 (2024) 065005 L Scaccini et al

Figure 4. Cell asymmetry on SCA membranes. (a) Confocal
representative images of single RT4-SCs cultured on GR
(left) and SCA (right) Gly-Chi membranes and stained for
actin fibers (red), with protrusion area drawn in yellow;
scale bar= 20 µm. (b) Cell protrusion size asymmetry
index: the ratio of protrusions’ area (the ratio between the
area of the bigger cell’s protrusion over the minor one), as
parameter of cell-ends asymmetry; # P < 0.05 SCA vs. GR,
Student’s t-test. (c) Cell protrusion F-Actin asymmetry
index: the ratio of actin fibers’ intensity between the two
cell protrusions (i.e. the actin fibers’ mean intensity of the
bigger protrusion and the minor one, for each cell), as
parameter of cell-ends contractility asymmetry.
Data=mean± SEM, n⩾ 3.

We analyzed the terminal protrusions of RT4-SCs on
Gly-Chi films, by measuring the ratio between the
two cell protrusions’ areas (figure 4(a)). We quanti-
fied this cell-ends size asymmetry index by calculat-
ing the ratio between the bigger side and the minor
one of each cell (i.e. therefore the ratio is always >1,
even if the two sides have similar cell-end areas). RT4-
SCs were mainly bipolarized on Gly-Chi patterns, as
expected. The two main cytoplasmatic protrusions
extend almost equally in both side of the cells on GR,
resulting in a similar area of both edges. As expec-
ted, on SCA instead one cell end was consistently lar-
ger than the other, and here the substrate asymmetry
leaded to an increase in the area asymmetry ratio
between the two protrusion edges in cells (P < 0.05
SCA vs. GR, Student’s t-test; figure 4(b)). We then
analyzed the intensity of actin fibers, by quantifying
the ratio of the actin signal intensity between the two
cell-ends for each cell, such as an index of actin con-
tractility asymmetry. We found no difference both in
GR and SCA (figure 4(c)).

Overall, SCA induces the establishment of asym-
metric cell fronts in RT4-SCs, caused by the local
topographical differences encountered by each cyto-
plasmatic protrusion during cell motion, but not an
asymmetric actin organization.

2.4. SCmigration along Gly-Chi microstructured
substrates
The migration of single RT4-SCs on Gly-Chi mem-
branes was tested (figure 5(a)). Cells migrated mostly

parallel to the main axes of the topographies, while
maintained a random walk on flat membranes:
the percentage of parallel (±15◦) steps increased
(figure 5(b)) from 18 ± 1% for FLAT (i.e. for ran-
dommotionwith an arbitrary reference direction, the
aligned steps would theoretically be 20%) to 56± 9%
for GR, and 45 ± 10% for SCA (P < 0.001 vs. FLAT,
Bonferroni test). Accordingly, the migration along
the perpendicular direction was significantly inhib-
ited and the number of perpendicular steps decreased
below 5% on both GR and SCA (P < 0.001 vs. FLAT;
figure 5(b)).

Regarding the persistence of the cell motion
along one direction of a migration path (i.e. in par-
allel to the pattern), RT4-SCs persisted for more
time migrating on one specific direction on GR
(74.4± 2.4% steps; P< 0.05 GR vs. FLAT, Bonferroni
test) but only at a minor extent on SCA (70 ± 3%
steps), and FLAT condition (63.9 ± 2.2% steps)
(figure 5(c)). RT4-SCs moved significantly faster
alongGR and SCApatterns (V∥ = 51.4± 6.4µmh−1,
and 43.3 ± 5.5 µm h−1, respectively) compared to
FLAT (V = 25.4 ± 4.5 µm h−1 ; P < 0.05 vs.
FLAT, Bonferroni test) (figure 5(d)). Generally, GR
(269± 28 µm) and SCA (196± 74 µm)Gly-Chi films
had only a mild positive effect on the final cell dis-
placement compared to FLAT (77± 46 µm; P < 0.05
GR vs. FLAT, Bonferroni-selected test). Overall, both
GR and SCAGly-Chimembranes direct and speed up
single RT4-SCmigration along the patterns (in terms
of parallel steps and speed).However, themigration at
single cell level was not significantly improved, either
tuned by the asymmetry in the pattern. Here, the best
performing pattern is GR, that promotes cell direc-
tional displacement and higher persistence along one
direction of migration.

We then performed wound healing experiments
(figure 5(e)). The cell collective migration was
observed via time-lapse microscopy up to wound
closure, and the wound area was reported as the per-
centage of wound area present at t = 5 h compared
to the initial (t = 0) wound area. The initial gap
mean width was similar between different substrates
(291 ± 24 µm for GR, 319 ± 31 µm for SCA and
290 ± 56 µm for FLAT). The microstructured Gly-
Chi membranes induced a faster collective migration
into the gap: after 5 h the wound area was already sig-
nificantly reduced on both GR and SCA (P < 0.05
vs. FLAT, Bonferroni test, figure 5(f)), with no fur-
ther effects of the pattern asymmetry. The number of
cells on Gly-Chi substrates was quantified at t = 24
and 48 h, and the cell proliferation was similar on the
different substrates (figure S2(a)).

The wound area closure in time (figure 5(g)) pro-
ceeded fast on Gly-Chi membranes. As a comparison,
we report that the wound area on correspondent Chi
100%-membranes (seeded in the same conditions
and with similar initial gaps, as in [14]; figure 5(g))
was still significantly bigger after 10 h in comparison
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Figure 5. RT4-Schwann cell migration. (a)–(d) Single cell migration: (a) Representative bright-field images of RT4-SCs’ migration
paths (colored tracks) on FLAT, GR and SCA Gly-Chi membranes. Migration was followed by time-lapse microscopy for 20 h;
scale bar= 100 µm. (b)–(d) Single cell migration analysis (data=mean± SEM, n⩾ 3): (b) Percentage of parallel (i.e.± 15◦ in
respect to pattern main direction; white columns) and perpendicular (i.e. 5◦–105◦ in respect to pattern main direction; grey
columns) steps, in respect to the topography orientation: ∗∗∗ P < 0.001 FLAT vs. GR and SCA, One-Way ANOVA, Bonferroni
test. (c) Persistence: percentage of parallel steps in the same direction of migration: ∗ P < 0.05 SCA vs. FLAT, One-Way ANOVA.
Dunnett’s test. (d) Average cell speed in the parallel direction (±15◦ in respect to pattern main axis; V //, in µm h−1): ∗ P < 0.05
vs. FLAT, One-Way ANOVA, Bonferroni test. (e), (f) Collective cell migration: e) Fluorescence microscopy images of wound
healing experiments, at t = 0 h and t = 5 h from the gap opening. RT4-SC nuclei are visible in green (GFP) on FLAT, GR and
SCA Gly-Chi films; scale bar= 100 µm. (f) Wound healing analysis: the percentage of wound area at t = 5 h was reported as % in
respect to the initial wound area (t = 0). ∗ P < 0.05 FLAT vs. SCA, One-Way ANOVA, Bonferroni test. Data=mean± SEM,
n⩾ 3. (g) The percentage of wound area on Gly-Chi membranes (grey-black samples) in time: as comparison we report the
correspondent wound area on full Chi membranes at 10 h (in the same conditions; red samples). ### P < 0.001 FLAT vs.
FLAT-Chi100%, # P < 0.05 GR/SCA vs. respective GR/SCA-Chi100%, Student’s t-test. Data=mean± SEM, n⩾ 3.

to the correspondent topography on Gly-Chi films
after 5 h (P < 0.001 FLAT Gly-Chi vs. FLAT Chi;
P < 0.05 GR Gly-Chi vs. GR Chi and SCA Gly-Chi
vs. SCA Chi; Student’s t-test).

Here, both GR and SCA Gly-Chi films signific-
antly boost collective RT4-SC cell migration. Overall,
glycerol blending is particularly effective in improv-
ing SC wound healing.

3. Discussion

In this work, we developed Gly-Chi soft membranes
structured with reproducible directional and asym-
metric micro-topographies, via a solvent-free and RT
process. The Gly-Chi membranes present not only
stable topographic features but also optimal mech-
anical compliance for SCs. Indeed, the blend’s final
Young’s modulus of 0.7 MPa closely approaches the
physiological stiffness of nerve tissues. Both Gly-Chi
GR and SCA topographies are effective in inducing
RT4-SCs nuclear and cytoskeletal alignment to the
pattern, tuning their cell–cell junctions with a cer-
tain degree of freedom, and directing cell migration
accordingly. The asymmetry in the directional pat-
tern (i.e. SCA), however, does not influence RT4-SCs
behavior, at the level of morphology, YAP activation

and glial markers expression, and, in particular, does
not induce an asymmetric organization of actin fibers
at the cell leading edges. Importantly, Gly-Chi soft
membranes improve per se the cell collective migra-
tion performance of RT4-SCs.

Although Chi has demonstrated to be an inter-
esting material for biomedical applications, for its
biocompatibility, non-immunogenicity, and biode-
gradability, pure Chi membranes are rigid [35] and
tend to break easily, thus being not ideal to be used
as scaffolds for regenerative medicine. Here, glycerol
was used as an effective plasticizer, as it is known
that it helps the reduction of the natural stiffness of
Chi. Since Chi is a semicrystalline polymer, this effect
can be attributed to crystalline disorder induced by
glycerol and by the water molecules that this hydro-
philic additive attracts within the polymeric matrix
[20]. Thanks to its low molecular weight and small
size, glycerol can easily penetrate between the Chi
chains. The three—OH groups allow glycerol form-
ing stable hydrogen bonds with Chi while increasing
the chains mobility, thus making the Gly-Chi matrix
bothmore flexible and hydrophilic. We tested various
concentrations of Gly, ranging from≈ 5 to 20%. The
decision to use a 10% v/v concentration depends on
the fact that this is the higher concentration able to
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not compromise our GR and SCA topographical fea-
tures and their structural integrity. At Gly concentra-
tions higher than 10%, we observed Gly-Chi mem-
branes that lose their coherence, leading to the loss
of the superficial microstructures after the treatment
with the neutralizing solution. ForGly concentrations
⩽10%, we did not observe any change in the consist-
ency of the material and in the micro-structured fea-
tures. Importantly, the stiffness of our 10% glycerol-
Chi membranes is almost seven times smaller than
the value of pure Chi [35], with a value approaching
the physiological value of nerve tissues (≈ 0.5 MPa
[34]). The thermal characterization proved that gly-
cerol lowers the matrix Tg: the DSC curves showed
a shift in Tg from about 115 ◦C to 100 ◦C, thus
the matrix still is in its glassy state when used at
RT or under physiological conditions. TGA experi-
ments revealed that the presence of glycerol signific-
antly alters the onset of the degradation temperature.
For Chi samples, the first weight loss stage occurred
in the range 50 ◦C–100 ◦C and was mainly attrib-
uted to the evaporation of water molecules or resid-
ual acetic acid [36], with a weight loss of about 10%;
then the primary degradation of Chi started at about
253 ◦C, leading to complete degradation at 450 ◦C,
with a weight loss of about 40%, as expected [37].
On the other side, the thermogram of Gly-Chi mem-
branes showed the same initial weight loss due to
water and acetic acid evaporation, then the polymer
decomposition stage occurred between 150 ◦C and
310 ◦C, with a weight loss of about 80%. This marked
difference in terms of residual weight at 700 ◦C can
be related to different aspects, including the lower
thermal stability of Gly in comparison to Chi, Gly
hygroscopic nature, as well as a weakening of inter-
molecular hydrogen bonds between Chi chains as a
consequence of Gly plasticizing effect. The small band
around 290 ◦C can be attributed to the evaporation of
glycerol molecules. In Gly-Chi membranes, then, the
decomposition temperature under inert atmosphere
drops by more than 80 ◦C; however, this value falls
well beyond the expected working temperature range
of the final devices (≈37 ◦C), and operatively the
presence of the plasticizer has no adverse effects on
the properties of the matrix.

Our membranes were obtained through a solvent
casting procedure, starting from silica molds and
using intermediate PDMS molds. This double-step
procedure presents the advantages already discussed
in [35]. After the drying process of the Gly-Chi mem-
branes, a deprotonation of the amine groups with a
0.5% NaOH solution is necessary (i.e. to avoid the
solubilization in water solutions). This concentration
and time treatment allows a non-aggressive process.
The resulting dimensionality shrinkage (≈25%) of
Gly-Chi topographies can be attributed to a release

of water from the bulk structure. However, the smal-
ler period size obtained (ridge+ groove period≈7.5–
8 µm for films in liquid conditions, in respect to the
original 10 µmperiod) fits the size for a contact guid-
ance mode (i.e. structures with a shorter period than
the cell body diameter) of interaction between the
substrates and SC cells, which was demonstrated to
be particularly effective in wound healing perform-
ance according to our previous work [15].

We simulated the exposure of our membranes to
physiological conditions, using lysozyme solutions at
increasing concentrations, as it is known that lyso-
zyme is overexpressed in the PNI environment [38].
Our microstructured Gly-Chi membranes are able to
retain the superficial patterns stably over time, up to
3 months. This feature is requested for nerve regener-
ative applications, as the regeneration process needs
months to be correctly carried out [39].

We tested our membranes in vitro with a SCs
model. Here, both GR and SCA topographies
improved a directional and farther displacement of
RT4-SCs equally, and GR was almost the most effi-
cient substrate in increasing cells’ speed and persist-
ence in one direction of migration. Overall, RT4-SCs
were guided by both our directional Gly-Chi micro-
topographies but they did not respond to the patterns’
different asymmetry, as we found instead on fully Chi
membranes with the almost same topographies [14].
We demonstrated previously that SCA pattern(i.e.
the directional topographies with the higher degree
of asymmetry) in pure Chi substrates induces SC
bipolarization and the establishment of asymmet-
ric cell fronts with different actin fibers content at
the cell’s edges, and proposed that this mechan-
ism improves in turn the RT4-SCs migration per-
formance on SCA [14]. Here, SCA Gly-Chi films
induced cell bipolarization, and the establishment
of asymmetric edges (in size) but not an asymmet-
ric actin fibers content between the two cell edges
(figure 4(b)). These data suggest that the lack of a
leading edge with a higher fibers’ content in RT4-
SCs on SCA Gly-Chi films is related to the loss of
SCA primacy in inducing directional persistence in
migration. The equal level of actin fibers between
the cell tips can explain the loss of the asymmetry’s
influence of the pattern’s asymmetry and the absence
of enhanced single cell migration on SCA Gly-Chi
substrates. Our data suggest that the low(er) stiffness
of Gly-Chi membranes abolish the influence of the
asymmetry of the directional pattern on RT4-SCs.
In line with this, SCs are capable of durotaxis, and
highly sensitive detectors of mechanical heterogen-
eity. Previous works which studied the influence of
substrate stiffness on the behavior and functions of
SCs showed that SCs: do not migrate differently on
uniform substrates of different stiffness but respond
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differently to stiffness gradients [32]; present an
optimal elastic modulus value responsible for the
best SC migration behavior (i.e. 7.45 kPa), more
than a dependency between the stiffness and the SC
responses [40].

If we compare the morphological parameters of
RT4-SCs on Gly-Chi membranes versus the same
cells on Chi membranes with same microtopograph-
ies (from [14]), we find that onGly-Chi films: (i) nuc-
lei present similar alignment angle but a lower nuc-
lear elongation (P = 0.05 Gly-Chi GR vs. Chi GR,
P < 0.001 Gly-Chi SCA vs. Chi SCA, Student’s t-test;
figure S2(b)); (ii) actin fibers are similarly organized
for alignment and dispersion (figure S2(c)); (iii) the
cell edges show a reduction of both area asymmetry
ratio (P < 0.01 Gly-Chi GR vs. Chi GR, and Gly-
Chi SCA vs. Chi SCA; Student’s t-test; figure S2(d))
and actin fibers’ asymmetry ratio (P < 0.01 GR vs.
GR and SCA vs. SCA; Student’s t-test; figure S2(e)).
Comparing the migration of single RT4-SCs figures
S2(f)–(h), on Gly-Chi membranes there is: (i) no dif-
ference in the cell guidance along the pattern main
direction; (ii) almost no difference in the persistence
of cells’ motion, even if SCA show a decreasing trend
in this value (P = 0.06 Gly-Chi SCA vs. Chi SCA,
Student’s t-test); (iii) a reduction in the cell speed, in
particular on Flat and SCA (P< 0.05 Gly-Chi Flat vs.
Chi Flat, and Gly-Chi SCA vs. Chi SCA, Student’s t-
test), while not onGR. Importantly, Gly-Chi films sig-
nificantly boostedRT4-SCs collectivemigration com-
pared to Chi films (figure 5(g)). Overall, a direct com-
parison indicates that on Gly-Chi membranes with
lower stiffness the influence of the asymmetry of SCA
pattern on RT4-SCs is almost abolished. However,
altogether these experiments indicate that both GR
and SCA Gly-Chi films are efficient in guiding SCs
and improve their wound healing.

We can speculate that in this framework the role
of actin cytoskeleton is relevant, in fact cell migration
ismediated by actin contractility. It is generally accep-
ted that stiff substrates facilitate faster and more dir-
ectional cell polarization and faster migration [41],
because cells can better generate the necessary trac-
tion forces, leading to the formation of larger focal
adhesions and a more extensive cytoskeletal network.
On the other end, on soft(er) substrates the actin
cytoskeleton is highly dynamic, leading to a decrease
of tension [42]. Comparing the morphological para-
meters of RT4-SCs on Gly-Chi membranes versus
the same cells on pure Chi membranes with similar
microtopographies (figure S2), cells showed reduced
nuclear polarization, and reduced asymmetric organ-
ization of the edges, in line with the general rule.
Moreover, on Gly-Chi substrates, RT4-SCs at single
level migrated almost slower than on the stiffer pure
Chi membranes (figure S2(h)), in line with this gen-
eral expected cells’ behavior [42]. When comparing

the collective cell migration data after 10 h on Gly-
Chi versus Chi membranes, we find a substantial
difference: their wound healing was importantly
improved. The differentmigration responses at single
and collective levels on Gly-Chi substrates call in
cause the cell–cell interactions, as previously in our
experience. We indeed showed that GR topograph-
ies in the regime of contact guidance mode (i.e. line
width < cell soma, ≈ 2–4 µm) were more effective
in inducing wound healing, thus allowing higher N-
Cadherin cell–cell contacts [15]. Here, again the cell–
cell interactions likely play a role in the migration
behavior. When cells grow in a monolayer, they form
adherents junctions which are mediated by proteins
like cadherins and catenins and link the actin cyto-
skeleton of adjacent cells. N-/E-Cadherin forms the
core of the SCs adherens junctions and requires asso-
ciationwith its cytoplasmic partnerβ-Catenin, which
provides a link to the cytoskeleton [43] and interact
with Hippo/YAP pathway [44]. As expected, here N-
Cad-positive junctions resemble the β-Catenin sig-
nal. Both β-Catenin and N-Cadherin signals in RT4-
SCs were well polarized by GR and SCA Gly-Chi,
but maintained a high dispersion (i.e. almost similar
to flat substrates), thus suggesting optimal cell–cell
interactions and well distributed cell-to-cytoskeleton
spots on RT4-SCs cell layers on our low-stiffness
substrates. Gly-Chi microstructured substrates, more
compliant with the physico-mechanical features of
nervous tissues in vivo, highly contributes to the faster
wound healing of RT4-SCs.

We also decided to look at the YAP activation
in response to the different Gly-Chi topograph-
ies, because this protein (i.e. a transcriptional co-
regulator that regulates gene transcription) is known
for its association with the acto-myosin cytoskeleton
and N-cadherin and β-catenin in the transduction
of mechanical stimuli. Mechanical stimuli (e.g. N-
cadherin mediated cell adhesion) activate Yap activ-
ity by its phosphorylation, which in turn relocates Yap
to the nucleus [44]. Previously, we demonstrated that
PC12 cells have an increased YAP nuclear localiza-
tion (and hence YAP activation) if cultured on nano-
grating topographies (line width 100–500 nm), with
respect to those on Flat substrates [45]. However, here
the different geometries of Gly-Chi membranes were
not able to tune YAP nuclear translocation and over-
all, YAP does not seem relevant in RT4-SCs contact
guidance response on Gly-Chi substrates.

RT4-SCc grown on Gly-Chi well expressed S100
mRNA, as expected for these cells [46]. The expres-
sion levels of MBP and BDNF (that can be produced
by SCs, supporting their migration [47]) showed a
high variability, which is probably dependent on the
very low expression of these genes in our RT4-SCs:
in fact, these results showed always Ct values > 35.
In conclusion, the levels of glial markers’ expression
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either the expression (production) of BDNF in RT4-
SCs are not influenced by the Gly-Chi membranes or
by their different geometries.

Overall, the possibility to produce Gly-Chi soft
films with stable directional micro-topographies,
both GR and SCA, can be useful for applications in
peripheral nerve regeneration, as mechanically com-
pliant and micro-structured materials could be of
particular interest in creating a new generation of
improved conduit scaffolds.

3.1. Conclusions
In this work, we show that soft microstructured Gly-
Chi membranes can be produced through a simple,
cheap and reproducible solvent casting procedure.
Our membranes and their superficial micropatterns
are stable over time for several months, also in sim-
ulated physiological conditions. The 10% glycerol
blending reduces importantly the stiffness of the
material while the superficial microstructures, even
though presenting a slight reduction in their dimen-
sions (≈22%), are stable and allow an optimal SC
compatibility and guidance in vitro. The two micro-
topographies tested, GR and SCA, led to almost equal
cell migration performance and importantly these
softer GR and SCA Gly-Chi membranes improve sig-
nificantly the collective migration performance of
RT4-SCs compared to pure Chi membranes. Our soft
membranes demonstrated optimal mechanical prop-
erties and in vitro results, compatible with their fur-
ther use in biomedical applications. Here, we demon-
strate that a combination of a soft compliant material
and a topographicalmicropatterning can improve the
integration of these scaffolds with SCs, a fundamental
step in the peripheral nerve regeneration process.

4. Material andmethods

4.1. Micro-patternedmolds and
polydimethilsiloxane intermediate molds
development
The silicon molds were developed through pho-
tolithography technique, as previously described
[14]. The following directional micro-patterns were
developed: GR, with alternating lines of grooves and
ridges; zigzag pattern with SCA. FLAT control pat-
terns were also developed, as control condition. The
GR and SCA patterns were designed with a period
of 10 µm, 4 µm of ridges and 6 µm of grooves, and
depth of 2.5µm. Then PDMS intermediatemold rep-
licas were realized with the silanized silicon molds,
as previously described [14]. The PDMS intermedi-
ate replicas were used for the fabrication of blended
Chi films, through a solvent casting technique.

4.2. Gly-Chi membrane fabrication
The Chi solution 2% w/v was prepared using Chi
mediumweight powder (Sigma-Aldrich, 448877) dis-
solved in acetic acid solution (1% v/v in deionized

water). The solution was stirred overnight at RT
until complete dissolution. The obtained solutionwas
filtered using a Büchner funnel with Perfecte2 filter
paper with a 10 µm cut-off (Superfiltro Milano) and
a vacuum pump, slowly bringing the system to low
pressures (around 250–300 mbar). This solution was
stocked at 4 ◦C formultiple preparations of Chi films.

Glycerol 10% in volume was added fresh to the
Chi solution at each film preparation. The Gly-
Chi solution was stirred for 30 min, until complete
homogeneity. The Gly-Chi solution was sonicated for
15 min just before use and poured on the patterned
area of the PDMS mold, placed in a 35 mm Petri
dish. For each mold (total size around 8 cm2), 0.5 g
of glycerol-Chi solution was used. The molds covered
with glycerol-Chi solution were kept for 72 h under
chemical hood at RT, until the films had completely
dried.

The films were neutralized for 30 min in a 0.5%
w/vNaOHsolution (0.5 gNaOH in 100mLDI-water)
and washed once with phosphate buffered solution
(PBS; Sigma-Aldrich, D8537). Before cell culturing,
Gly-Chimembranes were sterilized by treatment with
ethanol 70% (for 15 min) and then rinsed with sterile
H2OMilli-Q. The membranes were then coated with
a solution of Poly-L-Lysine (PLL 0.007% in water, at
RT for 30 min; Sigma-Aldrich, P4832) for proper cell
adhesion. For selected experiments, we also produced
chitosan membranes (Chi), as previously [14].

4.3. Microtopography characterization by
bright-field imaging
GRand SCAmicrostructuredGly-Chi filmswere ana-
lyzed to ensure the correct transfer of the pattern from
the molds. The Gly-Chi films were imaged using a
20x air Nikon objective (N.A. 0.45, PlanFluor) with
an Eclipse-ti inverted wide-field microscope (Nikon,
Japan).

4.4. AFM
AFM was used to quantitatively analyze the Gly-Chi
membrane patterns with a Bruker Dimension Icon
microscope operating in ScanAsyst mode (Bruker,
Billerica, MA, USA). Samples were measured at RT
and pressure, under air atmosphere. Data were elab-
orated using Gwyddion software (Gwyddion ver-
sion 2.63, Brno, Czech Republic, available at http://
gwyddion.net/) and reported as the mean± standard
deviation (SD) from sets of 4–10 measurements for
each topography type.

4.5. Thermal analysis
TGA was performed on a Q500 instrument (TA
Instruments, New Castle, DE, USA). Samples were
analyzed under a nitrogen flow of 60 ml min−1 in
the temperature range of 30 ◦C–700 ◦C, at a heat-
ing rate of 10 ◦C min−1. Maximum temperatures
(Tmax) were taken as peaks in the first derivative of the
TGA thermograms. DSC analysis was performed on
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a DSC-822 instrument (Mettler-Toledo International
Inc., Columbus, OH, USA). Samples were analyzed in
the temperature range of 25 ◦C–200 ◦C, with a heat-
ing and cooling rate of 10 ◦Cmin-1, under a nitrogen
flow of 80 ml min−1. Polymer glass transition tem-
perature (Tg) was taken at the inflection point in the
first and second heating thermograms.

4.6. Uniaxial tension tests
Mechanical tests were performed on an Instron 5564
uniaxial testing machine (Instron, Norwood, MA,
USA) equipped with a 2 kN load cell. Samples were
fixed to pneumatic tensile clamps by applying a
grippy air pressure of 1.8 atm. An elongation rate
of 1 mm min−1 was applied. Stress was defined
as the measured force divided by the initial cross-
sectional area of the sample. Strain was defined as the
ratio between length variation and initial length, and
reported as %. In the stress–strain curves, the tensile
modulus was calculated as the slope of the initial lin-
ear region, the tensile stress (σT) and strain at break
(εT) were calculated at the breaking point. Six rep-
licates were measured for the analysis and data were
reported as mean± SD.

4.7. Membranes degradation test
The films were neutralized with the protocol
described above, then dried with blotting paper.
After that, they were weighted and submerged in a
lysozyme solution (Thermo Scientific, 89833). We
tested two different concentrations, 10 mg l−1 and
100 mg l−1 . PBS was used as a control. The Gly-Chi
films in solution were kept on a rocking table at 90
rpm at 37 ◦C. The membranes were weighted, after
dryingwith blotting paper, after 3, 7, 14, 21 d and after
1, 2 and 3months. Themembranes were imaged with
a 20x air Nikon objective (N.A. 0.45, PlanFluor) and
Eclipse-Ti inverted wide-field microscope (Nikon,
Japan) after 2 and 3 months.

4.8. SC line culture
For cell-material interaction experiments, the RT4-
D6P2T cell line (ATCC CRL-2768), a Schwannoma
cell line derived from a rat peripheral neuro-tumor
and transduced with a lentivirus to stably express the
GFP, was used [14, 46, 48]; these cells were kindly
provided by Prof. Giovanna Gambarotta (Univ. of
Turin, Italy).

RT4-D6P2T-GFP SCs (hereinafter referred to as
RT4-SCs) were cultured and maintained at 37 ◦C
in a humidified atmosphere of 5% CO2/air, in
Dulbecco’s modified Eagle’s medium supplemen-
ted with 4.5 g l−1 glucose, 100 U ml−1 penicillin,
100 µg ml−1 streptomycin, 0.11 g l−1 sodium pyr-
uvate, 4 mM L-glutamine, and 10% heat-inactivated
fetal bovine serum. All products were by Thermo-
Fisher Scientific (Waltham, MA, USA).

4.9. Single cell migration experiments
RT4-SCs were seeded on FLAT, GR, and SCA Chi-
glycerol films at a concentration of 10 000 cells cm−2.
After 24 h, living-cell imaging was performed using
a 20x air Nikon objective (N.A. 0.45, PlanFluor) and
Eclipse-Ti inverted wide-field microscope (Nikon,
Japan) equipped with a perfect focus system, an
incubating chamber (Okolab, Italy) and a CCD
ORCA R2 (Hamamatzu, Japan). Bright-field and
fluorescent images were acquired for 20 h, sampling
every 10min. Trackswere traced onGFP-fluorescence
images and analyzed with the ImageJ manual track-
ing plugin MTrack, and by a custom-made Matlab
script, as in Scaccini 2021. The following parameters
were measured: (1)-migration steps (dS; correspond-
ing to the cell motion calculated in 10 min): step vec-
tors were analyzed along two directions, and dS was
considered parallel (dS∥) if the angle between the step
and the GRwas between 0◦ and 15◦, while it was con-
sidered perpendicular (dS⊥) for angle between 75◦

and 90◦. The amount of parallel or perpendicular dS
was reported as percentage over the dS total num-
ber. (2)- cell displacement (the distance, in µm, from
the origin after 15 h). (3)- average cell speed (V, in
µm h−1): as previously for dS, the average speed was
also quantified as parallel (V∥); (4)- persistence (the
percentage of parallel steps in the predominant direc-
tion of migration of the cells), such as an indicator of
the probability of the cell to persist in one direction
of migration instead of reverting it, along the main
axis of the pattern. At least, 15 cells per conditionwere
tracked for each substrate. We performed n= 3 inde-
pendent experiment for each condition.

4.10. Wound healing experiments
Wound healing measurements were performed on
monolayers of RT4-SCs, on Gly-Chimembranes. The
cells were seeded on Chi films in twomonolayers sep-
arated by a gap (average sizeWmean = 300 ± 61 µm,
mean ± SD) perpendicular to the pattern (or along
a random direction in the case of FLAT mem-
branes) thanks to PDMS culture-inserts with 2
wells (81176, IBIDI GMBH), at a concentration of
80 000 cells cm−2. The day after, the PDMS culture-
inserts were removed (t = 0) and images were
acquired using a Nikon-Ti wide field microscope (see
above) by using a 20x objective (Nikon).Wound heal-
ing time series were recorded by time-lapse micro-
scopy and the wound area was measured in time until
closure (around 9–10 h). The percentage of area clos-
ure after 5 h was finally reported. At least, n= 3 inde-
pendent experiments were performed for each sub-
strate type. As comparison, we also quantified the
wound area after 10 h on Chi membranes, from [14].

4.11. Immunostaining and confocal imaging
RT4-SCs were grown for 3 d on FLAT, GR, and
SCA Gly-Chi membranes, then fixed for 15 min

12



Biomed. Mater. 19 (2024) 065005 L Scaccini et al

in 4% paraformaldehyde in PBS at RT and pro-
cessed as previously reported [14]. Cells were stained
with primary antibodies in GDB buffer (0.2% BSA,
0.8 M NaCl, 0.5% Triton X-100, 30 mM phos-
phate buffer, pH 7.4) containing phalloidin-Alexa647
(Invitrogen A22287; 1:40) to stain actin fibers (F-
Actin), overnight at 4 ◦C. Primary antibodies: anti-
β-Catenin (Non-phospho (Active) β-Catenin, Cell
Signalling, 8814 S, 1:100, rabbit); anti-N-Cadherin
(N-Cad; BDTransduction Lab, codice; 1:150,mouse);
anti-YAP1 antibody (YAP, AbCam ab39361; 1:500).
Samples were thenwashed and incubatedwith appro-
priate AlexaFluor Plus-488 or −594 conjugated sec-
ondary antibodies (ThermoFisher; 1:100) in GDB
for 1 h at RT. After washing, samples were moun-
ted using Fluoroshield histology mounting medium
with 4′,6-diamidino-2-phenylindole (DAPI) (Sigma-
Aldrich, F6182).

The samples were imaged using a Zeiss LSM 800
(Jena, 439 Germany) inverted confocal microscope
with a 40 × 1.5 numerical aperture oil immersion
objective using 3 laser lines (405, 561, and 647 nm).
The pinhole aperturewas set at 1.0 airy. Each reported
confocal image was obtained from a z-series (stack-
depth was within 10 µm; steps= 1 µm).

Each reported confocal image was obtained
from a z-series (stack-depth was within 10 µm;
steps = 1 µm). The resulting z-stack was processed
by ImageJ software (NIH, USA) into a single image
using ‘z-project’ and ‘Max intensity’ options. The
confocal settings were kept the same for all scans
when fluorescence intensity was compared.

4.12. Cell morphological analysis
The confocal images of actin fibers were used to eval-
uate protrusions morphology by ImageJ (NIH), as in
[14]. The orientation of the patterns was measured
by the ‘Angle tool’ of ImageJ. Cell protrusions’ con-
tours were drawn by the ‘Polygon selection’ tool and
analyzed by the ‘Measurement’ tool (with the options
‘Area’, and ‘Mean gray value’). Being almost all cells
bipolarized on micro-patterns, the parameters meas-
ured in this analysis were: the ratio of protrusions’
area (the ratio between the area of the two cell’s pro-
trusions, the bigger one over the minor one), as para-
meter of cell-ends asymmetry; the ratio of actin signal
intensity between the two cell protrusions (the ratio
between the actinmean intensity of the bigger protru-
sion and the minor one, for each cell), as parameter
of cell-ends contractility asymmetry. Each protrusion’s
areawas drawnwith a fixed length of 15µm(i.e. along
the cell & underlying pattern main axis, in soma dir-
ection), with the aim to analyze the same segment in
all cells and to avoid soma compartment. At least 12
cells were analyzed per sample.

RT4-SC nucleus, cytoskeleton and cell–cell
junctions’ organization were quantified as in [14].
We analyzed the actin fibers, β-Catenin and N-Cad

fluorescence signals with the ‘Directionality’ tool
of the software FIJI (http://fiji.sc/Fiji). This plugin
returned a directionality histogram by exploiting
image FFT algorithms: isotropic images generate a
flat histogram, whereas oriented images give a peaked
histogram. These histograms were finally fitted by
Gaussian curves that returned two parameters, dis-
persion, and directionality (the SD and the center of
the Gaussian curve, respectively), the first represent-
ing the degree of orientation of the image, the second
the direction in which it is oriented (here normalized
to the underlying pattern orientation direction). We
analyzed at least five fields/sample; image dimensions
were kept fixed to 160 × 160 µm2. For nucleus ana-
lysis, the nuclei perimeter was drawn with the ‘Wand
Selection’ tool (that draws an ellipse around the nuc-
lei) and processed with the ‘Measurement’ tool in
ImageJ, and the nuclear aspect ratio and alignment
angle were reported. We analyzed at least 30 nucle-
i/sample.

The YAP signal was quantified by ImageJ as in
[45]. Briefly, the cell or nucleus were drawn as ROI on
the respective F-Actin or DAPI images, and applied to
the correspondent YAP images and here YAP intensity
was measured by the ImageJ ‘Measure’ tool (option
‘mean grey value’) in nuclei and whole-cells minus
nuclei. The values were then reported as the nuclear/-
cellular ratio; at least 20 cells/sample were analyzed.
We performed n ⩾ 3 independent experiments for
each condition.

4.13. RNA isolation, cDNA preparation and
quantitative real-time PCR (qRT-PCR)
Total RNA was isolated using the QIAzol Lysis
Reagent (79306, Qiagen) according to the manufac-
turer’s instructions. RT4-SCs cultured on two Gly-
Chi membranes were put together to form a sample
for each RNA extraction (using 700 µl of QIAzol for
each membrane). Total RNA was extracted using the
miRNeasyMiniKit (Qiagen, 217004), followingman-
ufacturer’s instructions. cDNA was produced using
the iScript™ cDNA Synthesis Kit (Bio-Rad, 1708891),
using 1 µg of total RNA as an input. The reaction
was performed at 25 ◦C 5 min, at 46 ◦C 20 min, at
95 ◦C 1 min. Quantitative real-time PCR was per-
formed using a 7300 Real-Time PCR System (Applied
Biosystems, Life Technologies Europe BV, Italy).
cDNA was diluted four folds in nuclease-free water
and then 50 ng of initial RNAwere analyzed in a 10 µl
reaction volume, containing 5 µLSsoAdvanced™
Universal Inhibitor-Tolerant SYBR® Green Supermix
(1725017, BioRad) with 10 µM forward and reverse
primers.

Dissociation curves were routinely performed to
check for the presence of a single peak corresponding
to the required amplicon. Analysis was performed in
technical and biological triplicate. TheCT valueswere
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then processed by the dCT method: for each candid-
ate gene, the average dCT value are calculated for all
the samples subtracting the averageCT value from the
CT value of the housekeeping gene. Then, the dCT
value is calculated by subtracting the dCT value of
the sample from the dCT value of the control condi-
tion (here standard plastic well). Finally, applying the
equation 2(-ddCt) to all the samples, the expression
of the analyzed genes is expressed in respect to the
control condition, which is equal to 1.We investigated
the expression of glial markers: S100 (forward primer
5′-3′ GGGTGACAAGCACAAGCTGAAGAA, reverse
primer 3′-5′ TTGTCCACCACTTCCTGCTCTTTG),
as in [46]; MBP (FW primer 5′-3′ GGACCCAAGAT-
GAAAACCCAGTAGTCC, RV primer 3′-5′

CCTTTCCTTGGGATGGAGGGGG); BDNF (FW
primer 5′-3′GCGTGTGTGACAGTATTAGCGAGTG,
RV primer 3′-5′ CTTCAGTTGGCCTTTTGATACC-
GGG). Data were analyzed by ∆∆Ct relative quan-
tification method normalizing to the housekeeping
gene Tata-box Binding Protein (TBP) (FW primer
5′-TAAGGCTGGAAGGCCTTGTG-3′; RV primer
5′-TCCAGGAAATAATTCTGGCTCATAG-3′).

4.14. Statistical analysis
All the experiments were repeated at least three times
independently for each condition. Data are repor-
ted as the average value ± the standard error of the
mean (mean ± SEM), unless differently stated. The
mean values obtained in each repeated experiment
were assumed to be normally distributed about the
true mean. One-Way ANOVA (Bonferroni multiple
comparison test) analysis was used, unless differently
stated, to compare Gly-Chi substrates. Student’s t-test
(unpaired) was used to compare two conditions (here,
Gly-Chi vs. Chi-100%). Statistical significance refers
to results where P < 0.05 was obtained.
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