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Neuronal migration is a complicated but fundamental process for proper
construction and functioning of neural circuits in the brain. Many in vivo
studies have suggested the involvement of environmental physical features of
a neuron in its migration, but little effort has been made for the in vitro
demonstration of topography-driven neuronal migration. This work
investigates migratory behaviors of primary hippocampal neurons on a silicon
microcone (SiMC) array that presents 14 different pitch domains (pitch:
2.5–7.3 µm). Neuronal migration becomes the maximum at the pitch of
around 3 µm, with an upper migration threshold of about 4 µm.
Immunocytochemical studies indicate that the speed and direction of
migration, as well as its probability of occurrence, are correlated with the
morphology of the neuron, which is dictated by the pitch and shape of
underlying SiMC structures. In addition to the effects on neuronal migration,
the real-time imaging of migrating neurons on the topographical substrate
reveals new in vitro modes of neuronal migration, which have not been
observed on the conventional flat culture plate, but been suggested by in vivo
studies.

Neuronal migration is one of the most crucial steps in the con-
struction of the nervous system. In the embryonic period, new-
born neurons migrate to reach their appropriate positions.[1–3]

The migration processes continue, after birth, to establish and
maintain the neural circuitry. Studies on the underlying mech-
anisms, which initiate and guide the migration of neurons at
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the proper moment, have suggested the
role of environmental cues. Since Rakic
reported the neuronal migration along
the processes of radial glial cells—radial
migration[4,5]—in 1971,[6] the importance of
environmental physical features for a neu-
ron in its migration has been remarked
upon again, as Weiss had suggested in
1934.[7] In the radial migration, the aligned
leading neurites of migrating neurons are
often enveloped by glial appendages, indi-
cating dynamic, reciprocal interactions be-
tween neurons and glial fibers. In vivo neu-
rons also migrate in a different mode: in
the tangential migration,[8–10] neurons often
move in a direction orthogonal to the glial
fibers and cooperate with radially migrat-
ing neurons in corticogenesis. Because the
tangential migration is defined as a mode
of nonradial neuronal translocation, neigh-
boring cells,[11] like radial glial fibers in ra-
dial migration, were suggested to act as sub-
strates on which the neurons migrate. Di-
rectly contacting cells or blood vessels[12]

would provide topographical cues to tangentially migrating
neurons in vivo, along with biochemical cues, but it still remains
unknown whether spatial, physical structures actively contribute
to the biological control of neuronal migration.

Previous in vitro studies have elucidated topographical effects
on several neuronal behaviors including neuronal adhesion,[13,14]
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neurite outgrowth,[15–18] and network formation.[19,20] The in-
terrelation between the direction of neurite elongation and
the topographical feature has enormously been studied.[21–23]

The concept of contact guidance has been proposed to explain
the direction of neurite elongation depending on the type of
neurons and the morphological attributes of topography.[24–27]

Neuritogenesis and neurite outgrowth were greatly accelerated
on nanotopographical substrates.[15,28–31] A new in vitro devel-
opmental pathway for hippocampal neurons has even been
reported on nanotopography.[32] Despite recent remarkable find-
ings, it is the topographical influences on neuronal migration
that remain as one of the missing pieces in understanding of neu-
ronal development on various surface topographies. Neuronal
migration on substrates with different topographies has rarely
been discussed,[33] although thetopographical roles in neuronal
migration were suggested to exist by the in vivo studies, and the
general roles of subcellular components, such as organelles
and cytoskeletons, during migration have been identified
in vitro.[34–38] As aforementioned, neurons respond to topo-
graphical features and show different functional events during
their early development, compared with those on flat culture
substrates,[32,39] which suggests the possibility that the topo-
graphical features could also affect the migration of neurons, as
they affect other cell types.[40–44] Herein we report the migration
behaviors and morphological changes of primary hippocampal
neurons on a microstructured culture platform with different
pitches.

The silicon microcone (SiMC) array with different pitches was
fabricated by a Ti:Sapphaire femtosecond laser system (Figure
S1, Supporting Information).[45,46] In this paper, we define the
pitch as the distance between peaks of adjacent microcones. The
controlled laser-parameters, with a computer-driven X-Y transi-
tion stage, enabled the generation of step-gradient pitches, com-
posed of 14 different domains (P1–P14), by varying the laser
fluence from 0.17 to 0.78 J cm−2 (Table S1, Supporting Infor-
mation). The field-emission scanning electron microscopy (FE-
SEM) images of the SiMC array, with top and tilted (45°) views,
showed that the pitch and roughness (i.e., height) of microcones
increased gradually, and the major axes of the elliptical micro-
cones were parallel to the step-gradient axis (Figure 1a). The
width of each domain was set to be 500 µm, and the fabricated
SiMC array, containing 14 domains, was 7 mm wide and 4 mm
high. Pitches in the step-gradient axis and roughnesses varied
from 2.54 ± 0.55 (P1) to 7.25 ± 1.25 µm (P14) in pitch and from
2.66 ± 0.32 (P1) to 11.33 ± 1.98 µm (P14) in roughness (Table 1).

Primary hippocampal neurons dissociated from embryonic
day 18 (E18) Sprague-Dawley rat hippocampi were cultured on
the SiMC array after coating with laminin.[47,48] Neuronal nuclei
were fluorescently labeled with Hoechst 33342 at 3 h of culture,
when the neurons stably adhered to the substrate, and tracked
every 15 min from 4 to 12 h of culture by confocal laser-scanning
microscopy (CLSM). The nucleus positions on the SiMC array
were digitized into the x and y coordinates by using the Track-
Mate plugin of Image J, and the neuronal migration was followed
by linking the time-evolved positions for each nucleus. Based on
the preprocessed data, we calculated the total migration distance
and the averaged migration speed (the total migration distance
divided by 8 h). Analysis on the migration speed on one and ev-
ery pitch domain (from P1 to P14) arguably confirmed that the

Figure 1. a) FE-SEM micrographs of different pitch domains (from P1 to
P14) in the SiMC array, with a side-view schematic of the microcones. b) A
box-and-whisker plot of neuronal-migration speed on each pitch domain.
c) Percentages of the migrating neurons for Groups I, II, and III on P4, P8,
and P12. d) CLSM images of the somata (blue) on P4, P8, and P12, with
their trajectory lines (white). e) Scatterplots of neuronal displacement and
angle degree of displacement for P4, P8, and P12.

pitches of the SiMC array indeed significantly affected the behav-
ior of neuronal migration (Table 1 and Figure 1b). The highest
migration speed was observed on the P3 domain, the pitch of
which was 3.21 ± 0.76 µm. The migration speed decreased with
pitch changes and leveled off beyond P7 (pitch: 4.11 ± 0.85 µm).
As a comparison, the speed dropped to about 45% on P7 from
that on P3 (16.56 µm h−1 on P3 vs 9.17 µm h−1 on P7). The results
suggested the existence of an upper threshold for topography-
driven, in vitro neuronal migration in the micrometer scale.

Adv. Healthcare Mater. 2021, 10, 2000583 © 2020 Wiley-VCH GmbH2000583 (2 of 8)



www.advancedsciencenews.com www.advhealthmat.de

Table 1. Pitches, roughnesses of and neuronal-migration speeds on the
pitch domains (P1–P14) of the SiMC array.

Domain Pitch [µm] Roughness [µm] Speed [µm h−1]

P1 2.54 ± 0.55 2.66 ± 0.32 10.85

P2 3.04 ± 0.59 2.96 ± 0.45 15.53

P3 3.21 ± 0.76 3.27 ± 0.41 16.56

P4 3.30 ± 0.48 3.66 ± 0.39 16.41

P5 3.77 ± 0.74 4.16 ± 0.40 14.10

P6 3.88 ± 0.70 4.30 ± 0.61 11.83

P7 4.11 ± 0.85 5.08 ± 0.70 9.17

P8 4.20 ± 0.74 5.50 ± 0.91 8.51

P9 4.80 ± 0.84 5.47 ± 0.81 7.07

P10 4.97 ± 0.94 7.19 ± 1.46 6.20

P11 5.37 ± 0.84 7.33 ± 1.35 6.14

P12 5.62 ± 1.14 9.49 ± 1.22 5.75

P13 6.39 ± 1.22 11.43 ± 1.73 5.25

P14 7.25 ± 1.25 11.33 ± 1.98 6.25

With P4 (pitch: 3.30 ± 0.48 µm), P8 (pitch: 4.20 ± 0.74 µm),
and P12 (pitch: 5.62 ± 1.14 µm) as representatives of small,
medium, and large pitches (Figure S2, Supporting Information),
further analysis was made by grouping the neurons into three
categories based on their total migration distance (I: <50 µm;
II: ≥50 µm and ≤100 µm; III: >100 µm) (Figure 1c). The mi-
gration distances of at least 190 neurons were measured for
each pitch domain in the time-lapse CLSM images. Although
the neurons were somewhat heterogeneous in terms of migra-
tion distance, the analysis clearly indicated that actively moving
neurons (i.e., neurons in Group III) were more popular on P4
than on P8 and P12. The migration distance displayed a non-
Gaussian distribution, but a higher percentage of the neurons
moved more than 50 µm on P4, compared with P8 and P12.
Quantitatively, 58.28% of the neurons were categorized to Groups
II or III in the case of P4, and the percentage decreased to
29.14% and 17.67% for P8 and P12, respectively. The percent-
age of Group III for P4 was even higher than the percentage sum
of Groups II and III for P8 or P12. On P8 and P12, more than
70% of the neurons moved less than 50 µm. It is to note that
the pitch difference of ≈0.9 µm between P4 and P8 led to the
significant differences in group-percentage distribution and mi-
gration speed: Group I (41.72%), Group II (21.41%), Group III
(36.87%), and speed (16.41 µm h−1) on P4; Group I (70.86%),
Group II (15.18%), Group III (13.96%), and speed (8.51 µm h−1)
on P8.

In addition to the migration speed, the morphology of neurons
is another feature related to their migration. For example, migrat-
ing neurons generally take a bipolar morphology that has leading
and trailing neurites in directions opposite to each other.[49,50]

We counted the number of neurites sprouting from the soma
and observed more bipolar neurons on P4 (47.44%) than on
P12 (26.62%). The values were roughly similar to the percentage
sum of Groups II and III, additionally supporting that more neu-
rons were active on P4 in the aspect of their migration (Figure
S3, Supporting Information). The trajectory plots in neuronal
movement indicated that the majority of neuronal-migration

directions seemed to be in parallel to the step-gradient axis (i.e.,
horizontal migration in the images) (Figure 1d). For further anal-
yses, we generated the scatterplot of migration displacement (i.e.,
the distance between initial and final locations of a nucleus in 8
h) versus angle degree of the displacement (0°: the step-gradient
axis) for each pitch domain (Figure 1e). Of interest, nearly all the
displacement of more than 50 µm on P8 and P12 were between
−30° and 30° of angle degree, and the parallel displacement was
more discernable in the case of P12. In comparison, the neu-
ronal movement was more scattered on P4 in the aspect of angle
degree.

The direction of neurite elongation, especially that of leading
neurites, generally determines the direction of neuronal mi-
gration, locomotion, and translocation.[51–53] In this study, we
characterized the cytoskeletal structures, such as microtubules
and actins, after fluorescent staining, for obtaining the informa-
tion on neurite directionality. In conjunction with the neurite
directionality, the direction of neuronal migration was also inves-
tigated based on the movement of fluorescently stained nuclei.
The neurite directionality was measured at 9 h of culture, and the
migration angle was done for each neuronal migration between
4 and 12 h of culture. The CLSM images indicated that more
neurites were aligned to the step-gradient axis on P8 and P12
than on P4 (Figure 2a), in agreement with our previous result
showing the connection between direction of neurite elongation
and elliptical SiMC structures.[54] The major-axis directionality
of the elliptical SiMC structures was evaluated quantitatively, and
the angle-distribution data showed that the majority was within
±15° to the step-gradient axis, indicating the neurite elongation
in parallel to the major axis of the SiMC (Figure S4, Supporting
Information). The detailed analysis showed that the neurons on
P4 did not extend the neurites only in the parallel direction (0°),
but tended to do in both parallel and diagonal (−45° and 45°) di-
rections (parallel: 12.17% and diagonal: 8.81%) (Figure 2b). The
percentage of diagonally aligned neurites greatly decreased in the
cases of P8 and P12, and the majority of neurite direction was in
parallel to the step-gradient axis (P8: 25.38% and P12: 25.99%).
This observation could be explained by our previous work in
which the neurite orientations on the isotropic micropillar array
were localized into the three axes (i.e., horizontal, vertical, and
diagonal axes) with the interpillar distance of 3 µm.[18] It was
also reported that increasing the interpillar distance of an axis to
above 3 µm diminished the neurite alignment to the micropillar
axis. In other words, the directional neurite-elongation had a
threshold of ≈4 µm (3√2), with which the current data was in
good agreement. On P4 did the neurons and their neurites have
more directionality options for neuronal movement and neurite
elongation than on P8 or P12. The angle degrees in migration on
P4 were distributed more broadly in a symmetrical fashion with
the maximum spike at 0°, implying that neuronal movement
was connected closely with the neurite direction (Figure 2c).
Taken together, it could be concluded that more options for
neurite elongation and soma movement on P4 under the upper
threshold led to the higher migration speed and longer migration
distance than on P8 or P12. Our results also showed that the topo-
graphical features, such as pitches and shapes, critically affected
various neuronal processes, including the speed and direction
of neuronal movement as well as the direction of neurite
elongation.
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Figure 2. a) CLSM microscopy images of hippocampal neurons on P4, P8, and P12. Nucleus (blue); F-actin (green); 𝛽-tubulin III (red). Directionality of
b) neurite elongation and c) neuronal migration on P4, P8, and P12.

We investigated the real-time morphology changes of the
migrating neurons in our system, after staining with NeuO (a
neuron-specific dye).[55] Previous reports generally described
the in vitro morphology of migrating neurons and its changes,
with suggested underlying mechanisms on the migrations in-
cluding nuclear movement and leading-neurite extension.[34–36]

However, the morphological dynamics of migrating neurons
on topographically complex substrates is yet to be shown. The
time-lapse CLSM images confirmatively showed a close relation-
ship between neurite elongation and soma movement during
neuronal migration (Figure 3). Some fast-migrating neurons had
noticeable morphological changes during migration (Figure 3a).
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Figure 3. Time-lapse CLSM images of (left, a–d) migrating neurons on the SiMC array and (right, e) illustrations of their morphological changes during
migration. The images in live-cell imaging were taken every 10 min. Neurons were stained by a neuron-specific dye, NeuO (green).

Neurons with short and unbranched leading neurites, reported
as one of the features of in vivo neurons in locomotion,[53,56]

dynamically sprouted and retracted the neurites with changes
in length and position, until their somata moved toward the
elongation direction of the leading neurite. The trailing neurites,
sprouted oppositely to the leading neurites, became shorter, and
in some cases, they were retracted completely. We also observed
that some branched neurons showed unique morphological
changes during the migration (Figure 3b). When the soma
reached the branching point of the leading neurite, the complete
retraction of one branch occurred (white arrow) along with the

extension of the other branch (yellow arrow). The soma then mi-
grated to the direction of the remaining extended branch, which
was consistent with the previous in vitro studies, employing flat
substrates, as well as in vivo ones.[57–59] These representative
examples showed that the neurons on the microtopograph-
ical substrate, in some cases, exhibited the migration
behaviors found in the neurons both on flat substrates
andin vivo. In addition, the two types of neurons in Fig-
ure 3a,b showed the nonsaltatory continuous and conven-
tional saltatory movements respectively (Figure S5, Sup-
porting Information), supporting the hypothesis on the
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coordination of multiple mechanisms for neuronal migra-
tion in vivo.[60]

On the SiMC array, several other neuronal behaviors were also
found, which were not related with those on in vitro flat sub-
strates. Since both extension of the leading neurites and retrac-
tion of the trailing neurites occur repeatedly during neuronal mi-
gration, the trailing neurites are generally not longer than the
leading neurites on flat substrates. However, we observed that, in
some cases for the SiMC array, the retraction of the trailing neu-
rites was restrained, and the migrating bipolar neurons moved
to the direction of the shorter leading neurites (Figure 3c). A
careful analysis suggested that the tip of the neurite in the op-
posite direction of soma movement was physically pinned to the
initial point during the migration, implying that the topography
caused intimate interactions between the neurites and the sub-
strate surface (Figure S6, Supporting Information).[61,62] As the
soma moved toward the leading neurite, the pinned trailing neu-
rite was physically extended and eventually became longer than
the leading neurite. The soma reversed its moving direction and
moved toward the longer pinned neurite, which had originally
been the trailing neurite. As far as we know, this type of the
pinned trailing neurite and the retrograde movement—the neu-
rons reversely move to the direction of pinned trailing neurites—
has only been observed in vivo with the newborn cortical neurons
in the subventricular zone.[63] As a related work, neuronal mi-
gration with simultaneous extension of the longer neurite in the
opposite direction has been reported for 3D cylindrical hydrogels
with chemical gradient.[64] In other cases, the leading neurite was
constantly longer than the pinned trailing neurite (Figure 3d).
The initial point of the soma became a tip of the trailing neurite,
when the soma moved. These morphological characteristics—
the unbranched, simple leading neurite and the pinned trailing
neurite—were reminiscent of the migrating cortical neurons in
neocortical slice cultures.[65]

In summary, we showed that a physical cue—pitch of micro-
cone substrates in our study—could be a crucial factor in neu-
ronal migration and its speed. In the micrometer-scaled pitches,
hippocampal neurons were most movable at the pitch of around
3 µm, and the neuronal migration decreased significantly at the
pitches of above 4 µm, suggesting an upper threshold of 4 µm
for neuronal migration. In addition, the topographical cues of
the SiMC array induced the neuronal behavior during migration
that had not been observed in vitro on flat substrates. The ob-
served retrograde migration suggests that the tension, derived
from pure topography,[66,67] would be sufficiently enough to in-
duce the neuronal movement, suggesting the potential of to-
pography in programmed control of neuronal behavior in vitro.
We believe it feasible to tightly guide the neuronal migration
via topotaxis[68] with technological development for fabrication of
nanotopographical gradients and fully recapitulate in vivo behav-
ior of neurons in the in vitro setting with synergistic combination
of biochemical and topographical cues.

Experimental Section
Materials: Neurobasal medium (Gibco), B-27 supplement (50 ×,

Gibco), GlutaMAX (100 ×, Gibco), laminin (Sigma-Aldrich), l-glutamic
acid (Sigma-Aldrich), penicillin-streptomycin (5000 U mL−1 of penicillin

and 5000 µg mL−1 of streptomycin, Welgene), phosphate-buffered saline
(10 × PBS, pH 7.2, Welgene), Hank’s balanced salt solution (HBSS,
Welgene), paraformaldehyde (Sigma-Aldrich), bovine serum albumin
(BSA, Sigma-Aldrich), anti-𝛽-tubulin III rabbit polyclonal antibody
(Sigma-Aldrich), Alexa Fluor 594 goat anti-rabbit IgG secondary antibody
(Invitrogen), Alexa Fluor 488phalloidin (Invitrogen), antifade mounting
medium with 4,6-diamidino-2-phenylindole (DAPI, Vector laboratories),
glutaraldehyde solution (Sigma-Aldrich), and hexamethyldisilazane
(HMDS, Sigma-Aldrich) were used as received. Deionized (DI) water was
obtained from a Human Ultra Pure System (Human Corp.).

Fabrication of SiMC Arrays: An n-type Si(100) wafer was subjected
to ultrashort femtosecond laser irradiation. The Ti:Sapphire laser system
based on chirped pulse amplification (CPA) technique, which used the di-
rectly diode-pumped, ytterbium-doped potassium gadolinium tungstate
(Yb:KGW) crystal as an active medium, produced linearly polarized pulses
of 170 fs duration, 1 kHz repetition rate, and 1026 nm central wavelength.
The laser beam, entering the processing chamber through a quartz en-
trance window, was focused by a 40 cm focusing plano convex lens onto
the sample surface. The whole process took place in a vacuum cham-
ber, where the pressure of the background sulfur hexafluoride (SF6) gas
was maintained to be 350 mbar. For areal scanning, the chamber was
placed on a computer-driven X–Y translation stage. A motorized rota-
tion stage with neutral density filter was used to achieve smooth beam
power transitions. Linescan separation was stable on 20 µm, and rota-
tional stage step was stable on 1.1°. The laser fluence was varied from
0.17 to 0.78 J cm−2 to produce gradually increasing 14 pitches with width
of 500 µm each. The irradiation process was visualized through a plexi-
glas window, which was laterally mounted on the vacuum chamber. After
laser treatment, the samples were cleaned in aqueous hydrofluride dilution
for 60 min and dried by blowing nitrogen gas. Finally, the micropatterned
silicon substrate was thermally oxidized at 1000 °C for 90 min in air. The
thermal treatment formed a conformal silicon oxide layer with thickness of
100 nm.

Neuron Culture: Primary hippocampal neurons were obtained from
the hippocampi of E-18 day Sprague-Dawley fetal rat pups. Isolated hip-
pocampi were gently dissociated by trypsin (0.05%), followed by triturated
in HBSS and centrifuged at 1000 rpm. Cell pellets were resuspended in
Neurobasal medium with B-27 supplement, GlutaMAX, l-glutamic acid
(12.5 × 10−6 m), and penicillin-streptomycin (1%). Dissociated neurons
were seeded on a laminin-coated SiMC array at a density of 100 cells mm−2

and incubated at 37 °C and 5% CO2. This study was approved by the IACUC
(Institutional Animal Care and Use Committee) of KAIST.

Immunocytochemistry and Live Cell Imaging: a) Immunocytochemistry:
Cultured primary hippocampal neurons were fixed in 4% paraformalde-
hyde and 2% glutaraldehyde solution for 10 min and washed three times
with PBS for 5 min each. The fixed samples were immersed in 0.1% Triton
X-100 for 10 min followed by washing with PBS, and nonspecific binding
was blocked by 6% BSA for 30 min. The cytoskeletal structures of neu-
rons were stained by treating the samples with anti-𝛽-tubulin III in a 1.5%
BSA solution overnight at 4 °C, followed by the addition of secondary anti-
bodies and Alexa Fluor 488 phalloidin for 1 h. Samples were mounted on
sterilized glass slides with mounting solution containing DAPI.

b) Real-Time Imaging: Primary hippocampal neurons were immersed in
serum-free medium containing 25 × 10−6 m NeuO after 30 min incubation
for stable adhesion. The nuclei of neurons were stained by 10 × 10−6 m
Hoechst 33342 for 5 min, followed by washing three times with media at
3 h of in vitro culture. Fluorescent images of the neurons were taken with
a confocal laser-scanning microscope (LSM 800, Carl Zeiss) every 15 min
from 4 to 12 h of culture.

Quantification of Neurite Length/Directionality and Neuronal Migration:
Neurite lengths and directions were measured by using the NeuronJ plu-
gin, and the movement of neurons was tracked by using the TrackMate
plugin for Fiji software (NIH).

FE-SEM Imaging: Cultured primary hippocampal neurons were fixed
in 2% glutaraldehyde solution for 30 min. After washing with PBS, the
graded series of water–ethanol mixture solutions (25%, 50%, 75%, 90%,
95%, and 99%) were prepared to dehydrate the samples. Samples were
immersed in each solution for 5 min, and the dehydration in 99% ethanol
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solution was repeated three times. The dehydrated samples were im-
mersed in HMDS for 10 min and dried overnight at a fume hood. Dried
samples were sputter-coated with platinum for SEM imaging (Hitachi
S-4800).

Statistical Analysis: The values of microcone pitches were expressed
as mean ± standard deviation (SD). The sample size (n) and significance
level were presented in the figure legend for each statistical analysis. The
probability value of p < 0.05 was considered significantly different.

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