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ABSTRACT: Direct Laser Writing (DLW) is an innovative tool that allows the photofabrication of high resolution 3D
structures, which can be successfully exploited for the study of the physical interactions between cells and substrates. In this work,
we focused our attention on the topographical effects of submicrometric patterned surfaces fabricated via DLW on neuronal cell
behavior. In particular, we designed, prepared, and characterized substrates based on aligned ridges for the promotion of axonal
outgrowth and guidance. We demonstrated that both rat PC12 neuron-like cells and human SH-SYSY derived neurons
differentiate on parallel 2.5 ym spaced submicrometric ridges, being characterized by strongly aligned and significantly longer
neurites with respect to those differentiated on flat control substrates, or on more spaced (5 and 10 ym) ridges. Furthermore, we
detected an increased molecular differentiation toward neurons of the SH-SYSY cells when grown on the submicrometric
patterned substrates. Finally, we observed that the axons can exert forces able of bending the ridges, and we indirectly estimated
the order of magnitude of these forces thanks to scanning probe techniques. Collectively, we showed as submicrometric
structures fabricated by DLW can be used as a useful tool for the study of the axon mechanobiology.

KEYWORDS: Direct Laser Writing, bio/nonbio interfaces, neuronal tissue engineering, nerve regeneration, axonal guidance,

biomechanics

1. INTRODUCTION

Direct Laser Writing (DLW) is a versatile photolithographic
technique that takes advantage of the two-photon polymer-
ization (2pp) of dedicated resists for the fabrication of high-
resolution 2D and 3D structures.' > Furthermore, DLW allows
for a more rapid prototyping of these structures when
compared to more traditional lithography techniques, which
instead require several processing steps.

A number of studies demonstrated as DLW is a promising
tool for the preparation of nanostructured scaffolds suitable for
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cell culturing>™” In particular, substrates obtained by DLW
were used to control the cell behavior as well as to measure the
forces that cells exert on the substrate itself.* "

The ideal material for the preparation of substrates used for
the investigation of these phenomena should be biocompatible
and should allow the photofabrication of flexible structures with
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high reproducibility. Ormocomp (commercially available from
Micro Resist Technology) is a well characterized biocompatible
hybrid polymer,"! exploited for the fabrication of biomedical
microdevices' " and for the preparation of scaffolds in tissue
engineering.M’15 Ormocomp patterned substrates have been
widely used for the in vitro investigation of cell behaviors. As an
example, 2pp of Ormocomp scaffolds characterized by ridges of
different heights was used for the investigation of fibroblast
contact guidance.4 In another work, Ormocomp micropatterns
of different widths and divergence angles were used to
quantitatively investigate fibroblast migration.16 It has also
been demonstrated the possibility to photofabricate Ormo-
comp elastic scaffolds suitable for the measurement of the
cardiomyocyte contraction forces during beating:'® thanks to
this approach, it was possible to infer the magnitude of very
small forces, of a few nN.

In tissue engineering, the exploitation of an appropriate
material for the scaffold fabrication is of paramount importance
but even the substrate tospography is crucial for the proper cell—
substrate interaction.'”'® The control of the surface geometry is
essential for the cellular proliferation, migration, and differ-
entiation toward a specific lineage and eventualléy for particular
cell morphology and function maturation.'*™*° In particular,
the investigation of the microenvironment effects on the neural
differentiation is a particularly interesting topic not only for
tissue engineering but also for regenerative medicine.

Concerning neural tissue engineering, the promotion of the
axonal outgrowth and its guidance toward appropriate targets
are intensively investigated,”®>* since these phenomena play a
key role for the generation of the correct architecture of the
neural network, and are fundamental for the design of eflicient
artificial nerve conduits,>>** as well as for biohybrid neuronal
interfaces manufacturing. During the nervous system develop-
ment, several ghysical and chemical cues direct the neurite
outgrowth.36_3 In particular, in the axonal fasciculation,
growing fibers adhere to pioneer axons and follow their
direction.®® Several studies pretended to reproduce these
stimuli in vitro in order to control the axonal path—ﬁndin%
and to promote the correct neural morphogenesis.***
Concerning mechanical cues, different surface features such as
pillars, grooves, and ridges are able to promote and direct the
axonal elongation in vitro.”~** It has been demonstrated that
axons can interact with surface features of a few hundreds of
nanometers,*> but more pronounced effects on neurite
formation, alignment, and length were obtained when grooves
and ridges have sizes comparable to those of the axons.***’

As previously mentioned, substrates can mechanically
stimulate the cells but, vice versa, cells are conversely able to
exert forces and deform elastic structures. It is possible to infer
the magnitude of these forces by knowing the mechanical
properties of the structures, for example, by deforming them
with calibrated forces through atomic force microscopy (AFM).
Moreover, since the level of the structure deformations directly
depends on the force intensity applied by the cells, it is also
possible to deduce these forces optically, by measuring the
substrate deformation. In this way, micro- or nanotopography
arrays have became a high-throughput and cost-effective tool
for the study of cell mechanobiology.**~>°

In this paper, we propose the DLW technique for the rapid
prototyping of submicrometric structures dedicated to the
study of neuron-substrate interactions. In particular, the aim of
this work is to photofabricate ridges that mimic the physical
presence of other axons and to test the effects of these

topographical cues on the axonal guidance and on the
promotion and improvement of neurite outgrowth. Further-
more, we investigated the effects of the topography cues on the
molecular differentiation of the considered cell lines. Finally, we
were able to measure the deformations of the ridges induced by
the neural branches and thus, thanks to scanning probe
techniques, to indirectly estimate the intensity of the forces
applied by the cells to the substrates.

2. EXPERIMENTAL SECTION

2.1. Substrate Preparation and Characterization. Submicro-
metric patterned surfaces were fabricated by a commercially available
two photon DLW system (Photonic Professional, Nanoscribe GmbH)
equipped with an inverted microscope (Zeiss) and a 100X immersion
objective, numerical aperture = 1.4. Two photons of 790 nm, pulsed at
120 fs, were used to cure a biocompatible UV-curable photoresists
(Ormocomp) on glass coverslips. Single ridges were polymerized on
the glass surface using a laser power of 10 mW and a scan speed of 50
um/s. Aligned ridges at a distance of 10 ym, S um, or 2.5 yum were
thus written (in the following and in the figures respectively named as
substrates 2, 3, and 4; flat control substrate will be indicated as
substrate 1). The unexposed region of the resist was dissolved by
washing the glass coverslips with the Ormodev (Micro Resist
Technology) developer. Finally, coverlips were washed with isopropyl
alcohol and subsequently with deionized water.

Obtained substrates were characterized by scanning electron
microscopy (SEM) and atomic force microscopy (AFM). For SEM
imaging, the substrates were gold-sputtered for 25 s at 60 nA. Imaging
was performed by using a EVO MAI0 (Zeiss). A focused ion beam
(FIB) system (FEI Helios 600) was used to mill the ridge, by using an
accelerating voltage of 30 kV and a milling current of 2 pA.

The AFM acquisitions were carried out with a diINNOVA SPM
system (Bruker) in tapping mode, equipped with a cantilever owning a
tip radius of 8 nm and a full tip cone angle of 40°. The cantilever
elastic constant and the resonance frequency were 46 N/m and 325
kHz, respectively. For the roughness evaluation, a cantilever equipped
with a tip radius of 6 nm was adopted, characterized by an elastic
constant of 5.1 N/m of and by a resonance frequency of 150 kHz.

2.2. Cell Cultures. Two different in vitro neuronal models were
investigated. The PC12 cell line (ATCC CRL-1721) derived from rat
adrenal pheochromocytoma was adopted because of its capability to
reversibly respond to Nerve Growth Factor (NGF) stimulation,
expressing specific neural marker and extending neurites similar to
those of sympathetic neurons.>’ PC12 neuron-like cells were plated on
collagen-coated T-75 flasks and cultured in Dulbecco’s modified Eagle
medium (DMEM) supplemented with 5% fetal bovine serum (FBS),
10% horse serum (HS), 2 mM L-glutamine, 100 U/ml penicillin, and
100 pg/mL streptomycin. The medium was changed every two days
and undifferentiated cells were split 1:3 every S days using trypsin at a
concentration of 0.05% with 0.02% EDTA. For the differentiation
experiments, PC12 cells were plated at a density of 15,000 cell/cm* on
the collagen-coated substrates and maintained for S days in DMEM
supplemented with 1% FBS, 100 ng/mL NGF, 100 U/ml penicillin,
and 100 pg/mL streptomycin. Differentiation medium was replaced
every 2 days.

SH-SYSY human neuroblastoma derived cell line (ATCC CRL-
2266) was adopted as in vitro model of differentiation toward neurons
characterized by adrenergic and cholinergic phenotypes.*> SH-SYSY
cells were cultured in T-75 flask in DMEM/F12 with 10% FBS, 100
U/ml penicillin, and 100 pg/mL streptomycin, and then differentiated
at a density of 20 000 cell/ cm? on the collagen-coated substrates for 5
days in DMEM with 1% FBS, 10 uM all-trans-retinoic acid (RA), 100
U/ml penicillin, and 100 pg/mL streptomycin.

2.3. Biological Testing. After 5 days since differentiation
induction, samples were washed with PBS and then fixed with 4%
paraformaldehyde in PBS at 4 °C for 20 min.

The immunostaining of A3-tubulin was performed following
standard immunocytochemistry procedures, with an incubation of
samples in a 1:75 diluted solution of a rabbit IgG primary antibody in
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Figure 1. Characterization of the substrates fabricated by the two photon polymerization of Ormocomp. (a) SEM acquisitions showing patterned
surfaces characterized by low, intermediate, and high frequency of submicrometric ridges. (b) AFM images of the substrates. (c and d) SEM and

AFM high magnifications of a single ridge.

10% goat serum (Sigma), followed by an incubation with a 1:250
diluted solution of goat Alexa Fluor 488-IgG antirabbit secondary
antibody (Invitrogen). The immunostaining of vinculin was performed
with a 1:50 dilution of the primary mouse IgG antibody (Millipore)
followed by treatment with a 1:50 dilution of the secondary goat
FITC-IgG antimouse (Millipore). Cytoskeletal f-actin and cell nucleus
staining were obtained using respectively TRITC-conjugated phalloi-
din (Sigma) and DAPI (Millipore), according to the manufacturers’
protocols. Fluorescence images were acquired with both epifluor-
escence (Eclipse Ti, Nikon) and confocal microscope (C2s, Nikon).
NIS professional software was used for the 3D reconstruction of z-
stacks collected by confocal microscopy.

For the SEM imaging, samples fixed with 4% paraformaldehyde
(PFA) were further treated with a 2.5% glutaraldehyde aqueous
solution at 4 °C for 30 min. Progressive and gradual dehydration steps
were carried out rinsing the samples with increasing ethanol solutions
(0%, 25%, 50%, 75%, and 100% in deionized water). Samples were
successively dried overnight and gold-sputtered before SEM
investigation.

2.4. Image Measurements and Statistical Analysis. The
measurement of the axonal length and orientation was performed
after S days of differentiation on the f3-tubulin positive neurites (466
neurites have been evaluated for the PC12 neuron-like cells, 742 for
the SH-SYSY derived neurons) by using the Multi Measure plug-in of
Image] software (http: //rsbweb.nih.gov/ij/ ). In particular, the neurite
orientation was measured as the angle (0—90°) comprised between
the neurite and an axis parallel to the ridges. For the flat control
substrates, the orientation was assessed with respect to an arbitrary

axis. Experiments were carried out in triplicate and data were analyzed
with Shapiro normality test, Fligner test for the homogeneity of
variances, and Kruskal—Wallis nonparametric test by using R software
(http://www.r-project.org/). A p-value < 0.05 was considered
significant. Orientation angle and neurite length were expressed as
median +95% confidence interval and were shown on box-plots. The
neural differentiation efficiency was evaluated by measuring the
percentage of the cells immunoreactive for the f3-tubulin neural
markers (691 PCI12 cells and 1107 SH-SYSY cells have been
evaluated). The cell count was manually performed in triplicate
samples by using the Cell Counter plug-in of Image]J, and data were
analyzed using ANOVA, expressed as media + standard error, and
shown on histograms.

2.5. Scanning lon Conductance Microscopy (SICM) and
Force Measurement. The order of magnitude of the forces required
to deform a single ridge was roughly estimated by a variant of the
scanning ion conductance microscopy, capable to deliver noncontact
mechanical stimuli to a sample via a glass pipette. In this scanning
probe microscopy, the parameter used to control the probe-sample
distance is the intensity of the ion current flowing through the pipette
aperture. When the pipette approaches a ridge along the X axis, the
current decreases because of the reduction of the conducting space.
The pipette can be stopped when the ion current (I) is reduced to a
preset percentage of its maximum value (), initially measured far
from the sample. An external hydrostatic pressure (AP) can be applied
at the pipette aperture to determine a solution flow. The forces exerted
by the flow at the pipette aperture as a function of pipette-sample
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Figure 2. PC12 neuron-like cells differentiated on flat control (substrate 1), and on the patterned surfaces characterized by low, intermediate, and
high frequency of ridges (named as substrate 2, 3, 4, respectively). (a) Immunostaining of PC12 cells. In green, 33-tubulin; in red, f-actin; in blue,
nuclei. (b) Neurite length distributions of PC12 derived neurons. (c) Neurite orientation distributions of PC12-derived neurons. (d) Histogram of
the neuronal differentiation efficiency expressed as the ratio between f3-tubulin-positive cells and total number of cells. * = p < 0.05.

distance can thus be derived, as extensively reported in a previous
work.>

Briefly, assuming the pipette tip orthogonal to the target, the force F
acting on the ridge, when the pipette orthogonally approaches the
target, changes with the probe-sample distance, being close to its
theoretical maximum just before the contact, and it is given by

F = APnr” (1)

where r is the pipette aperture radius.

13015

It has been shown that a pressure AP, applied to the pipette
progressively induces a displacement of the target. Thus, the probe has
to approach for an additional distance (5) to decrease I/I, to the same
defined preset threshold achieved when AP = 0. The target
displacement just before the contact () can be indirectly obtained
by analyzing two I/I, vs pipette displacement curves recorded with and
without the application of the pressure, in the I/I, range between
0.985 and 0.965. 0, can be calculated by 6, corrected by a factor of
0.46, experimentally determined as described elsewhere.>®
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Figure 3. SH SYSY human neuroblastoma cells differentiated on flat control (substrate 1), and on the patterned surfaces characterized by the highest
frequency of aligned ridges (substrate 4). (a) Immunocytochemistry of SH-SYSY. In green, 33-tubulin; in red, f-actin; in blue, nuclei. (b) Neurite
length distributions. (c) Neurite orientation distributions of SH-SYSY derived neurons. (d) Histogram of the neuronal differentiation efficiency
expressed as the ratio between f3-tubulin-positive cells and total number of cells. * = p < 0.05.

The pipettes used as probes were made from 1.7/1.1 mm (outer/
inner diameter) glass capillaries (7087 Blaubrand, Wertheim,
Germany), and had a resistance of 8—18 MQ. Inner diameter of the
tip was between 300 and 500 nm. The pipette, the tip cone angle of
which is deviated of about 6° from the pipette main axis, could not be
placed parallel to the glass surface and orthogonal to the ridge, the
height of which is about 660 nm. In order to approach as close as
possible along an orthogonal direction toward the lateral surface of the
ridge, a microforge was used to bend by 30° the pipette shaft with
respect to its stem. The pipette was subsequently mounted on the
piezo-translation stage at 45°, resulting an angle of 75° between the
axis of pipette tip and the lateral side of the ridge. The probe was
connected to a high-impedance head-stage patch-clamp amplifier
(EPC-7) and the bath reference was made by an Ag—AgCl electrode
through an agar bridge. The probe was mounted on a piezo translation
stage (Nanocube P-611 3S, Physik Instrumente), controlled by a
driver (E-664, Physik Instrumente).

Two data acquisition cards (PCI-6251, National Instruments) were
used for the DA control of the piezo driver and the AD acquisition of
the probe current and piezo sensor signals. The software for both the
scan control and data analysis was developed in LabVIEW 8.2.1. The
scanning probe microscope was mounted on the stage of an inverted

microscope Nikon Diaphot 300, provided with phase-contrast optics.

3. RESULTS

3.1. Submicrometric Patterned Substrate Character-
ization. In order to guide the axonal outgrowth, we decided to
mimic the physical presence of previously aligned axons (the
so-called pioneer longitudinal axons)** on the glass coverslips
where cells have to be cultured. At this purpose, we prepared
submicrometric ridges curing the biocompatible Ormocomp
resist. In particular, for testing the effects of the ridge spacing
frequency on the neuron behavior, we planned to polymerize
the submicrometric structures spaced at different distance: 10
pum, S pm, and 2.5 ym.

The obtained substrates were characterized by using both
AFM and SEM: it is possible to appreciate the different
frequencies of regular, aligned, and perfectly polymerized
submicrometric structures with both SEM (Figure la) and
AFM (Figure 1b). SEM high magnification imaging of a single
ridge was performed to obtain information about the width of
the ridges (Figure 1c), while the high magnification with AFM
(Figure 1d) was used to measure the height of the structures.

Furthermore, FIB exposure allowed to mill the ridge and a
tilted view with the SEM enabled to show the inner shape and
size of the structure (Supporting Information Figure S1). The
single ridge resulted about 482 + 24 nm in width (n = 13) and
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15 um

Figure 4. PC12 and SH SYSY neuron-like cells differentiated on high frequency ridges. SEM images (on the left) and 3D rendering of a z-stack

confocal acquisition (on the right) of PC12 (a) and SH-SYSY cells (b).

658 + 29 nm in height (n = 9), that is, of the same order of
magnitude of neurites.”® No significant differences were
detected among the ridges size of the different substrates.

The roughness of the ridges (RMS = 3.20 + 0.28 nm, n = 9)
and of the glass between them (RMS = 1.99 + 0.19 nm, n = 9)
were finally measured, highlighting a significant difference
between the two materials (Student’s t-test, p < 0.05). The
roughness values measured on the ridges were consistent with
the technical data of the Ormocomp (http://www.microchem.
com/PDFs_MRT/Ormocomp%200verview.pdf). Further de-
tails are provided in Supporting Information Figure S2.

3.2. Biological Testing. The PC12 neuron-like cells were
differentiated for S days on gratings characterized by different
frequencies of the ridges, as well as on the flat control substrate
(Figure 2a). We observed that, after the differentiation
induction, cells grown on the substrates with aligned ridges
were characterized by generally longer neurites (26.8 + 3.1 yum
for substrate 2; 30.0 + 3.5 um for substrate 3; 47.5 + 10.2 um
for substrate 4) with respect to the control (24.6 + 6.9 um,
substrate 1), as reported in details in Figure 2b. In particular,
neurite length of PC12 differentiated on the patterned surfaces
presenting the highest ridge frequency (substrate 4) was
significantly higher compared to the control and to all the other
substrates (p < 0.05, n = 3).

Alignment of neurites developed on the patterned surfaces
was significantly higher (14.0 & 2.7° for substrate 2; 6.0 + 2.0°
for substrate 3; 1.0 & 0.3° for substrate 4) with respect to the
control (48.5 + 11.7°, substrate 1, p < 0.05, n = 3; Figure 2c).
Furthermore, the higher was the frequency of the ridges, the
higher was the alignment of the developed neurites, being
almost parallel to the ridges on substrate 4.

Collectively, we can affirm that thanks to the submicrometric
patterned surfaces prepared through DLW it is possible to

guide and promote the axonal outgrowth of the PC12 neuron-
like cells. In order to quantify the PC12 differentiation toward
neurons, we evaluated the percentage of the cells expressing the
peculiar neuronal marker f3-tubulin. After S days since the
NGF treatment, almost all the cells were immunoreactive for
the A3-tubulin in all the considered substrates, and no
significant differences among the different groups were found
(91.3 + 2.6% for substrate 1; 89.0 + 1.3% for substrate 2; 92.4
+ 2.8% for substrate 3, 89.8 & 1.3% for substrate 4; Figure 2d).

In order to confirm obtained results on other neural models,
we differentiated SH-SYSY human neuroblastoma derived cells
for S days on the patterned surfaces characterized by the
highest frequency of submicrometric structures, which gave the
best results in terms of neurite alignment and length, and we
analyzed the morphometric properties of the neural branches
(Figure 3a). Also, in the case of SH-SYSY, cells differentiated
on the submicrometric patterned surfaces presented a marked
neural phenotype, and their neurites resulted to be significantly
longer (39.9 + 2.0 ym) with respect to the flat substrate (21.4
+ 1.5 ym, p < 0.001, n = 3; Figure 3b). As previously observed
for PC12 cells, the increment in neurite length of the SH-SYSY
neurons differentiated on the aligned ridges is associated with a
higher alignment (4.4 + 1.6°) with respect to the flat control
substrate (460 + 7.0°5, p < 0.001, n = 3; Figure 3c).
Furthermore, it was also possible to appreciate a significant
increment in the percentage of cells expressing the neuronal
marker f3-tubulin (95.3 + 0.4%) with respect to the control
(69.7 + 3.4%, p < 0.001, n = 3; Figure 3d).

All these results demonstrate as the developed submicro-
metric patterned substrates are able to promote and to improve
the neuronal maturation of SH-SYSY cells, in terms of f33-
tubulin expression, neurite length, and neurite orientation.
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Figure 5. Biomechanical study of the forces applied by a neurite to the submicrometric ridge. (a) SEM image of a PC12 neurite contacting a ridge;
the high magnification image shows a neurite pulling the structure at the contact point. (b) Image showing the pipette approaching the target. (c)
Two current-displacement curves recorded while a SICM probe approached a ridge: the gray and the black trace were obtained with AP = 0 and AP
= 15 KPa, respectively. The probe was a glass pipette with a tip inner diameter of 500 nm. The ridge displacement (&) was derived by & in the I/,
interval between 0.985 and 0.965, using a correction factor of 0.46. (d) Ridge displacement (5) measured at different values of force (F), with a
glass pipette with a tip inner diameter of 300 nm, the points indicate the mean values (+SD) of four measurements.

Finally, thanks to SEM imaging and confocal analysis of the
PC12 neuron-like cells (Figure 4a) and of the SH-SYSY derived
neurons (Figure 4b) differentiated on the substrate 4, it has
been possible to investigate the 3D environment of the cultures
on the gratings. In particular, it is possible to confirm that the
sizes of the neural branches are of the same order of magnitude
of the topographic submicrometric features photofabricated by
DLW. Furthermore, we observed as most of the neurites seem
to develop along the space between the aligned ridges, even if
there are indeed evidence of some of them growing along or
across the ridges. As previously quantitatively observed, the
neurites on the patterned surfaces are strongly aligned along the
structures.

3.3. Biomechanical Measurements. Patterned substrates
can not only mechanically stimulate the cells but, vice versa, cells
can also produce forces that are able to deform the substrate.
We observed that neurons can strongly interact with the
submicrometric ridges (Supporting Information Figure S3a),
and the vinculin immunocytochemistry analysis showed the
formation of well-developed focal adhesions connecting the cell
to the submicrometric structures (Supporting Information
Figure S3b). Thanks to high magnification SEM imaging, we
analyzed the deformations of the ridges at the level of the
connection sites produced by the tension developed by PC12

13018

axons. We observed that axon branches were able to contact the
ridges, and bend them of about 180 + 50 nm (Figure Sa). The
scheme depicted in Figure 5b shows the noncontact mechanical
stimulation carried out by SICM, aimed at inducing a
deformation of the ridges similar to those produced by the
cells. As already mentioned in the Experimental Section, the
SICM pipette could not orthogonally approach the lateral side
of the ridges due to the pipette taper. We reached an angle of
75° between the pipette tip and the ridge lateral side, as shown
in the Figure Sb; however, this approach did not affect the
withdrawn results, as widely demonstrated in Supporting
Information (Figure S4).

Figure Sc shows the relation between ion current decrement
and pipette displacement toward a ridge, without (gray) and
with (black) a pressure AP = 15 KPa, corresponding to a force
of about 3 nN. This force is necessary to get a target mean
displacement just before the contact of 179 nm. Since the axon
branches are able to displace a ridge of about 180 nm, and a
pipette owing similar size of the cellular protrusions
accomplishes an equivalent deformation of the structure by
applying a 3 nN force, we can therefore deduce that the cell are
applying a force of the same order of magnitude (about 3 nN)
at the contact sites with the artificial structures. In order to
evaluate the ridge displacements triggered by a wider range of

dx.doi.org/10.1021/am403895k | ACS Appl. Mater. Interfaces 2013, 5, 13012—13021
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forces, we also measured the ridge displacement in response to
different applied forces, thus obtaining an experimental
displacement-force trend, depicted in Figure 5d.

4. DISCUSSION

We have shown for the first time that is possible to promote
and guide the axonal outgrowth of two different neural models
by using submicrometric topographies photofabricated by
Direct Laser Writing. This photolithographic technique allows
high-throughput investigations, since it does not require any
preliminary process for the preparation of the substrate, such as
the fabrication of the masks in photolithographic process, which
are heavily time-consuming for the experimenter.

Since past works***” revealed as ridges with sizes comparable
to that of the neurites have a remarkable effect on the neurite
length and orientation, we decided to mimic the presence of
previously aligned axons (the so-called longitudinal pioneer
axons) by developing parallel ridges of the biocompatible
hybrid polymer Ormocomp. SEM and AFM analyses confirmed
the fabrication of regular, parallel structures owing sizes
comparable to those of neural branches. In order to test the
best conditions in terms of ridge spacing, we prepared three
different patterned surfaces characterized by a distance among
structures of 10 ym, 5 um, or 2.5 um. The axons grown on the
latter substrates were strongly aligned and significantly longer
compared to the neurites developed on the control flat
substrates. These results are in line with other works, where
multiple ridges or grooves prepared via soft lithography have
been used to guide the neurite 0utgr0wth.43’56 Moreover, the
surface roughness analysis revealed a significant difference
between the glass and the Ormocomp ridges. Thus, we cannot
a priori exclude a positive influence of these, even modest,
nanofeatures on the neuronal differentiation and on the
guidance of the axonal outgrowth.””

It is well recognized as surface topographies can not only
affect the morphology maturation but also foster cell fate and
function. In particular, several investigations suggest that by
recreating in vitro the features of the in wvivo extracellular
microenvironment of a specific tissue, it is possible to direct the
cell differentiation toward a peculiar cell type.”**° Concerning
the neural differentiation, it has been demonstrated that
microtubular structures are able to promote the differentiation
of stem cells toward neurons expressing the f33-tubulin,*' a
typical neuronal marker.*’

In this work, we remarked an increased percentage of f3-
tubulin positive SH-SYSY cells differentiated on the gratings
compared to the flat control surfaces, demonstrating that also
the molecular differentiation toward the neural phenotype was
enhanced thanks to presence of submicrometric features
mimicking guiding axons. Concerning the B3-tubulin expres-
sion in PC12, we observed a really high expression of this
marker on all the substrates. Almost all the cells treated for S
days with NGF expressed this protein also without the presence
of the topographical stimuli. Because of the extremely early
expression of f3-tubulin during PC12 differentiation (con-
firmed by evidence in the literature®"), it was not possible to
detect its modulation on the patterned surfaces; however, their
beneficial effects were still demonstrated in terms of neurite
length. In SH-SYSY, on the contrary, #3-tubulin expression is
delayed during the differentiation,®* thus allowing to appreciate
an improvement of cell behavior on patterned surfaces even at
molecular level.

13019

The surface topographies fabricated by DLW have proven to
be not only an interesting tool for the control of the cell
morphology and differentiation, but also a high-throughput
approach for the study of the mechanobiology of the neurites.
Even if the influence of elastic properties of the substrate
material on cell behavior is out of the scope of the present
paper, we would like to highlight as the Young’s modulus of
Ormocomp (E 127 GPa)'' resulted suitable for the
investigation of structure deformations produced by the cells.
In particular, we demonstrated that it was possible to localize
and estimate the force by which the neurites of the cells can
deform the substrate. These results are particularly interesting
since it is well-known from the literature that the forces exerted
and/or sensed by the cells are translated by mechanotransduc-
tion phenomena into specific intracellular biochemical path-
ways, which are involved in tissue remodeling and differ-
entiation.”> Our data suggest that the axonal branches of PC12
can develop forces of a few nN to deform the ridges. These
results are coherent with those obtained on the same material
using AFM."® Anyhow, we have to stress as the advantage of
our approach (by using SICM) with respect to the AFM for
this type of measurements is due to the possibility of making
straightforward noncontact force measurements.

Forces of the order of a few nN can be sustained by
outgrowing neurites of PC12 for several minutes and are
essential for the axonal elongation, as shown by Heidemann et
al.** By measuring the ridge displacements in response to
different intensities of interacting forces, we obtained an
experimental displacement-force trend. In this way, just by
detecting the displacement of a ridge, it is possible to infer the
force produced by the cells at the deformed contact point.

The rapid-prototyping and the high reproducibility of these
UV-cured structures open new possibilities for further high-
throughput investigations, such as the mapping of the forces
exerted by the neural culture, as well as the analysis of the
mechanotransduction pathways induced by different substrate

topographies.

B CONCLUSION

This work demonstrates as DLW represents a promising tool
for the rapid-prototyping of patterned surfaces, exploitable for
the study of physical effects of the substrate features on the cell
behavior. In particular, we designed and fabricated aligned
submicrometric ridges able to improve the neural differ-
entiation and outgrowth and to control the axonal guidance
of different in vitro neuronal models.

Furthermore, we were able to detect the displacement of the
submicrometric features due to the forces applied by the
neurites and thus to infer the order of magnitude of the forces
exerted by the axons on the ridges thanks to scanning probe
techniques. We therefore successfully exploited DLW for an in
vitro study of neuron/substrate interactions, demonstrating as
this technology can be a promising tool for a wide range of
applications, including neuronal tissue engineering, mechanobi-
ology, and biohybrid devices.

Finally, the possibility to photofabricate nanocomposite
scaffolds represents an interesting opportunity for conferring
new characteristics to the material. Loading the bulk materials
with “smart” nanoparticles will have the potential to impart
specific properties to the structures (piezoelectric,* magnetic,65
photothermal,66 etc.). This approach, jointly to the possibility of
surface functionalization with biologically active molecules,
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could become an intriguing platform for the investigation and
fostering of cell, and eventually tissue, behaviors.

B ASSOCIATED CONTENT
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Figure S1: tilted view acquired by SEM of a submicrometric
ridge milled by FIB. Figure S2: roughness analysis of the ridge
and glass surface. Figure S3: PC12 neuron-like cell adhesion on
a submicrometric patterned substrate. Figure S4: control
experiments performed for evaluating the pipette positioning
effects on the biomechanical measurements. This material is
available free of charge via the Internet at http://pubs.acs.org.
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