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to control and manipulate the develop-
mental and morphological processes of 
neuronal and glial cells at one’s will for 
certain purposes and applications.[7,8] 
Although nanotopography so far enables 
the chemical control over elementary but 
important facets of neuronal develop-
ment, such as onset of neuritogenesis and 
neurite-elongation rates,[2–17] it has been 
elusive to manipulate more sophisticated 
neuronal processes including formation of 
axon collateral branches. Axonal branches 
are imperative in the proper neural func-
tions, because they allow neurons to 
integrate information by establishing the 
axon terminals, the indispensable part of 
neurons in the development of presyn-
aptic differentiation.[18–20] In this paper, we 

report that a nanostructure-based culture platform induces the 
formation of axon branches, which would further advance our 
controllability of neuronal development in vitro.

The culture platforms in this work were fabricated by replica-
molding AAO nanostructures with hard poly(dimethylsiloxane) 
(h-PDMS) (Figure 1a). Briefly, after obtaining the nanoporous 
AAO substrates, composed of cylindrical pores, with a proper 
pitch (≈400 nm)[2] by optimizing the anodization voltage/time 
and the type/concentration of electrolytes,[21–23] the replica-
molding step was followed by transfer of the h-PDMS nano-
pillar (NP) array to a transparent glass slide[24] for easy cul-
ture and characterizations of neurons. We generated three NP 
arrays with different heights by varying the second-anodization 
time (5 min: 240 ± 8 nm (NP-5), 10 min: 280 ± 5 nm (NP-10), 
and 15 min: 338 ± 8 nm (NP-15)). The characteristics of the NP 
arrays, such as density, width, hydrophilicity, and roughness, 
were studied (Figure S1, Supporting Information). The density 
and diameter of NPs were 5.2–6.7 NP µm−2 and 105–113 nm, 
respectively, and the NP substrates were highly hydrophobic 
(water contact angle: 135–143°). Primary hippocampal neu-
rons dissociated from embryonic day 18 (E18) Sprague Dawley 
rat hippocampi were cultured on the NP arrays after coating 
with poly-d-lysine (PDL), a positively charged neuro-adhesive 
polymer.[25]

Based on the previous reports on neuronal ability to distin-
guish the nanometer-scaled pitches of the culture substrates,[4] 
we investigated the prototypical nanotopography-effect of the 
NP arrays—accelerated neurite outgrowth, by measuring the 
longest-neurite length at 1 and 2 DIV (DIV: days in vitro) with 
the flat h-PDMS substrate as a control (Figure S2, Supporting 

Axon collateral branches, as a key structural motif of neurons, allow neurons 
to integrate information from highly interconnected, divergent networks by 
establishing terminal boutons. Although physical cues are generally known 
to have a comprehensive range of effects on neuronal development, their 
involvement in axonal branching remains elusive. Herein, it is demonstrated 
that the nanopillar arrays significantly increase the number of axon 
collateral branches and also promote their growth. Immunostaining and 
biochemical analyses indicate that the physical interactions between the 
nanopillars and the neurons give rise to lateral filopodia at the axon shaft 
via cytoskeletal changes, leading to the formation of axonal branches. This 
report, demonstrates that nanotopography regulates axonal branching, and 
provides a guideline for the design of sophisticated neuron-based devices 
and scaffolds for neuro-engineering.

Neuro-Engineering

Recent experimental data, found rather in a scattered fashion, 
unceasingly echoes that we should delve into the determin-
istic roles of nanostructure-derived physical cues[1] in neuronal 
development. Since the reports, in 2010, that neuritogenesis 
and neurite outgrowth are accelerated on the nanometric 
substrates, such as anodized aluminum oxide (AAO)[2] and 
electrospun fibers,[3] compared with a flat slide, the validity 
of the 2D, flat surface as a neuron-culture platform has been 
controversial.[4,5] Not to mention the faithful recapitulation 
of the in vivo situations in an in vitro setting for legitimate 
neuron studies,[6] advances in the field would make it possible 
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Information). The analysis showed that the averaged longest-
neurite length on NP-10 (208.0 ± 9.7 µm) was significantly 
greater than that on the flat control (71.6 ± 7.7 µm) at 2 DIV, and 
the neurite elongation was noticeably accelerated even at 1 DIV 
(NP-10: 123.9 ± 3.4 µm, control: 31.5 ± 2.0 µm). Further anal-
ysis with NP-5 and NP-15 indicated that the nanopillar height 
did not noticeably affect the neurite outgrowth (Figure S3, Sup-
porting Information), because the narrow interpillar distance 
(≈400 nm) in respect to the pillar diameter (≈100 nm) would 

make the neurons interact mainly with the 
upper region of the nanopillars (Figure S4, 
Supporting Information),[2,26] while very thin 
neurite-like structures were found within the 
lower region of the nanopillars.[27] Based on 
these initial characterizations, NP-10 was 
selected for further, detailed studies, by con-
sidering that the NP-10 nanopillars were 
much more uniform without collapse com-
pared with NP-5 and NP-15 ones (Figure 1a), 
and all the three substrates had the same 
nanotopographical effects on neurite out-
growth statistically (Figure S3, Supporting 
Information). The earlier-stage development 
of neurons on NP-10 was additionally char-
acterized at 9, 15, and 21 h (Figure S5, Sup-
porting Information).[6] At 9 h of culture, 
more than a half of the neurons on NP-10 
developed to stages 2 and 3, while most of 
the neurons (>80%) were still at stage 1 for 
the control.[28] The accelerated development 
was more prominent at 21 h: more than 80% 
of the neurons reached stage 3 on NP-10, but 
only 3% of the neurons were at stage 3 on the 
control. In addition to the accelerated neuri-
togenesis, NP-10 induced the early determi-
nation of a major neurite, reminiscent of our 
previous work.[6]

In addition to the prototypical effects of 
nanostructures on neuronal development, 
we surprisingly found that the hippocampal 
neurons on NP-10 greatly induced the 
formation of axon collateral branches 
(Figure 1b), which is essential for structural 
complexity and proper neural functions, 
such as learning, memory, sensory pro-
cessing, and response.[29] Heretofore, there 
have been several reports that the formation 
of axonal branches is promoted by adjust-
ment of mechanical tensions (e.g., substrate 
stiffness).[30–32] To quantitatively analyze the 
axonal branches, two indicators—primary 
branch (PB) and secondary branch (SB)—
were used in this study (Figure S6, Sup-
porting Information): PB was defined as 
the branch that sprouted directly from an 
axon, and SB as the one that sprouted from 
PB. At 1 DIV, the averaged PB number was 
less than unity for both NP-10 and the con-
trol (NP-10: 0.2 ± 0.01, control: 0.1 ± 0.1), and 

the value increased slightly more at 1.5 DIV (NP-10: 0.9 ± 0.1, 
control: 0.4 ± 0.1) (Figure 1c). However, explosive PB forma-
tion was observed at 2 DIV only in the case of NP-10: at 2 DIV, 
the PB number increased sharply to about 4 (3.8 ± 0.2), while 
insignificant linear increase occurred for the control (0.7 ± 0.1).  
The enhanced PB elongation was also observed exclusively 
on NP-10 (Figure 1d): the averaged PB length on NP-10 was 
23.7 ± 0.1, 57.3 ± 1.3, and 125.1 ± 3.6 µm at 1, 1.5, and 2 DIV, 
respectively, but the value was less than 5 µm for the control 
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Figure 1. a) Schematic illustration for the fabrication of h-PDMS nanopillar arrays and field-
emission scanning electron microscopy (FE-SEM) micrographs (tilt angle: 33°) of the nano-
pillar arrays. b) Confocal laser-scanning microscopy (CLSM) micrographs of the neurons on 
the NP-10 and flat substrates at 2 DIV. c) The averaged PB number (mean ± S.E.) per neuron 
on the NP-10 and flat substrates at 1, 1.5, and 2 DIV. d) The averaged PB length (mean ± S.E.) 
on the NP-10 and flat substrates at 1, 1.5, and 2 DIV.
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(3.1 ± 0.1 µm at 1 DIV, 4.0 ± 0.2 µm at 1.5 DIV, and 4.7 ± 0.1 µm  
at 2 DIV). Additional hippocampal branches are developed in 
the interstitial mode where axon branches form behind the 
growth cone of the axon terminal, not in an bifurcation mode 
where axon branches are formed by splitting of the growth 
cone.[20,28,29,33] Therefore, the observation that PB elongation 
length of 101.4 µm between 1 and 2 DIV on NP-10 was of the 
same order as the major-neurite elongation for the first 1-DIV 
period (123.9 µm) implied that the development of axonal 
branches and neurites was promoted via similar mechanisms 
by the NP-10 topography. No, or little if any, PB elongation on 
the flat control additionally indicated that the NP-10 nanopil-
lars specifically accelerated the axon development.[19] NP-10 
also induced the increased formation of higher-order branches 
(Figure S7, Supporting Information). The ratio of the number 
of SBs to that of PBs was 0.24 at 2 DIV for NP-10, but the ratio 
was about 0.1 for the other cases.

Biological studies show that axonal branching is initiated by 
the reorganization of actin and microtubules at the localized 
regions of an axon, which is much similar to what happens 
at the growth cone during axonal outgrowth.[34–37] Chemical 
cues to axon-branch formation have been indentified;[38,39] for 
example, netrin-1,[40,41] Ephrin A,[42,43] nerve growth factors,[44,45] 
and brain-derived neurotrophic factors[46] regulate the reor-
ganization and movement of cytoskeleton to promote the for-
mation of axonal branches. Therefore, we first counted the 
number of lateral filopodia to investigate the effects of NP-10 
on cytoskeletal dynamics at the axon shaft (Figure 2a). Because 
the developmental rates of neurons were different for NP-10 

and the control, the analysis was performed only with the 
stage-3 neurons, which already determined their axons, at  
1 DIV for NP-10 and at 2 DIV for the control. The analysis indi-
cated that lateral filopodia were present, on average, every 5 µm 
of the axon shaft for NP-10, but less than one filopodium was 
observed per 10 µm of the axon shaft in the case of the con-
trol (Figure 2b). The magnified FE-SEM images showed that 
the lateral filopodia interacted intimately with the nanopillars, 
indicating that the enhanced formation of lateral filopodia was 
induced by physical interactions (Figure 2c). The results clearly 
confirmed that the NP structures gave rise to lateral filopodia 
that are potential sites for axonal branching. This observation 
was also consistent with the previous reports that mammalian 
cells on the microposts and nanowires formed focal adhesions 
over the discontinuous contact points,[47,48] inducing the spa-
tial localization of actin-related protein complexes and the local 
condensation of actin.[49,50] This local contact of axons on upper 
region of discontinuous topography could explain the forma-
tion of neuronal network and axon branching on the micro-
structure with lower roughness in line with our results.[27,51–53] 
Taken all together, we believe that the NP-10 nanopillar arrays 
triggered the axonal branching by forming discontinuous adhe-
sion points with axons and bringing about actin condensation.

We also treated the neurons with three biochemical 
inhibitors—cytochalasin D, nocodazole, and blebbistatin—
that interfere with cytoskeletal dynamics in different fashions 
(Figure 3). The neurons on NP-10 were treated with each inhibitor 
at 18 h after plating (i.e., after axon formation) and characterized 
by CLSM at 2 DIV (Figure 3a). One of the salient inhibition 

effects against formation of axon branches 
was found in the treatment of cytochalasin 
D, actin-polymerization inhibitor, which abol-
ished the formation of both lateral filopodia 
and axon branches (Figure 3b). Therefore, this 
result further supported the hypothesis that 
the formation of lateral filopodia is a crucial 
prerequisite toward the formation of axonal 
branches in our system. We additionally found 
that cytoskeletal dynamics at the axon shaft 
was orchestrated for the branch formation 
on NP-10, because the inhibition of micro-
tubule polymerization, by nocodazole, did 
not form the axon lateral branches, although 
the formation of lateral filopodia was not 
affected. Blebbistatin, a nonmuscle myosin 
II inhibitor, decreased the number of lateral 
filopodia to some extent and, consequently, 
the formation of axon branches. Taken all 
together, it could be concluded that the NP-10 
nanostructures provided physical cues to the 
controlled axon-branch formation by directly 
changing the cytoskeleton structures and their 
dynamics at the axon shaft, similarly to what 
it does to the ones at the tip of neurites.[33,38,54]

In summary, we demonstrated that the 
nanopillar array (pitch: 400 nm) significantly 
promoted the formation of axon collateral 
branches de novo[20] by changing the cytoskel-
eton dynamics at the axon shaft. A consensus 
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Figure 2. Increased formation of lateral filopodia from an axon shaft on NP-10. a) CLSM micro-
graphs of the axons on the NP-10 and flat substrates. Neurons were observed after staining of 
F-actin (green). b) The averaged number (mean ± S.E.) of filopodia per 10 µm axonal segment 
on the NP-10 and flat substrates. A two-tailed unpaired Student’s t-test (***p < 0.001) was used 
to compare two samples. c) FE-SEM micrographs of the neurite on NP-10 at 1 DIV.
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has arisen, in the communities of neurochemistry and related 
fields, that nanotopography, as one of the physical cues, accel-
erates neurite outgrowth, guides axon elongation, and induces 
neuron development with fewer neurites in vitro. Fundamental 
studies have been executed to identify the genes and proteins 
in charge of this unforeseen phenomenon and elucidate the 
underlying mechanisms, along with studies on its in vivo rel-
evance. The nanotopography-derived in vitro controllability also 
has been applied to neuroregenerative scaffolds[55–61] including 
treatment of spinal cord injury. The current work affirma-
tively indicates that the roles of nanometric structures in the 
neuronal development are to explore further, and our under-
standing is limited. Nonetheless, its result, enhanced forma-
tion of axon collateral branches by nanotopography, adds an 

advanced toolbox to the in vitro manipulation of developmental 
behavior of neurons.

Experimental Section
Neuron Culture: Primary hippocampal neurons from the hippocampi 

of E18 Sprague-Dawley rat pups were cultured in serum-free 
conditions. Hippocampi were dissected and dissociated to single 
cells in Hank’s Balanced salt solution, centrifuged at 1000 rpm, and 
resuspended in Neurobasal Medium with B-27 supplement, GlutaMAX, 
l-glutamic acid, and 1% penicillin-streptomycin. Dissociated neurons 
were seeded on NP-10 at a density of 50 cells mm−2 and cultured at 37 °C  
in a humidified atmosphere of 5% CO2. This study was approved by the 
IACUC (Institutional Animal Care and Use Committee) of KAIST.

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