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The neurite outgrowth and path-finding behaviors of neurons
are governed by two protrusive, actin-based molecular
structures, filopodia and lamellipodia, the diameter of which
is generally in the range of 100-300 nm.!! The dynamic
stability of filopodia and lamellipodia allows neuronal cells to
recognize the surrounding environments at the nanometer
scale and to subsequently modify their cytoskeletal structures
in response to stimuli/cues.”] For example, permissive cues
impede the retrograde flow of actin filaments and promote
their assembly by generating tensions to the filopodia,®
resulting in the overall advance of neurites toward the cues.

Neurons encounter nanotopographical distributions of
permissive and non-permissive cues in vivo, exemplified by
protein structures in the extracellular matrix and tissue
scaffolds or external morphologies of supporting cells.
Although the surface roughness is known to affect the
neuronal behaviors in vitro in various aspects, such as attach-
ment and survival,” axonal guidance,”! and neurite out-
growth’l there have been few reports on developmental
responses of neurons to nanotopographies.”*! Because the
polarized morphology and specialized compartments (e.g.,
axons and dendrites) of neurons are crucial and decisive
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characteristics for neuronal activities, it is much more
beneficial to the precise control of neuron/materials inter-
faces to manipulate neuronal development and neurite
outgrowth than to do general behaviors, such as attachment
and survival. The concrete understanding of nanotopograph-
ical effects also would contribute to the biomedical applica-
tions, which demand the controlled development or regener-
ation of nerve systems at a certain position towards a pre-
determined direction, as well as to fundamental studies on
nanotopographical role for neuronal development in vivo."!

To understand the function of filopodia as an antenna for
the environmental exploration,” it is necessary to investigate
the developmental responses of neurons to nanostructures,
the feature size of which is comparable to that of filopodia
(100-300 nm). Herein, we systematically varied the feature
sizes of nanostructures by organizing spherical nanoparticles
with different diameters on a glass substrate, and found that
the neuritogenetic acceleration of hippocampal neurons
occurred on the nanostructures the period of which was
larger than 200 nm.

For the generation of nanosurfaces with various feature
sizes, silica beads with the diameters ranging from 100 to
700 nm were synthesized by hydrolysis of tetraethyl orthosi-
licate.l'”? The diameter was controlled to be 110, 190, 320, 480,
or 670 nm by changing the re-growth cycles of seeds and the
concentrations of reactants (See the Supporting Information
for the experimental details; Figure S1). The silica beads were
denoted as SB-110, SB-190, SB-320, SB-480, and SB-670,
respectively. Among the methods for organizing nano-sized
beads into two-dimensional arrays on a solid substrate, ']
rubbing was reported to be a highly effective in the monolayer
assembly with the precise control of the interparticle distance,
and simple, fast, and reproducible on a large area (Fig-
ure 1a)."”! Figure 1b shows the SEM images of the bead
monolayers with the different diameters, formed by the
rubbing method. This simple method yielded high-quality
monolayers with uniform interparticle distance regardless of
the bead diameters. To prevent the undesired detachment of
silica beads from the surface during cell culture, we baked the
substrate at 350°C for 3 h (see the Supporting Information,
Figure S2, for the experimental details). Figure 1c shows
a representative SEM image of a hippocampal neuron
cultured on a monolayer of SB-110, where the beads are
smaller than the filopodia.

The surface of silica beads was made to be neuron-
adhesive by 2 min-O,-plasma treatment, followed by 1h
dipping in aqueous poly-D-lysine solution (0.1 mgmL™ in
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Figure 1. a) A schematic illustration of the formation of two-dimen-
sional nanostructures of silica beads on a glass substrate. b) SEM
images of the nanostructures assembled with SB-110, SB-190, SB-320,
SB-480, and SB-670 (from left to right). The scale bar is 1 pm. c¢) SEM
image of a neuron at 1 DIV cultured on SB-110. The scale bar is 5 um.
The arrowheads indicate filopodia.

deionized water). Hippocampal neurons were then plated at
the density of 50 cells/mm? Figure 2a shows phase-contrast
optical images of the neurons at 1 DIV (day in vitro) and
2 DIV. Based on neuronal morphologies, the substrates were
categorized into two groups: Group-I (SB-110 and SB-190)
and Group-1I (SB-320, SB-480, and SB-670). We observed
noticeable differences in neuronal development between the
two groups even at 1 DIV. In Group-I, most of neurons had
either lamellipodia or short minor neurites at 1 DIV, and the
ratio between neurons with and without neurites was about
4:6. This ratio was similar to neurons grown on a polylysine-
treated glass coverslip at 1 DIV.™® In a stark contrast, more
than 80 % of Group-II neurons had neurites at 1 DIV, and the
length of the neurites was significantly longer than that of
Group-I neurons. In terms of axonal development, more
neurons in Group-II had a major neurite (“putative” axon)
than those in Group-I, which implied that axonal polarization
processes were more active on Group-II substrates than
Group-I substrates. At 2 DIV, Group-II neurons had one long
branching axon and a few minor neurites, which was
a phenotype of cultured hippocampal neurons."” The immu-
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Figure 2. a) Phase-contrast optical micrographs of hippocampal neu-
rons cultured on bead-packed substrates. The scale bar is 50 um.

b) SEM images of the hippocampal neurons on SB-110 (left) and SB-
480 (right). The scale bar is 5 um. Insets: Magnified images of
filopodial tips. The scale bar is T um. The original gray images were
rendered with a monochromatic color for the comparison between the
groups.

nostaining showed that the microtubules and filopodial/
lamellipodial structures were well-developed on all the bead
substrates (See the Supporting Information; Figure S3).
These results were in a good agreement with our previous
report: the developmental acceleration occurred on a 400 nm-
pitched anodized aluminum oxide substrate.®

Scanning electron microscopy (SEM) was used to exam-
ine the physical interactions of neurons with silica beads. The
bead size seemed to affect the filopodial contact with the
substrate in a different fashion: filopodia of the neurons in
Group-I extended straight regardless of the bead curvature,
while filopodia in Group II did not grow straight and seemed
to have many interactions with surface structures such as
trenches, bead surfaces, and gaps between the beads (Fig-
ure 2b, insets). The SEM micrographs showed that different
bead sizes caused the different spatial distribution of inter-
action spots between the filopodia and the substrate. These
interactions were believed to be phenomenologically differ-
ent from the ones with microstructures. Microtopographies,
such as microchannels and micropillar array with feature sizes
larger than 1 um,”® were reported to have influences on
neuronal growth directly at cellular scale; entire neurites were
trapped within the microstructures, which physically
restricted the direction of neurite growth or generated
cellular-scale tensions.**! In contrast, nanotopographies
would have localized effects on subcellular structures such
as filopodia, amplified to the cellular-scale responses such as
developmental acceleration. Our results supports the idea
that nanotopographical features trigger intracellular signaling
pathways through mechanotransductions of cytoskeletal
structures, and the discontinuous or jumping stimuli of
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adhesion bigger than the size of filopodia would change the
developmental characteristics of neurons.

To investigate neuritogenesis between the groups (Group-
I and Group-II) further, we cultured neurons on coverslips
and classified them into three developmental stages:®'
lamellipodia form around the soma (stage 1); the lamellipo-
dia coalesce at several discrete sites around the cell periphery,
where minor neurites begin to extend with growth cones at
their ends (stage 2); one neurite (major neurite) grows two- or
three-times longer than the others, and cell morphology is
polarized (stage 3). Figure 3 a clearly shows the differences in
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Figure 3. a) Percentages of neurons in each stage at 1 DIV and 2 DIV.
The results from the substrates were compared with SB-110 by the chi-
square test. There was a significant difference (*p <0.001). b) Average
length (+standard error) of major neurites. All substrates were
compared with SB-110 by one-way ANOVA at the significant level of
99%, followed by the Bonferroni’s multiple comparison test

(*p <0.001). The numbers indicate data points for the statistics.
CTRL: poly-p-lysine-coated coverslips.
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distribution of neuronal populations in the two groups. In
Group-I, more than 50 % of the neurons belonged to stage 1
at 1 DIV, while more than 75% of the neurons in Group-II
were already at stage 2 or 3. At2 DIV, few neurons in Group-
II remained in stage 1 (4, 0, and 0% for SB-320, SB-480, and
SB-670, respectively), and many neurons populated more at
stage 3 (58, 54, and 66 % ). The neurons in Group-I were also
developed, but the percentage of the neurons in stage 1 was
still 21-25 % at 2 DIV. The length of the longest major neurite
also showed similar bimodal distribution (Figure 3b). At
1 DIV, the average length for Group-II was 44-49 um, while
that for Group-I was 23-25 um. The length difference became
much larger at 2 DIV: 151.8 £16.5 um for SB-670, 129.2 +
17.6 um for SB-480, 74.3 £ 4.9 pm for SB-320, 61.2+4.8 um
for SB-190, and 59.3 £5.1 pm for SB-110. Although the length
for SB-320 was relatively short, it was still longer than that for
Group-I. Taken together, the results indicated that neurons
sprouted neurites faster, and the polarization process was also
accelerated on the substrates with beads larger than 200 nm in
diameter. The neurons sensed the nanostructures differently
and behaved differently with a threshold of about 200-
300 nm.

To examine the importance of filopodia in sensing nano-
topographical differences, we treated neurons with cytocha-
lasin D, an F-actin-depolymerization agent, while they were
cultured on silica beads (Figure 4a). Cytochalasin D has been
shown to be effective in disrupting F-actin-based structures of
hippocampal neurons, such as filopodia, generating elongated
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Figure 4. a) Chemical structure of cytochalasin D. b) Phase-contrast
micrographs of hippocampal neurons cultured on bead-packed sub-
strates (SB-110 and SB-670) with the treatment of cytochalasin D. The
scale bar is 50 um. c¢) Quantitative analyses of the longest-neurite
lengths and the average number of neurites. There were no significant
differences between any pair of them for both graphs (N =26, 60, 36,
25, and 30 for the number of neurites, and 27, 66, 33, 29, and 40 um
for the neurite lengths; mean £ o).
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neurites and multiple axons."¥ We added cytochalasin D to
the culture media (final concentration: 1 um) immediately
after seeding, and cultured neurons for 1 day. Interestingly, we
did observe the same phenotype for all the substrates
including the glass control: treated with cytochalasin D,
neurons exhibited elongated, multiple, thin, and curved
neurites at 1 DIV (Figure 4b for representative images for
SB-110 and SB-670). In addition, there was no significant
difference in both the length of the major neurite and the
number of the neurites (Figure 4c). The results implied that
filopodia were essential for the observed, different responses
of hippocampal neurons toward nanotopographical surface
features.

In summary, we showed that the developmental acceler-
ation of hippocampal neurons occurred on the well-packed
structures of silica beads bigger than 200 nm in diameter. The
biochemical inhibition of filopodia formation suggested that
neurons sensed nanotopographies through filopodial activ-
ities, which in turn modulated intracellular cytoskeletal
dynamics, just as they sense the biochemical cues. Our results
also imply that nanotopographical cues are an important
feature for guiding neurites during the neural developments
in vivo. We believe that this work would provide fundamental
but crucial information for studying nanotopographical
manipulation of neuronal development, and also be useful
for designing sophisticated neural interfaces in neural tissue
engineering and others.

Experimental Section

Cell Culture: Primary hippocampal neurons were cultured in serum-
free condition. Hippocampus from E-18 Sprague-Dawley rat was
triturated in 1 mL of Hank’s Balanced Salt Solution (HBSS) using
a fire-polished Pasteur pipette. The cell suspension was centrifuged
for 2 min at 1000 rpm, and a cell pallet was extracted. The cell pallet
was suspended in Neurobasal media supplemented with B-27,2 mML-
glutamine, 12.5 pMm L-glutamic acid, and Penicillin-Streptomycin.
Dissociated cells were seeded at the density of 50 cellsmm™ on
a silica bead-assembled substrate. Cultures were maintained in an
incubator (5% CO, and 37°C), and a half of media was replaced with
fresh culture media without L-glutamic acid supplement every 3-
4 days. This study was approved by IACUC (Institutional Animal
Care and Use Committee) of KAIST.

Instruments and Characterizations: The surface topography of
the prepared substrates was investigated by field-emission scanning
electron microscopy (FE-SEM; Hitachi S-4800). Before FE-SEM
imaging, the cultured substrates were coated with platinum (30 mA,
360 s). Fluorescence micrographs of neuron cultures were obtained
using Olympus BX51m (Olympus Corp.) equipped with a CCD
camera (DP71, Olympus Corp.). From the images, the lengths of
major neurites were measured with Neuron J plugin in Image J
software (NIH).
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