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Deciphering the Influence of Effective Shear Modulus on
Neuronal Network Directionality and Growth Cones’
Morphology via Laser-Assisted 3D-Printed Nanostructured
Arrays

George Flamourakis, Qiangrui Dong, Dimitri Kromm, Selina Teurlings, Jeffrey van Haren,
Tim Allertz, Hilde Smeenk, Femke M. S. de Vrij, Roderick P. Tas, Carlas S. Smith,*
Daan Brinks,* and Angelo Accardo*

In the present study, the influence of topographic and mechanical cues on
neuronal growth cones (NGCs) and network directionality in 3D-engineered
cell culture models is explored. Two-photon polymerization (2PP) is employed
to fabricate nanopillar arrays featuring tunable effective shear modulus. Large
variations in mechanical properties are obtained by altering the aspect ratio of
the nanostructures. The nanopillar arrays are seeded with different neuronal
cell lines, including neural progenitor cells (NPCs) derived from human
induced pluripotent stem cells (iPSCs), I3Neurons, and primary hippocampal
neurons. All cell types exhibit preferential orientations according to the
nanopillar topology, as shown by neurites creating a high number of oriented
orthogonal networks. Furthermore, the differentiation and maturation
of NPCs are affected by the topographic and mechanical properties
of the nanopillars, as shown by the expression of the mature neuronal marker
Synapsin I. Lastly, NGCs are influenced by effective shear modulus in terms
of spreading area, and stochastic optical reconstruction microscopy (STORM)
is employed to assess the cytoskeleton organization at nanometric resolution.
The developed approach, involving laser-assisted 3D microfabrication,
neuro-mechanobiology, and super-resolution microscopy, paves the way
for prospective comparative studies on the evolution of neuronal networks
and NGCs in healthy and diseased (e.g., neurodegenerative) conditions.
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1. Introduction

Neurons are highly sensitive to their
surrounding mechanical microenvir-
onment.[1] The neuronal growth cone
(NGC)[2] is a specialized compartment for
axonal outgrowth, driven by cytoskeleton
reorganization and dynamics, by which
neurons probe the surrounding extra-
cellular matrix to target other cells with
the goal of establishing neuronal con-
nections. The study of this specialized
sensory structure, rich in microtubules
and filamentous actin (F-actin) that drive
its growth, is of paramount importance
for several applications ranging from
fundamental mechanobiology to in vitro
disease models and tissue engineering.[3,4]

The mechanical properties of the cellular
microenvironment of developing neurons
can influence the signaling and motility
of NGCs.[5] Nonetheless, the evolution of
this architecture, whose motility is con-
trolled by specialized actin-rich protrusions
(filopodia) and their point contacts (that
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contain a number of focal adhesion-related molecules[6,7]) has so
far been investigated almost exclusively on conventional 2D glass
slides,[8] microfluidic biochips,[9] or in the presence of unordered
collagen gels.[10] The first two configurations hinder the possibil-
ity for the growth cone to probe more biomimetic microenviron-
ments and feature, in the first case, a Young’s modulus in the
range of E ≈ 70 GPa, which is much higher than the Young’s
modulus of the brain tissue (E ≈ 1 kPa), and in the second ap-
proach, the absence of topographic cues. Finally, the third con-
figuration suffers from batch-to-batch variability, typical of colla-
gen and other extracellular matrix-like gels (e.g., Matrigel).[11] Re-
cent studies have highlighted the importance of substrate rigid-
ity and topographical cues in modulating neuronal behavior and
function.[12–15] For example, 3D neuronal cultures on soft hydro-
gel substrates lead to increased neurite outgrowth and branching
compared to those on simple 2D stiff substrates.[16–18] Similarly, it
was reported that micropillar arrays with specific geometries can
guide the alignment and elongation of neuronal processes,[19–22]

without anyhow taking into account the role of specific mechani-
cal properties such as the effective shear modulus. This parame-
ter represents the shear modulus sensed by cells when crawling
on top of micro- or nano-structures’ arrays. By tuning the effec-
tive shear modulus of the substrate, changes in mechanical and
topographic cues can influence the adhesion, morphology, and
phenotype of both stem[23] and primary cells,[24,25] but its rela-
tionship with neuronal network directionality and growth cone
morphology remains unexplored.

Recent advances in laser-assisted 3D microfabrication tech-
niques, such as two-photon polymerization (2PP), have enabled
the design of complex micro- and even nanostructured environ-
ment arrays with tunable topographic, optical,[26] and mechan-
ical properties,[27,28] allowing for controlled growth and mon-
itoring of different cell models, including glioblastoma,[29–31]

brain microglia,[24] and bone stem cells[28,32] for mechanobiol-
ogy, in vitro treatment modeling and tissue engineering.[33] In
the context of neural tissue engineering, the possibility of tun-
ing the mechanical properties of the biomaterials,[34,35] includ-
ing polydimethylsiloxane (PDMS)-like elastomers,[36] plays a fun-
damental role although the capability to manufacture macro-
sized specimens[37] must meet a tradeoff with the desired sin-
gle feature resolution. This level of control has opened new av-
enues for investigating the role of mechanical and topographic
cues in neuronal development, regeneration, and disease mod-
eling. In this study, we report the development and character-
ization of nanoengineered 3D cell-instructive biomaterials fab-
ricated via 2PP as a reproducible and physiologically relevant
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platform to unveil the influence of effective shear modulus on
the growth of primary and stem-cell-derived neurons. The ratio-
nale behind the design of the nanopillars was dictated both by
the desired effective shear modulus and by the typical diame-
ter of brain extracellular matrix fibers, which range from tens
to hundreds of nanometers in diameter,[38] to influence the be-
havior of neurites (i.e., dendrites and axons), growth cones, and
filopodia (which feature a diameter between 200 and 400 nm[39]).
The characterization included morphological and mechanical as-
sessment of the advanced nanostructures as well as morphologi-
cal and confocal/super-resolution microscopy of neural network
orientation and growth cones’ development in induced pluripo-
tent stem cell (iPSC)-derived neurons and primary hippocampal
neurons. The results showed that across all different neural cell
types, cell networks showed different directionality according to
the topography and effective shear modulus featured by the spe-
cific nanopillar arrays. The effective shear modulus also directly
influenced the differentiation of neural progenitor cells (NPCs)
and neurites’ length. Furthermore, we were able to assess the
morphological features (i.e., area and vinculin localization) of 3D
neuronal growth cones, both via scanning electron and confo-
cal imaging. Finally, stochastic optical reconstruction microscopy
(STORM) was employed for the first time to visualize the interac-
tion between growth cones and 3D-printed biomaterials at nano-
metric resolution.

2. Results and Discussion

2.1. Design, Fabrication, and Characterization of the Nanopillar
Arrays

The nanopillars (Figure 1A) were designed to have a diameter of
500 nm and an interpillar gap of 1 μm to enable cells and their
neurites to grow on top of them (the typical diameter of a neu-
ronal cell body and of an axon are, respectively, 10–20 μm and 0.1–
10 μm[40]) and prevent sedimentation at the bottom of the sub-
strate. We opted for a “strip” design configuration where several
arrays of different heights were fabricated next to each other start-
ing with a flat pedestal without pillars, followed by the shortest
pillars, and finally ending with the tallest ones (Figure 1B). Con-
cerning the fabrication material, we employed IP-Dip, a photo-
crosslinkable resin that allows us to reach the highest achievable
resolution with our 2PP setup and has already shown to be bio-
compatible with several cell types[41,42] including neurons.[43] It
is important to note how the nanopillars were printed on top of a
pedestal made of the same material, IP-Dip, to prevent delamina-
tion from the substrate itself. To achieve the “strip” design, an ini-
tial small nanopillar array was designed with a size of 120 × 120
μm2. Then, the small array was replicated n times along the x- and
y-axes, leading to a final large array of ≈1 × 1 mm2. The spacing
between different nanopillar arrays was 50 μm, and the overall
printing time for each strip was ≈3 h. Moreover, each glass cover
slip contained one whole strip. The morphological characteriza-
tion by scanning electron microscopy (SEM) images revealed that
successfully printed pillars had a cylindrical shape with a slightly
curved top (Figure 1C,D). This is expected due to the voxel shape
(the 3D equivalent of a 2D pixel) of the 780 nm laser femtosec-
ond laser. The voxel geometry is indeed an ellipsoid with an as-
pect ratio depending on the numerical aperture (NA) of the lens
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Figure 1. Nanopillar arrays fabrication and characterization. A) Schematic representation of the array parameters. B) 3D rendering of the nanopillars
“strip.” C) SEM images of the nanopillar arrays with different heights: i) pedestal, ii) 0.6 μm, iii) 1 μm, iv) 2.3 μm, v) 3.3 μm, and vi) 5 μm). Scale bars
correspond to 5 μm. D) SEM image of the nanopillars strip (areas of 30 × 30 μm2 in this picture). Scale bar corresponds to 15 μm. E) Measured interpillar
gaps and diameter (in μm). The average and standard deviation are based on n = 50 nanopillars measurements. F) Effective shear modulus (in MPa)
related to different nanopillars’ arrays heights (in μm).

used to focus the laser beam. In our case, we employed a 63×
objective lens with NA = 1.4, allowing for a voxel size of lateral
diameter (i.e., along the x–y plane) of 200 nm and longitudinal
size (i.e., along the z-axis) of 400 nm (ratio 1:2). Different nanopil-
lars’ heights were chosen based on the desired effective shear
modulus (Ḡ) which can be derived from Equation (1)[23]

Ḡ = 3
16

(D
L

)2

fE (1)

where D is the diameter of each pillar, L is the height, f is the sur-
face area covered by pillars per total surface area of the array, and
E is the Young’s modulus of the polymerized material. L ranged
from 0.6 to 1, 2.3, 3.3, and 5 μm. The measured gap between
the nanopillars was 1 ± 0.2 μm, allowing the cells and neuritic
processes to develop on top of them, while the measured diame-
ter was 0.5 ± 0.2 μm (Figure 1E). We measured the diameter of
the pillar and the gap between them at the very top of each pil-
lar, as depicted from the SEM close-up in Figure S1 (Supporting
Information). The estimated Ḡ from Equation (1) spanned ≈2 or-
ders of magnitude from ≈500 kPa up to ≈35 MPa (Figure 1F). To
achieve such a wide value span, we tuned the height (L) instead
of the gap (and consequently f), as Ḡ has an inverse quadratic

relationship with L, meaning that a small change of L can lead
to a significant change of Ḡ. Depending on the fabrication pa-
rameters, the Young’s modulus of the bulk material can change
significantly. To test the tunability of IP-Dip’s Young’s modu-
lus according to printing parameters, we fabricated several cubes
with printing parameters identical to the ones employed for the
nanopillar arrays and performed mechanical compression test-
ing. Consequently, we extracted the Young’s modulus by calcu-
lating the slope of the loading phase of the stress–strain diagram
(see Figure S2 in the Supporting Information) and found it to be
E = 2.972 ± 0.19 GPa, which is in the same range of the one re-
ported in recent literature.[42,44] Lastly, with this measured value,
we could solve Equation (1) to calculate the different Ḡ for each
nanopillar array (Figure 1F). The nanopillar arrays were also me-
chanically characterized and subjected to compression testing.
In Figure S2 (Supporting Information), we report the mechani-
cal stress/strain plots of arrays consisting of 20 × 20 nanopillars
(total area 30 × 30 μm).

The arrays with shorter heights, specifically those measuring
0.6 and 1 μm, exhibited no discernible deformation through-
out the entire compression cycle as expected. This observation
suggests a high degree of structural integrity and resistance to
compressive forces within these arrays. Conversely, the arrays
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with larger heights, namely those measuring 2.3, 3.3, and 5 μm,
demonstrated three distinct loading phases. The initial loading
phase was characterized by the pillars remaining undeformed up
to a strain of ≈ 5%. This phase indicates the inherent strength of
the material that enables it to withstand initial compressive forces
without any noticeable deformation. Following the initial loading
phase, a deformation phase was observed, where the pillars be-
gan to deform laterally under the applied load. This deformation
was noted to occur within the strain region of 5% to 30%. The on-
set of deformation indicates the exceeding of the elastic limit of
the material, leading to permanent changes in the structure. The
final phase, referred to as the “touching” phase, occurred between
30% and 45% strain. During this phase, all pillars came into con-
tact with each other, indicating a significant deformation and dis-
placement of the structures under the applied stress. Addition-
ally, as the pillars become taller, the aspect ratio between height
and diameter also increases. We observed that when this ratio
reaches 10 (i.e., the nanopillars of 5 μm height and 0.5 μm diam-
eter), some pillars start to touch each other, especially at the edges
of the array due to higher capillary forces coming from the sol-
vent evaporation during the chemical development step.[45] The
deflected nanopillars account anyhow for <5% of all the nanopil-
lars in the 5 μm array, which is not a major issue for our cell
cultures.

By employing the nanopillar arrays as a topographic and me-
chanical environmental cue, we assessed how neuronal cells
interacted with the extracellular scaffold at the cell surface, in
terms of network directionality, neuritic length, differentiation,
and growth cones morphology. To that end, we employed three
different neuronal cell types widely used as models for basic
neuromechanobiology[46] and tissue engineering:[1] i) primary
hippocampal neurons derived directly from mouse neonatal
brain, ii) human neural progenitor cells (NPCs) derived from in-
duced pluripotent stem cells (iPSCs), and iii) human cortical neu-
rons (I3Neurons, I3N), obtained by differentiation of I3N-induced
pluripotent stem cells.[47,48] Depending on the maturation level
of each cell line, the cells were left in cell culture for different
time periods. Hippocampal neurons were cultured for 14 days
in vitro (DIV); NPCs were monitored at a 6 week differentiation
time point; finally, I3N cells were characterized after a matura-
tion period of 1 week. The neuronal morphology and network
formation of all cell lines on the nanopillars were qualitatively
and quantitatively investigated using SEM and immunofluores-
cence microscopy, while the NGCs of I3Neurons were assessed
by SEM, confocal microscopy, and super-resolution microscopy.

2.2. Characterization of Primary Hippocampal Neurons on the
Nanopillars Arrays

Figure 2A–D depicts the behavior of primary hippocampal neu-
rons on the different nanopillar topographies for which cells dis-
play remarkable changes in terms of morphology. Notably, cells
align along the pillars, exhibiting a directional preference. The
height of nanopillars is crucial, as heights exceeding 1 μm en-
hance directional responsiveness, as shown in Figure 2B–D.

As cells traverse the pillar-studded terrain, their somas (cell
bodies) and neuritic processes (such as dendrites and axons)
exhibit distinct behavior. These cellular components predomi-

nantly reside atop the pillars without making contact with the
substrate beneath (Figure 2A). Due to the small inter-pillar gap
(<1 μm), the cell somas were indeed localized on top of all
nanopillar arrays instead of adhering on their sidewalls or sedi-
menting at the bottom of the substrate. Surprisingly, the neurites
also feature a predisposition to develop on the top of each pillar,
even if their diameter was much smaller than the 1 μm interpillar
gap.

A more detailed overview of the neuronal networks is reported
in the confocal microscopy images of Figure 2B. Here, we stained
for different compartments of the cells: nuclei (DAPI, cyan), F-
Actin (cytoskeleton, red), and 𝛽-tubulin III (early maturation neu-
ronal marker, green). To extract the neurites’ directionality, the
green channel was employed (Figure 2C; Figure S3, Supporting
Information). The neurites follow the nanopillars’ topology. More
precisely, we observe that the cells follow the directionality of the
pillars’ lattice, which is either 0° or 90°. The measured orienta-
tions are depicted in Figure 2D. We assumed the 0° orientation
along the x-axis and the + or −90° along the y-axis in relation to
the pillar lattice (Figure 2E).

Consequently, a neurite would have a 0° orientation when de-
veloping along the x-axis and a 90° when developing along the
y-axis. As we can see from the directionality diagrams reported
in Figure 2D, the largest amount of the measured neurites is
sharply aligned onto the nanopillars along + or −90° orientation.
Especially for the highest pillar array, the orientation peak is also
observed at 0°, allowing neurites to intertwine in a cross pattern
resembling the directionality featured by hippocampal neurons
in their native tissue environment.[49] This orientation effect is
lost in presence of 0.6 μm height arrays, and the neurons’ phe-
notype remains the same as the one observed on the flat IP-Dip
pedestal and the glass control where neurites develop in a ran-
dom way due to the low nanopillar arrays aspect ratio. Also, we
observed that the histogram peaks are less prominent the shorter
the pillars are. These results suggest that the height, and more
precisely, the effective shear modulus, plays an important role in
the orientation of the neurites. We attribute this to the fact that
the diameter of the neurite is small enough to be confined be-
tween two pillars (refer to Section 2.4.1 for a similar behavior ob-
served in I3 neurons), thus forcing it to grow in line with their
orientation.

2.3. Characterization of iPSC-Derived NPCs on the Nanopillars
Arrays

2.3.1. iPSC-Derived NPCs’ Differentiation and Orientation Are
Affected by the Nanopillars

One of the most widely employed cell types in neuroscientific
research are NPCs derived from human iPSCs.[50] Upon dif-
ferentiation, these cells exhibit phenotypic characteristics akin
to primary neuronal cell lines, such as primary hippocampal
or cortex neurons. The cells were seeded onto the nanopil-
lars in their neural progenitor state and allowed to differenti-
ate over a period of 6 weeks prior to analysis. Figure 3 pro-
vides a visual representation of the behavior of NPC-derived
neural networks following a 6 week differentiation period at
an initial seeding of 50 000 cells/well. The directionality of the
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Figure 2. Hippocampal neurons after 14 DIV on the nanopillar arrays strip. A) SEM images of the pedestal and different heights of nanopillar arrays from
0.6 to 5 μm. Scale bars correspond to 50 μm. B) Confocal images of the pedestal and the nanopillar arrays. Green: 𝛽-tubulin III, red: F-Actin, cyan: DAPI.
Scale bar corresponds to 100 μm. C) Representative confocal images employed for neurites; directionality (green: 𝛽-tubulin III). Scale bars correspond
to 50 μm. D) Orientation plots of neurites for each nanopillar array. Yellow standard deviation error bars correspond to the average orientations of n =
3 experiments. The y-axis has normalized values to the highest value of the orientation histogram generated for each array. E) Graphical representation
of a neuron on the nanopillars and the corresponding angular orientations.

neurites on the different nanopillar arrays was analyzed us-
ing confocal microscopy. As observed previously for hippocam-
pal neurons in Figure 2, the dendrites exhibited directional-
ity at 90° and 0°, corresponding to the orientation of the pil-
lars (Figure 3A,B). As shown also for primary neurons, this
effect was not observed in presence of 0.6 μm tall nanopil-
lar arrays and on the flat substrates. Given that this cell line
differentiates directly on the nanopillars and is not seeded al-
ready at its mature stage like in primary hippocampal neurons,
it was imperative to confirm that the cells analyzed were in-
deed featuring mature neuron features. To verify that NPCs
differentiated to neurons on the nanopillar and flat substrates,
we performed immunolabeling experiments to test for the ex-
pression of mature neuronal markers. The cells were thus

stained for Synapsin I, a presynaptic neuronal functional marker
(Figure 3C).

Interestingly, the intensity of the staining was, on average,
substantially higher for neurons on the nanopillar arrays com-
pared to those on the flat control, an observation suggesting
that cells on the nanopillar arrays express a higher number of
pre-synaptic areas compared to the control, leading to poten-
tially higher amount of synapses forming between the differ-
ent neurons. We attribute this enhanced expression to the in-
creased directionality of the dendrites on the nanopillar arrays,
which may induce the formation of synapses between differ-
ent cells, thereby enhancing their differentiation.[51] Due to the
late time point at which the cells were fixed, it was not pos-
sible to assess the morphology of growth cones on the pillars.

Adv. Funct. Mater. 2024, 2409451 2409451 (5 of 16) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 3. NPCs seeded and differentiated on different height nanopillar arrays. A) Confocal images of neural networks after 6 weeks of differentiation on
the pillars. Green: 𝛽-tubulin III. Scale bars correspond to 30 μm. B) Orientation histogram plots (blue) reveal the directionality of dendrites to be either
90° or 0° on the nanopillars compared to the flat control. The standard deviation (yellow) for each bar was calculated from n = 3 samples. C) Synapsin
I staining confocal images reveal that the expression of Synapsin I is higher in the presence of the nanopillars compared to the flat control. Scale bars
correspond to 30 μm. For the statistical analysis, images were acquired and analyzed for neurite Synapsin I intensity normalized to the total neuritic
area (n = 5). A one-way analysis of variance (ANOVA) test and a Tukey test were conducted to evaluate the p-values of the different groups. Statistically
significant results were considered to have p < 0.05 and were annotated with asterisks. p-values = *p < 0.05, ** p < 0.01, *** p < 0.001, and **** p <

0.0001.

This is due to the high cell density and because axons are capa-
ble of progressing at a relatively high speed (8 μm h−1)[52] sur-
passing the total area of the pillar and propagating to the glass
substrate.

2.3.2. Nanopillar Arrays Induce the Formation of NPCs’
Neurospheres

When NPCs are seeded on the nanopillars at a lower
density (10 000 cells/well), they initiate the formation
of so-called neurospheres.[53] The process begins with
cell proliferation, followed by cell migration and aggre-
gation. Subsequently, the aggregated cells create a large
spherical structure called a neurosphere. Figure 4A illus-
trates the behavior of NPCs on the strip after 6 weeks of
differentiation.

We systematically (n = 10) observed the formation of a sin-
gle neurosphere on the tallest nanopillar array, which is the one
featuring the lowest effective shear modulus (0.5 MPa). Several
neurites sprouted as large bundles from the neurosphere, ex-
tending toward both the other arrays and the glass substrate.

After extending over ≈300 μm, these bundles disentangled into
individual neurites that connected to each other, creating com-
plex networks. The networks are also directional, following the
nanopillar arrays underneath (Figure 4B). As revealed by SEM
images (Figure 4C), neurites were found to remain on top of
the pillars, further contributing to the complexity of these net-
works. Also, the neurites on the pedestal and on the glass
substrates look very flat and form scant networks (Figure 4B),
whereas, on the pillars, they keep their cylindrical shape and
feature multiple connections with neighboring cells. Neurites
expressing both F-Actin and 𝛽-tubulin III have the ability to
adhere to the extracellular matrix (ECM) using point contact
adhesions.[6] When provided with a flat surface, there is a higher
number of point contact adhesions all around the neurites, thus
increasing the tension that neural filopodia experience.[54] Es-
pecially when the substrate features high Young’s modulus,
the tension becomes higher, allowing for a spread phenotype.
On the other hand, nanopillars limit the number of anchoring
points a neurite has (like with the fibers of the natural brain
ECM), inducing the development of fewer point contact adhe-
sions and, ultimately, allowing for a more cylindrical neuritic
conformation.

Adv. Funct. Mater. 2024, 2409451 2409451 (6 of 16) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 4. NPCs were seeded directly on nanopillar arrays. A) Confocal mosaic image of the whole nanopillars strip and pedestal with NPCs’ neurosphere
formed onto the tallest nanopillar array (5 μm). Scale bar corresponds to 300 μm. Green: 𝛽-tubulin III, red: F-Actin, and cyan: DAPI. B) Confocal images
of individual arrays with dendrites stained for 𝛽-tubulin III. Scale bars correspond to 120 μm. C) Representative SEM images of the cells on the pillars:
i) pedestal, ii) 2.3 μm, iii), iv) 3.3 μm, and v) 5 μm.

2.4. Characterization of I3Neurons on the Nanopillars’ Arrays

2.4.1. I3N Cells’ Characterization and Growth Cone Morphology

The third cell line we employed was I3Neurons. This cell line
is derived from human iPSCs that can be induced to rapidly
differentiate into mature functional neurons in a very short
period of time.[48] After 1 week of culture, cells were fixed,
stained for 𝛽-tubulin III, and observed under the confocal mi-
croscope (Figure 5A). A similar behavior compared to the other
two cell lines before was observed with neurites’ orientation
influenced by the nanopillar arrays. Directionality histograms
show distinctive peaks at 90° and 0° for all arrays, an effect
that is lost in presence of flat controls (Figure 5B), agreeing
with the obtained previous results. The directionality histograms
for this cell type also include peaks at 45°. Taking into con-
sideration the nanopillar configuration, 45° corresponds to the
distance between the diagonals of two pillars (for the orthogo-
nal distribution of pillars and a gap of 1 μm, this distance is
≈1.4 μm).

The speed at which these cells differentiate into neurons can
play a key role in this context. Given the forced neuronal differ-
entiation through neurogenin-2 (Ngn2) overexpression in this
cell line[48] (see the “Experimental Section”), I3Neurons’ neu-
rites can reach longer lengths at much earlier time points com-
pared to conventional NPC-derived neurons. Considering their
exploratory nature, neurites could indeed sprout from the cell
soma and remain between the diagonal of the nanopillars, a be-
havior not observed in the slower maturing neural networks de-
rived from NPCs.

Concerning NGC morphology, after only 1 week of matu-
ration, I3Neurons enabled straightforward detection of NGCs
(Figure 5C,D). As depicted in the confocal images (Figure 5D),
NGCs are identified by neurites (expressing 𝛽-tubulin III, green)
ending in lamellipodia, large areas of a quasi-2D F-Actin mesh
(red), with several filopodia sprouting outward to probe the sur-
rounding environment. This conformation changes in the pres-
ence of nanopillars higher than 1 μm, where the NGCs are char-
acterized by smaller lamellipodia areas, while the filopodia reach
areas distant several micrometers from the main NGC region. To
quantify the influence of effective shear modulus, the NGC area
was measured from the end of the axon shaft where the transition
zone begins until the end of the filopodia (i.e., the overall NGC
area is the sum of both filopodia and lamellipodia). NGCs on flat
stiff surfaces (glass and IP-Dip pedestals) remained spread and
had a significantly larger area than NGCs growing on the nanopil-
lar arrays except the 0.6 μm one (Figure 5C,D). More precisely,
NGCs on flat surfaces were ≈60% larger than the ones on the
0.6 μm high nanopillar arrays (Ḡ = 35 MPa) and ≈ 4-fold larger
than the NGCs on the 3.3 μm (Ḡ = 1.17 MPa) and 5 μm (Ḡ =
500 kPa) high ones. Therefore, it is clear how effective shear mod-
ulus has a significant effect on the development and morphology
of NGCs as phenotypically, the shape differs substantially. This
difference is supported by the fact that previous in vivo experi-
ments suggested that NGCs create long protrusions and feature
a narrow morphology, as the natural ECM in the brain can guide
axonal outgrowth.[55]

The detailed localization of neurites and NGCs was investi-
gated also by scanning electron microscopy. Figure 6 depicts SEM
images of the nanopillar arrays colonized by I3Neurons. All cell
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Figure 5. I3Neurons culture on the nanopillars arrays. A) confocal image of the cells on the arrays and the pedestal. Green: 𝛽-tubulin III, red: F-Actin, cyan:
DAPI. Scale bars correspond to 50 μm. B) Orientation histograms corresponding to the neurites of the cells on each array (n = 3). C) Plot of the area of
NGCs on different nanopillar arrays. Ten NGCs were measured from each condition (n = 5). One-way ANOVA with Tukey test was conducted to calculate
the p-values. Statistically significant results were assumed to have p < 0.05. p-values: *p < 0.05, **p < 0.005, and ***p < 0.001. D) Representative
confocal images of NGCs on different nanopillar arrays. Red: F-Actin, green: 𝛽-tubulin III. Scale bars correspond to 10 μm.

somas were found to be positioned on top of the pillar arrays,
thus not infiltrating between them or at the bottom. Neurites ex-
hibited a similar behavior. More precisely, we observed that for
nanopillar heights of 1–5 μm, neurites predominantly resided
on the upper segment of the pillar (Figure 6A,B). On the other
hand, an interesting phenomenon occurred in presence of the
0.6 μm height array (Figure 6C). Due to the shorter height of
the pillar, cells and neurites made direct contact with the sub-
strate. As a result, the height effect was lost, potentially explain-
ing the loss of neuronal directionality observed on this specific
array.

An intriguing aspect emerged when studying growth cones.
These structures, responsible for axon elongation and guidance,
exhibited peculiar behaviors in the presence of different nanopil-
lar arrays. As previously mentioned, growth cones include ex-
tremely thin protrusions called filopodia (with a diameter of a few
hundred nanometers). While the main body of the growth cone
remained on top of the nanopillars, filopodia explored the full
depth, occasionally reaching down to the flat surface (Figure 6D).

The nanopillar arrays allowed, therefore, the growth cone to de-
velop and move along the three axes, which further explains
the completely different morphology compared to spread growth
cones growing on 2D stiff bulk surfaces (Figure 6E). The effec-
tive stiffness that cells and their neurites experience while in-
teracting with the nanopillars depends on the architectural fea-
tures of the biomaterial and is significantly softer than the stiff-
ness of the material that the microstructures are composed of,
as reported for other microstructures interacting with mesenchy-
mal stromal cells.[56] This means that the nanopillars can deform
more easily (therefore opposing a hypothetically softer material
than bulk) under the forces exerted by one or more cells, com-
pared to bulk surfaces. For small strains (where our nanopillars
remain undeformed, as reported in Figure S2B in the Support-
ing Information), the flexural modulus,[57] which is typically mea-
sured for beams made of isotropic material and constrained at
both ends by fixed supports (unlike our nanopillars), is equiva-
lent to the Young’s modulus. The effective shear modulus, which
in previous studies[23] influenced the differentiation of human

Adv. Funct. Mater. 2024, 2409451 2409451 (8 of 16) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 6. SEM images of I3N cells after 2 weeks of culturing on nanopillars. A) SEM image of dendrites migrating from the glass substrate to the 3.3 μm
array. B) Image of a neurite on the nanopillars, where it propagates in the space between the pillars and not on top of them. C) SEM image of an individual
cell on the 0.6 μm array. D) Growth cone on 3.3 μm array. E) Growth cone on a glass substrate. Scale bars correspond to 2 μm.

embryonic stem cells toward pancreatic endoderm cells, is there-
fore a more relevant parameter for our model.

2.4.2. Neurite Length Is Affected by the Nanopillar Arrays

When neurons are seeded on different substrates, after an
initial attachment phase, they start to develop protrusions,
known as neurites, growing from their somas. Environmen-
tal cues are known to guide neurites along the path to ax-
onal fate, dendrites or dendritic trees.[58] The mechanical prop-
erties of the substrate that a neurite innervates can signifi-
cantly affect the way it extends.[8] We hypothesize that when
tailored extracellular cues are provided, neurites are able to
develop complex networks and longer lengths than those on
conventional substrates (i.e., stiff, flat substrates). To evaluate
the influence of the effective shear modulus of the nanopil-
lar arrays on neurite length, we used I3Neurons cultured
on the arrays for 2 days. The results are summarized in
Figure 7A,B.

Neurons that are cultured on the flat surface feature the short-
est neurites with the longest one not exceeding 166 μm. The
cells that were seeded on the nanopillars, appeared to have sig-
nificantly longer neurites, with a peak of 430 μm length on the
2.3 μm height array. Lastly, neurites on 3.3 and 5 μm arrays
seemed to be shorter in lengths compared to the 2.3 μm array,
which we attribute to the fact that NGC on those arrays dis-
plays a 3D phenotype due to the high aspect ratio of the nanopil-

lars (Figure S4, Supporting Information). This configuration can
slow down the NGC’s exploration of the surrounding 3D en-
vironment, as it takes significantly more time for the filopo-
dia to probe space along three axes (x, y, z) instead of two (x,
y), and steer the direction of the axonal outgrowth. We spec-
ulate that this could be one of the mechanical cues and un-
derlying causes influencing specific neural morphology in dif-
ferent regions and layers of the brain. Nonetheless, disentan-
gling these stimuli would require dedicated in vivo experiments
(e.g., Zebra fish[55]) where NGCs are imaged in their native
environment.

2.4.3. Vinculin Localization in the NGC Is Affected by the Nanopillar
Arrays

Vinculin is a very important component of the mechanotransduc-
tion pathway as it is one of the primary components of point con-
tact adhesions,[6,59] a complex of proteins that is responsible for
cell–matrix and cell–cell adhesion. It was previously shown that
vinculin is a key factor for neuronal mechanosensing,[60] suggest-
ing that it acts as a key mechanosensor involved in the regulation
of growth cone motility. To that end, we tried to decipher how vin-
culin interacts with the nanopillar arrays and how the shape of
NGCs is affected by the specific localization of vinculin. Figure 8
shows confocal images of NGCs of I3Neurons after 2 days in cul-
ture, where each row represents the different nanopillar arrays’
height.

Adv. Funct. Mater. 2024, 2409451 2409451 (9 of 16) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 7. Neurite length analysis of I3Neurons after 2 days in culture. A) Scatter plot of neurites lengths on different nanopillar arrays. Number of
neurites measured across a sample size of n = 3 samples (flat substrates: 346 neurites; 0.6 μm nanopillar height: 231 neurites; 1 μm: 245 neurites; 2.3
μm: 254 neurites; 3.3 μm: 282 neurites; and 5 μm: 318 neurites). One-way ANOVA with Tukey test was conducted to calculate the p-values. Statistically
significant results were assumed to have p < 0.05. p-values: *p < 0.05, **p < 0.005, ***p < 0.001, and ****p < 0.0001. B) confocal images of I3Neurons
on different nanopillar arrays. Cyan channel: DAPI; green channel: 𝛽-tubulin III. Scale bars correspond to 100 μm.

An early cell culture time point is crucial as the neurites, af-
ter some days, become too long to enable the identification of
growth cones. On the 0.6 μm height nanopillars arrays and flat
controls, a higher concentration of vinculin staining is observed
in the lamellipodia areas. For these two configurations, the filopo-
dia are (qualitatively) shorter, and the NGC is overall spread, as
shown also by the NGC area analysis (Figure 5C). Moving to
higher nanopillar arrays (over 1 μm), the vinculin starts to be
observed in the filopodia as well as in the lamellipodia, where
the concentration is higher than in the filopodia. Moreover, the
presence of vinculin is accentuated in the neurites featuring the
presence of NGCs. This observation is attributed to the fact that
lamellipodia constitute the most stable region of the NGC, which
needs to anchor at the ECM and let the filopodia free to probe
the surrounding environment. The lack of vinculin, on the other
hand, confers a much higher degree of freedom to the filopodia
to dynamically elongate and retract when they examine the sur-
rounding environment. When nanopillars are present, the vin-
culin in filopodia is localized only in proximity to the pillars as
that is the only structure they can adhere to (Figure S5, Support-
ing Information). Moreover, the larger NGC area on flat surfaces
and short nanopillars arrays that was observed in Section 2.4.1
could also be attributed to the higher localization of vinculin,
as more point contact adhesions can enable a stronger adhesion
and, consequently, a more spread morphology.

2.4.4. Super-Resolution Microscopy of the Growth Cones

NGCs, in general, are characterized by nanometric features, and
they include mainly F-Actin and microtubules that are directly

involved in cell crawling. Due to their small diameter, F-Actin
and microtubules (≈ 7 and 25 nm, respectively) are difficult to
resolve by conventional confocal microscopy. To be able to re-
solve these structures at a resolution below the diffraction limit,
we employed STORM with a refractive index matched imaging
buffer,[61] and the results are summarized in Figure 9. The experi-
mental setup is described in Figure S6 (Supporting Information).
With this technique, we were able to resolve both F-Actin (blink-
ing obtained with phalloidin Alexa Fluor 647) and microtubules
(blinking obtained with Alexa Fluor 488) in the same imaging
buffer, which provided similar kinetics and fluorophore blink-
ing for both colors. On glass, microtubules form continuous fil-
aments (Figure 9A) that span from the axonal shaft all the way to
the transitional zone of the growth cone, where they stop being
organized as bundled filaments but become more disentangled
and mainly localize at the lamellipodium. Moreover, filopodia fea-
ture relatively thick F-Actin filament structures at the peripheral
area of NGC (Figure 9B).

In the presence of nanopillar arrays (Figure 9C), we show a
qualitative indication of how 𝛽-III tubulin bundles are much thin-
ner than on flat control and adhere to the sides of the nanopil-
lars, confirming the results obtained earlier (Figure 5C,D), where
NGCs feature smaller areas on nanopillar arrays. Due to the
high laser power employed to transition the fluorophores from
their dark state and achieve the blinking process, nanopillar ar-
rays higher than 1 μm could not be characterized due to their
high intrinsic autofluorescence background, thus not enabling
the super-resolution image reconstruction. In future work, we
will develop effective biomaterial autofluorescence suppression
protocols to enable the super-resolution imaging also of higher
aspect ratio nanostructures.
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Figure 8. I3Neurons’ growth cones on different nanopillar arrays. Red: F-actin, green: 𝛽-tubulin III, and yellow: vinculin.

2.5. Overall Comparison of the Nanopillar–Cells Interaction
across the Three Cell Models

In this study, we employed three distinct neuronal cell types to
examine their behavior when cultured on nanopillar arrays of
varying heights. First, hippocampal neurons were isolated from
mouse pups and directly seeded onto the nanopillars. SEM and
confocal microscopy revealed that these neurons exhibited pref-
erential neurite alignment along the nanopillar configurations
(Figure 2).

Next, NPCs were seeded at both high (50 000 cells mL−1) and
low (10 000 cells mL−1) densities on the nanopillars and allowed

to differentiate into neurons over 6 weeks. In high-density cul-
tures, neurites displayed directional guidance similar to that of
hippocampal neurons. Furthermore, to assess the maturation
level of these cells differentiated on the nanopillars, we mon-
itored Synapsin I expression, and observed that cells on the
nanopillar arrays express a higher number of pre-synaptic areas
compared to the control. In low-density cultures, cells formed
neurospheres exclusively on the tallest nanopillar arrays (5 μm),
which had the lowest effective shear modulus, with axons extend-
ing outward.

Lastly, we investigated I3Neurons, which were seeded on
the nanopillars due to their rapid differentiation into neurons,
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Figure 9. Super-resolution microscopy of I3Neurons NGCs on flat surface and 1 μm height nanopillar arrays. A) Microtubules on glass. B) F-Actin on
glass. C) Microtubules on nanopillars. Scale bars correspond to 5 μm.

making them suitable for detailed analysis of growth cone mor-
phology and neurite lengths. The results demonstrated that dif-
ferent nanopillar heights significantly influenced growth cone
morphology, area, and vinculin concentration as well as neurite
lengths. Their directionality was also affected by the nanopillar
configuration, as shown in the other two cell types.

3. Conclusions

Over the past decade, there has been a great effort to create
biomimetic environments for a plethora of neuronal cell lines for
investigating the mechanobiology behind neuronal networks di-
rectionality and growth cones development. In the present study,
we 3D-printed nanometric pillar arrays using two-photon poly-
merization and seeded them with three distinctive neuronal cell
lines, derived from human pluripotent stem cells and mouse pri-
mary hippocampal neurons. By tuning the aspect ratio of the
nanopillars, a range of effective shear moduli from the kPa to
the MPa range were achieved, which ultimately influenced the
way neurons perceive their extracellular environment. The wide
variety of cell lines enabled a comparative assessment of cell re-
sponses in terms of morphology, directionality, differentiation,
and growth cone development. We demonstrated that all three
cell types follow an overall similar trend over the nanopillar ar-
rays. More precisely, arrays with heights of more than 1 μm fos-
tered cell orientation along the lattice of the nanopillars, thus en-
abling the development of neuronal networks of either 90° or 0°.
Such orientations are important in developmental biology, as ax-
ons must be able to find their way through the ECM to make
synapses with other neurons. Moreover, neurons feature distinc-
tive orientations in-vivo, as shown, for example, in the native en-
vironment of mouse hippocampus, where the soma remains at
the outer shell and the axons are protruding inward along the
same direction,[49] and in the human cortex.[62] The expression of
Synapsin I, a mature neuronal marker, of NPCs was significantly
higher compared to the flat surface control. By fostering the dif-
ferentiation of NPCs, we conclude that the combined action of
nanopillar topography (resembling the diameter of brain ECM
fibers),[38] lattice configuration, and low effective shear moduli
create an ideal environment for neurons to be cultured.

We also deciphered the morphology of NGCs of I3Neurons
in terms of shape, size, and point contact adhesions’ localiza-
tion. We first analyzed the size of growth cones using confo-
cal microscopy and showed that, on stiff and flat substrates, the
area of the growth cone is significantly larger on flat surfaces
than the one on tall nanopillar arrays, a fact that is attributed
mainly to larger lamellipodia due to the bulky flat surface be-
neath them. We also observed that the NGCs’ filopodia on the
nanopillars are much longer than those on flat surfaces (thus
further enabling the intrinsic exploratory nature of the NGC)
and that they are able to probe the surrounding environment
along x-, y-, and z-axes instead of 2D like on the flat control.
This is attributed to the fact that the nanopillars, which attempt
to mimic the brain ECM fibers diameter, provide biomechani-
cal constraints to the NGCs. The presence of nanopillar arrays
also influenced the I3Neurons’ neurites lengths, making them
significantly longer than those growing on the flat control due
to a better representation of the in vivo conditions. Finally, con-
cerning vinculin localization, we showed that point contact adhe-
sions are created only around the nanopillars. In summary, for
the first time, we were able to combine laser-assisted 3D print-
ing, mechanical engineering, and super-resolution microscopy
to unveil the effect of nano-topographic and mechanical cues on
the neuro-mechanobiology of both primary and stem-cell-derived
neuronal networks, specifically in terms of neurites directional-
ity and growth cone morphology. Our engineered 3D nanostruc-
tures featuring brain ECM fibers like topography and mechani-
cal properties provide, therefore, a novel, physiologically relevant,
and reproducible 3D in vitro model to investigate fundamental
neuro-mechanobiology mechanisms and, in the future, to assess
the development of neuronal networks and growth cones in dis-
eased conditions.

4. Experimental Section
Two-Photon Polymerization Setup Configuration: A commercial 2PP

setup (specifically, the Photonic Professional GT+, Nanoscribe GmbH and
Co. KG) was employed for fabricating both 2D pedestals and 3D nanopil-
lar array scaffolds. The design of the 3D structures was developed by us-
ing Computer-Aided Design (CAD) software, specifically Fusion 360 (Au-
todesk Inc.). After designing, the scaffold models were exported in STL
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format. Subsequently, the Nanoscribe DeScribe software was employed
to elaborate the STL file, converting it into Nanoscribe’s General Writ-
ing Language (GWL). Finally, the GWL file was provided to the NanoWrite
program, which controlled the 2PP setup. During the conversion process,
the STL file was sliced into 2D layers, and each of these layers was then
transformed into a set of hatched lines. To create the structures, a droplet
of photo-crosslinkable acrylate negative-tone polymer, known as IP-Dip,
was cast onto a cleaned and silanized fused silica cover slip (with a thick-
ness of 300 μm and a diameter of 13 mm). The substrates were cleaned
and activated using O2 plasma (generated by a Femto plasma etcher, Di-
ener) at a power of 100 W for 40 min, with an O2 flow rate of 5 sccm and a
pressure of 0.16 bar. Afterward, the substrates were silanized overnight us-
ing pure 3-(trimethoxysilyl) propyl methacrylate (MAPTMS) from Sigma–
Aldrich, followed by rinsing with isopropanol and drying with compressed
air. Silanization enhances the adhesion of the photosensitive biomaterial
to the substrate. The next step involved exposing the resin to a 780 nm
wavelength femtosecond pulsed laser (with a power of 37.5 mW, corre-
sponding to 75% power and 2.08 TW cm−2 intensity) within the Nano-
scribe Photonic Professional GT+ system. This laser exposure occurred
through a 63× oil immersion objective, Zeiss (with a numerical aperture
of 1.4), using a “Galvo” configuration where galvanometric mirrors scan
the laser beam laterally while vertical movement is controlled by piezo ac-
tuators. The specific parameters used for printing the nanopillar structures
were 75% laser power and a scanning speed of 50 mm s−1. The slicing dis-
tance (between adjacent layers) and hatching distance (between adjacent
lines) parameters were set to 0.3 and 0.1 μm, respectively.

Sample Preparation for Cell Culture: Sterile 13 mm glass fused silica
coverslips with nanopillars were left in 70% ethanol in H2O to sterilize
them. After 3× wash with phosphate-buffered saline (PBS), the samples
were placed in a 24 well-plate and were coated using poly-l-Lysine solu-
tion (Sigma) for 2 h at room temperature, protected from light. Samples
were then washed 3× in sterile Milli-Q and dried in the incubator at 37
°C before use. The three cell types employed in this study involved one
primary neuronal model and two stem-cell-derived neuronal models: i)
mouse primary hippocampal neurons, ii) human NPCs, and iii) human
induced pluripotent stem-cell-derived I3Neurons.

Primary Hippocampal Neurons: Primary hippocampal neuronal cul-
tures were prepared from surplus brain tissue from FvB wild-type mice
euthanized for other experiments (national authority Centrale Commisie
Dierproeven, approval number AVD1010020197365). The cultures were
prepared according to the procedure described by Banker and Goslin.[63]

Brains, minus the cerebellum, from P1 pups were collected and trans-
ported in HBSS (Hanks’ Balanced Salt Solution, Gibco) on ice. Hip-
pocampi were isolated and collected altogether in a 10 mL tube con-
taining 10 mL neurobasal (NB) medium (Gibco) on ice. Samples were
washed twice in cold NB and incubated in prewarmed trypsin/EDTA
solution (Gibco) for 20–30 min at 37 °C. Following incubation, hip-
pocampi were washed twice in prewarmed NB and dissociated in NB
supplemented with 2% B27 with vitamin A, 1% GlutaMAX, and 1% peni-
cillin/streptomycin (P/S, all Gibco). After dissociation, cells were counted,
and 10 000 cells/well were seeded in a 20 μL drop directly on top of the
nanopillars. The cells were placed in the incubator for 45 min to 1 h to
allow the cells to adhere to the nanopillars. Afterward, a supplemented
medium was added to each well. Plates were stored in an incubator at 37
°C, and 5% CO2, and half of the volume of the medium was refreshed ev-
ery 7 days. Hippocampal neurons were cultured directly on the nanopillar
arrays for 14 DIV before fixation.

Neural Progenitor Cells: Neuronal cultures were derived from NPCs,
predifferentiated from human induced pluripotent stem cells (WTC-11 iP-
SCs), with passages 3.4–3.6 as described earlier by Gunhanlar et al.[64]

After passage 3, NPC cultures were purified using fluorescence-activated
cell sorting (FACS) as described previously.[65] Briefly, NPCs were de-
tached from the culture plate and resuspended into a single-cell solution.
CD184+/CD44−/CD271−/CD24+ cells were collected using an FACSAria
III (BD Bioscience) and expanded in NPC medium. NPCs were used for ex-
periments between passages 3 and 7 after sorting or differentiated to neu-
ral networks. A 10 cm dish was coated with 20 μg mL−1 laminin (Sigma)
for at least 20 min at 37 °C. NPCs were taken from liquid nitrogen, thawed,

and plated on the laminin coating in NPC medium (Advanced DMEM/F12,
1% N2 supplement, 2% B27 supplement, 1% P/S, 1 μg mL−1 laminin,
and 20 μg mL−1 basic fibroblast growth factor (Sigma)). The medium
was refreshed three times a week, and cells were passaged and plated for
neuronal differentiation when 80% confluency was reached (i.e., after 2–
5 days). Once the plate was 80% full, cells were washed with Dulbecco’s
phosphate-buffered saline, incubated with accutase (Sigma), and disso-
ciated in neural differentiation medium (specific for cortical neurons).
Neural differentiation medium consists of neurobasal medium supple-
mented with 1% N2 supplement, 2% B27 supplement without vitamin
A, 1% P/S, 1% MEM (Minimum Essential Medium) nonessential amino
acid solution (all Gibco), 2 μg mL−1 laminin (Sigma), 20 ng mL−1 brain-
derived neurotrophic factor, 20 ng mL−1 glial-cell-derived neurotrophic fac-
tor (both Bio-connect), 1 μm dibutyryl cyclic adenosine monophosphate,
and 200 μm ascorbic acid (both Sigma). In each well, a 20 μL drop with
10 000 or 50 000 cells was placed directly on top of the nanopillars for
1 h to allow the cells to attach. After 1 h, 750 μL of neural differentiation
medium was added to each well. Cells were kept in an incubator at 37
°C and 5% CO2. The medium was refreshed three times per week. Dur-
ing weeks 1–4, the medium was fully refreshed. After 4 weeks, only half of
the volume of the medium was refreshed. WtC-11 and I3N cells (also de-
rived from WTC-11) were obtained from Gladstone institute under MTA.
WTC-11 cells are human induced pluripotent stem cells registered in hP-
SCreg under UCSFi001-A, with evidence of ethical provenance provided.
As such, both types of samples are publicly available and not derived
from human tissue acquired during the project, and no ethical approval is
necessary.

I3Neurons: Human iPSC-derived glutamatergic cortical neurons were
generated as previously described, through the induced differentiation of
i3N human iPSCs.[48] i3N iPSCs harbor a neurogenin-2 transgene under a
tetracycline-inducible promoter stably integrated into the AAVS1 genomic
safe harbor locus, which allows for rapid inducible differentiation to corti-
cal neurons.[48,66] i3N iPSCs were cultured as described previously[67] but
with some minor modifications, as indicated in the following sections. i3N
iPSCs were cultured on Geltrex (Thermo Scientific) coated 6-well plates in
2 mL Gibco StemFlex medium (Thermo Scientific), which was replaced
every 2 days for ≈5 days until the wells reached ≈70% confluency, after
which the cells were replated. Replating was done by aspirating the culture
medium, washing once with PBS, followed by gentle detachment by incu-
bation with 1 mL EDTA (0.5 mm) for 5 min at 37 °C, 5% CO2. Detached cell
clusters were then reseeded in 2 mL Stemflex medium in a fresh Geltrex-
coated well. To generate I3 Neurons, i3N iPSCs were predifferentiated and
differentiated as described previously.[67] Briefly, iPSCs were dissociated
by incubating with 1 mL acutase (StemCell Technologies) for 5 min, and
re-plated as single cells in neuronal induction medium containing doxycy-
cline (IM). IM was replaced every day. After 3 days of predifferentiation,
100 000 cells were frozen in Bambanker at −80 °C overnight in a cryobox,
and subsequently stored in liquid nitrogen. To induce neuronal differen-
tiation, cells were thawed and directly plated (10 000 cells/well) onto the
nanopatterned substrates (sterilized and coated as before) in neuronal
differentiation medium. To maintain these cultures and allow further dif-
ferentiation, half of the medium was changed every 3 to 4 days. Cells were
kept in culture for 2 or 7 days and were then fixed for observation with
the different methods described below. WtC-11 and I3N cells (also de-
rived from WTC-11) were obtained from Gladstone Institute under MTA.
WTC-11 cells are human induced pluripotent stem cells registered in hP-
SCreg under UCSFi001-A, with evidence of ethical provenance being pro-
vided. As such both types of samples are publicly available and not derived
from human tissue acquired during the project, and no ethical approval is
necessary.

Scanning Electron Microscopy: To prepare the sample for SEM charac-
terization, cells were rinsed 3× with PBS and incubated in 2.5% glutaralde-
hyde in water for 2 h at room temperature. The glutaraldehyde was then
removed, and cells were rinsed 3× with PBS, followed by a secondary fix-
ation with 1% osmium tetroxide (TCI Chemicals) in water for 1 h at room
temperature in order to preserve cell morphology. After another PBS rins-
ing, samples were dehydrated using 30%, 50%, 70%, 85%, 90%, and 2
× 100% ethanol for 5 min each, and then immersed in 50%, 75%, and
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100% solutions of hexamethyldisilazane (HMDS, Sigma–Aldrich) in 100%
ethanol for 5 min each. Finally, the residual HMDS was allowed to evapo-
rate overnight. The whole protocol was carried out under a chemical fume
hood. Afterward, samples were coated with 50 nm of gold using a sputter
coater JEOL JFC-1300 and imaged in high vacuum using a JEOL 6010LA
scanning electron microscope at 10 kV voltage acceleration.

Mechanical Characterization: The mechanical characterization of the
3D-printed materials was performed on 30 × 30 × 30 μm3 cubes (n = 5),
manufactured using the same printing parameters of the nanopillar arrays.
An FT-NMT03 nanomechanical testing system (Femtotools) was then em-
ployed to compress the cubes using a silicon 50 × 50 μm2 tip until 10%
compression, and the Young’s modulus of the material was extrapolated
from the linear loading phase of the stress–strain curve (Figure S2, Sup-
porting Information). The same approach was followed for the compres-
sion of the micropillar arrays (n = 5), including 10 × 10 pillars covering an
overall surface area of 30 × 30 μm2 for each nanopillar height (0.6, 1, 2.3,
3.3, and 5 μm).

Immunofluorescence Staining and Confocal Imaging Configuration: To
perform immunofluorescence staining for confocal microscopy, cells were
fixed with 4% paraformaldehyde in PBS for 15 min, permeabilized in 0.5%
Triton X-100 in PBS for 10 min, and nonspecific protein binding sites were
blocked with 2% bovine serum albumin (BSA) in PBS for 1 h at room tem-
perature (RT). Depending on the experiment, samples were incubated with
the primary antibodies in dilution buffer (0.5% BSA, Triton-X 0.1%/PBS):
rabbit antibeta III tubulin (1:1000, Abcam, ab17208), mouse antivinculin
(1:500, Abcam, ab130007), mouse antiSynapsin I a/b (A-8) (1:200, Santa
Cruz biotech., sc-376623) 1 h at RT. Afterward, samples were washed twice
with PBS, and secondary antibodies were used to detect the primary ones:
goat anti-rabbit IgG H&L (Alexa Fluor 488) (1:1000, Abcam, ab150077),
goat antimouse IgG H&L (Alexa Fluor 647) (1:1000, Abcam, ab150115)
alongside with Alexa Fluor 647 phalloidin (1:1000, Invitrogen, A22287) or
Alexa Fluor 568 phalloidin (1:1000, Invitrogen, A12380) staining to visual-
ize the F-Actin for 60 min at room temperature. The nuclei were stained
with either Hoechst 33258 (1:2000 dilution, Molecular Probes) for 10 min
or by mounting the samples in ProLong Gold Antifade Mountant with
DNA stain DAPI (Thermo Fisher) and stored for long-term observation.
After the staining, in case of Hoechst, cells were immersed and stored
in PBS and kept in 4 °C. Confocal imaging experiments were performed
using a Dragonfly 200 upright spinning disk confocal microscope (An-
dor). Four excitation laser wavelengths were employed to excite the flu-
orophores (405, 488, 561, and 640 nm) and four bandpass filter corre-
sponding the excitation lasers above to filter the emission of the samples
(445 ± 46, 521 ± 38, 594 ± 43, and 685 ± 47 nm). For large-area acquisi-
tions of whole nanopillar strips, a water dipping 25× apochromat lens (NA
= 1.19, Nikon) was used (samples were immersed in PBS for the whole
acquisition time), whereas for high-resolution images of individual growth
cones, an oil immersion 60× TIRF apochromat lens (NA = 1.49, Nikon)
was employed with a cover glass on top of the samples. The samples were
acquired using z-stacks and Montage mode in the fusion software (An-
dor), and the maximum intensity Z projections, 3D reconstructions, and
2D image visualization were performed using Imaris 2.1 software (Oxford
Instruments).

STORM Imaging Buffer and Super-Resolution Imaging Setup: The
refractive-index-matched buffer was prepared according to the protocol by
Lee et al.[61] and consisted of 100 mm cysteamine (30070, Sigma–Aldrich),
10% (w/v) glucose (G7021, Sigma–Aldrich), 0.8 mg mL−1 glucose oxidase
(G2133, Sigma–Aldrich), 40 μg mL−1 catalase (C40, Sigma–Aldrich), and
82% (v/v) 3-pyridinemethanol (A10381, Thermo Fisher Scientific) in PBS.
Imaging buffer was made fresh every time using stocks: 1 m cysteamine
(pH 8.0 using HCl), 50% glucose, 80 mg mL−1 glucose oxidase, and 4 mg
mL−1 catalase, all in PBS. Enzymes and cysteamine stocks were kept at
4 °C for no more than 2 weeks. For each acquisition, 20 000 frames were
recorded using the same Andor confocal above, operating with a 488 nm
laser at 60–100% laser power (maximum power 791 mW before the objec-
tive) and a 640 nm laser (maximum power 255 mW before the objective)
at 70–100% laser power. The fluorophores were activated by briefly irra-
diating the sample with a 405 nm laser at 20% laser power every ≈5000
frames. After imaging, all frames were inserted in Picasso software,[68]

where the spots were localized according to the set threshold, and the final
image was reconstructed by combining those localizations. An oil immer-
sion 60× TIRF apochromat lens (NA = 1.49, Nikon) was employed with a
cover glass on top of the samples (for additional information, see Figure
S6 in the Supporting Information).

Directionality Analysis: Confocal images of all three different cell lines
were used to calculate the directionality of the neuritic processes. 𝛽-tubulin
III channel confocal images were analyzed in ImageJ software[69] and
the directionality of each array was calculated by using the OrientationJ
plugin[70] (Figure S3, Supporting Information). The data were exported as
degree values from −90° up to +90° divided into subsections of 0.5°. Then
the values were plotted normalized to the highest measurement value of
each array. Plots were reported as the average value of three independent
experiments.

Neurite Length Analysis: Confocal images of I3Neurons were used to
evaluate the neurite lengths. First, the cyan channel (nuclei) was recorded,
and then the green channel (𝛽-tubulin III). Then, both channels were
inserted in CellProfiler,[71] where a custom-made pipeline was used. In
brief, both channels turned in 8-bit grayscale images, and the nuclei were
masked using the identify primary object module. Then, the green chan-
nel containing the tubulin was thresholded, masked, and skeletonized. Fi-
nally, the nuclei were used as a seeding structure to calculate the image
skeleton through the module measure object skeleton; the data were ex-
ported into a spreadsheet and inserted into GraphPad Prism for further
analysis.

Statistical Analysis: The data were analyzed using GraphPad Prism
9.5.1. A one-way analysis of variance (ANOVA) test was used to deter-
mine the statistical significance. Tukey multiple comparisons test was
performed for comparing the multiple data sets. The p-values related to
the statistical significance and the sample size (n) for each test are dis-
played in the related figure captions. For directionality analysis, ImageJ was
used with the orientationJ plugin, and then data were imported into Excel,
where the average of each orientation was calculated with the standard
deviation.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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