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Neurons on nhanometric topographies: insights
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Topography, the physical characteristics of an environment, is one of the most prominent stimuli neurons
can encounter in the body. Many aspects of neurons and neuronal behavior are affected by the size,
shape, and pattern of the physical features of the environment. A recent increase in the use of nanometric
topographies, due to improved fabrication techniques, has resulted in new findings on neuronal behavior
and development. Factors such as neuron adhesion, neurite alignment, and even the rate of neurite for-
mation have all been highlighted through nanotopographies as complex phenomena that are driven by
intricate intracellular mechanisms. Nanotopographies are suitable platforms, not only for fundamental
studies on neuronal development, but also in practical applications, including multielectrode array devices
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and neuro-regenerative medicine. We reviewed recent publications that address the effects of nanotopo-
graphy on neurons and categorized the observed behaviors as adherence, directional guidance, or accel-
erated outgrowth. We also discussed possible biological mechanisms of the molecular and cellular

Published on 06 December 2013. Downloaded on 18/04/2015 01:36:58.

www.rsc.org/biomaterialsscience

Introduction

Neurons are highly specialized, adherent cells that are perva-
sive throughout the body. As a result, each neuron can face a
drastically different physical environment, from bones to
muscles. More importantly, neurons are able to detect the
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responses to topography, and suggested future perspectives for this field.

difference in the geometry, roughness, or even rigidity of sur-
faces, and respond to such physical factors in multiple ways.
Interest in the relationship between topography and neuro-
nal development began with the belief that flat coverslips,
which were the standard substrate for most neuronal cultures,
were poor representations of an in vivo environment. The field
continued to progress in an effort to create semi-3D environ-
ments in vitro, which would more accurately model the
physical features found in vivo. Early topographical experimen-
tation had been limited to substrates with micrometric struc-
tures,"” and despite the diverse surfaces utilized in these
experiments (pillars,>* grooves,”® and cell-mimetic surfaces®)
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Fig. 1 Neurons are sensitive to the physical, subcellular features of a substrate and can exhibit a variety of different morphological and cellular

changes in response to different nanotopographies.

the prominently observed neuronal response was guided
neurite extension along or between the features. As nanofabri-
cation techniques
became more common, additional neuronal responses were

advanced and nanometric structures
observed, such as improved adhesion and accelerated neurite
development (Fig. 1). These reports implied that neurons
possess the machinery to detect nanometric topographies, and
can respond to those minute cues in a nontrivial manner.
More recently, researchers have focused on the intracellular
mechanism of neuronal responses. The translation of physical
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cues is a biologically complex process thought to begin with
recognition by membrane receptors as well as physical, cell-to-
surface interactions, but the internal biological pathways that
follow are still unclear. In this respect, nanotopography would
be a more suitable platform on which to study receptor inter-
faces than microtopography because of the subcellular topo-
graphical features that are relevant in scale to the receptor
activity. Ultimately, the characterization of this unknown
network of pathways will unveil many aspects of the behavior
and intracellular processes of neurons, and play an important
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Table 1 Morphological and cellular responses of neurons on nanotopographies
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Response Topography Materials Neuron types References
Adhesion Nanoroughness Si Substantia nigra 10, 11
Cortical 12
Hippocampal, cortical 13
TiN Hippocampal 14,15
Surface-modified glass PC12 16
Au SH-SY5Y 17
Nanopore Si B50 18,19
SK-N-SH 21
Au PC12 20
Pt PC12 22
Nanowire GaP DRG 23
Si, SiGe, Ge, GaN, ZnO Hippocampal 25
Au Hippocampal 26
Pt, Si Cortical 27,28
Directional guidance and outgrowth Nanogroove Polymer (PMMA) DRG 29
Polystyrene PC12 30
C6 glioma 38
Polymer (COC) PC12 31-35
F11 36
SH-SY5Y, Hippocampal 37
Polymer (PUA) N1E-155 39
Polymer (azopolymer) PC12 40
Nanofiber Polymer (PLLA) DRG 41, 48
Primary motor neuron 42,43
PC12 49
Polymer (PAN-MA) DRG 44
Polymer (PCL) DRG 45, 47
Polymer (polyamide) Various types 46
Silk fibroin Various types 50
Polymer (PLCL) DRG, PC12 51
Nanowire GaP DRG 24
Accelerated outgrowth Nanopore Si DRG 52,53
AAO Hippocampal 61
Nanogroove Si PC12 54
Nanotube CNT Hippocampal 55-58
PC12 59
Nanobead Si Hippocampal 62

role in the manipulation of neuronal development for appli-
cations in neural circuits, neuroregenerative medicine and
prostheses, and much more.

In this article, we reviewed and categorized the different
behaviors of neurons on various nanotopographies (Table 1).
We also covered reports that tackled the issue of the intracellu-
lar pathways involved in nanotopographical recognition and
discussed future perspectives for this field.

Adhesion

Adhesion is an easily observable, fundamental indicator of cel-
lular health. In neurons, like other anchorage-dependent cells,
both survival and development require proper adhesion to a
substrate. As a result, early reports on nanotopography docu-
mented the effects of physical surface features on neuronal
adhesion. These studies found that, compared with flat sur-
faces, substrates with a specific range of nanoroughness'®™"’
or nanoporosity'®?? significantly improved neuronal adhesion
and sometimes eliminated the need for neuro-adhesive coat-
ings. Neurons even migrated to areas of “optimum roughness”
on these substrates."!

150 | Biomater. Sci., 2014, 2, 148-155

Recently, the appearance of more structurally sophisticated
nanotopographies has opened avenues for advanced adhesion
studies. Nanowires for example, with their high surface area
and aspect ratio (length-to-width ratio), are versatile, sub-
micrometer units that have become an attractive substrate for
2372 The first report of neurons cultured on
vertical nanowires observed dissociated dorsal root ganglia
(DRG) neurons seeded on gallium phosphide (GaP) nano-
wires.”> The cells adhered to the substrate without a neuro-
adhesive coating, and although the scanning electron
microscopy (SEM) images revealed penetration of the
nanowires into the neurons, viability was not affected. Sub-
sequent studies screened the biocompatibility of other types of
nanowires.>

Another example of an adhesion study was the use of
silicon nanopillar arrays on multielectrode arrays (MEA) to
selectively pin single cortical neurons in predetermined
locations.”” Neurons not in contact with the nanopillars
migrated freely, but cells that were initially seeded on or even-
tually encountered the nanopillar arrays were immobilized
(Fig. 2a). Transmission electron microscopy (TEM) analysis
showed that both cell bodies and neurites interacted more
tightly with nanopillars (less than 300 nm in diameter) than

neuron cultures.

This journal is © The Royal Society of Chemistry 2014
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Fig. 2 (a) Top. SEM images reveal primary cortical neurons being physically immobilized in a noninvasive manner by silicon nanopillar arrays. Pillars

were formed by ion-beam- or e-beam-induced platinum deposition. Bottom. Nanopillar arrays (black circle, black square) were fabricated on an
MEA to demonstrate their usefulness in neuron pinning. Green arrows indicate mobile neurons that are unencumbered by nanopillar arrays. Blue
arrows indicate immobilized neurons seeded on nanopillar arrays. Red arrows indicate mobile neurons that become immobilized on coming in
contact with nanopillar arrays. Reprinted with permission from ref. 27, © 2010, American Chemical Society. (b) Fluorescence images of primary
spinal motor neurons cultured on glass (top), randomly oriented PLLA nanofibers (middle), and aligned PLLA nanofibers (bottom). High fidelity to the
underlying nanofibers can be observed in neurites developing on the aligned nanofiber substrate. The scale bar is 25 pm. Reprinted with permission
from ref. 43, © 2010, John Wiley & Sons, Inc. (c) Phase contrast micrographs of primary hippocampal neurons cultured on silica beads of varying
diameters. Beads with diameters greater than 200 nm accelerated stage development and neurite outgrowth in neurons. Beads with diameters less
than 200 nm had neurons with developmental rates comparable to neurons grown on glass (DIV = days in vitro, SB-# = silica beads with # nm dia-

meters). Reprinted with permission from ref. 62, © 2012, Wiley-VCH.

with flat substrates.*® The cell-pinning system enabled long-
term observation of the electrical activity of an individual
neuron, which has been difficult to record for a constantly
moving target.>” Nanotopography-based selective adhesion
also has many potential uses in other single neuron studies or
in microdevices that require the controlled allocation of
neurons.

Directional guidance and outgrowth

The most distinct morphological feature of neurons is the
neurites. These processes branch out to probe the environ-
ment, and more importantly, act as carriers of electrical
signals. Early topographical studies discovered that neurites
could be guided by micrometer-sized grooves and ridges to
grow in a single direction, with the fidelity and directionality
of neurite guidance being imposed mainly by the physical con-
straints of the grooves. In recent reports, neurons and neurites
have also shown guidance effects on nanometric features,

This journal is © The Royal Society of Chemistry 2014

which suggest the presence of intimate interactions between
neurons and nanotopography in neurite development.>®~*°

Electrospun nanofiber bundles, particularly, have become
popular as substrates for topographical studies.*’™ Nano-
fibers make excellent scaffolds, especially in neuroregenerative
applications, because they can be fabricated with many
different biocompatible materials, and can be shaped to form
anything between few millimeter bridges to centimeter long
patches. Martin et al reported the first case of primary
neurons (DRG explants) cultured on aligned poly-i-lactic acid
(PLLA) nanofibers with high, intermediate, or random align-
ment (the average fiber diameter was about 500 nm).*' Neur-
ites extended radially from the ganglia, but quickly aligned
once contact was made with the fibers. Primary motor neurons
cultured on PLLA nanofibers displayed the same alignment be-
havior (Fig. 2b).*>*3

With the ability to direct axonal growth being fairly estab-
lished, focus is shifting to coating or functionalizing nano-
fibers to improve neuron development.**' For example,
biochemical stimulators, such as neurotropic factor (GDNF) or
nerve growth factor (NGF), have been incorporated into silk

Biomater. Sci, 2014, 2, 148-155 | 151
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fibroin fibers to foster axonal growth.’® Even multi-walled
carbon nanotubes (MWCNTSs) have been explored as a possible
coating material for electrospun nanofibers: MWCNT-coated
poly(r-lactic acid-co-caprolactone) (PLCL) fibers were reported
to significantly increase neurite outgrowth in DRG explants
compared with non-coated fibers.*"

Accelerated neurite outgrowth

The length of neurites is a staple measurement in neuron
characterization. Many surfaces, ranging from nanoporous
silica substrates®>*® and grooves® to functionalized carbon
nanotubes,®° are known to induce longer neurites. Some
groups, however, regard neurite outgrowth as a more complex
phenomenon; rather than measure neurite length at a single
point in time, the groups continually observed neurite mor-
phology during the development of the neurons to determine
the rates of neurite formation and elongation. Corey et al. cul-
tured primary motor neurons on electrospun PLLA nanofibers
and reported that while the number of neurites and the length
of major neurites grown on planar PLLA films and PLLA nano-
fibers were the same, the initial formation of neurites and
major neurite determination were more rapid on the latter
substrate. The development of the neurons was further ana-
lyzed based on the five stages of hippocampal neuron develop-
ment originally proposed by Banker et al.®® Furthermore, they
also observed that the maturation of minor neurites was
limited on fibers, either due to the physical restrictions
imposed by the fibers or by undefined factors that directed
cells towards axonal growth.*?

Choi et al. have also conducted investigations of accelerated
neurite outgrowth. The group cultured hippocampal neurons
on three different anodized aluminum oxide (AAO) substrates:
small-concave (60 nm in pitch), large-concave (400-450 nm),
or nanoporous (400-450 nm).61 Large-concave and nanoporous
structures accelerated axonal outgrowth and neuronal polariz-
ation, regardless of their depth. In a separate report, silica
beads with diameters between 100 nm and 700 nm were used
as substrates to demonstrate pitch-dependent acceleration
effects.®” Beads with diameters larger than 200 nm induced
neuritogenesis in hippocampal neurons much earlier than
beads smaller than 200 nm (Fig. 2c). These studies collectively
indicate that neurons can distinguish nanotopography and
that neuritogenesis is affected by a threshold pitch.

Biophysical mechanism

One of the great challenges that remain in this field is the elu-
cidation of the relationship between nanotopography, neuro-
nal response, and the mechanism by which neurons translate
physical cues to biological responses. While neurons clearly
possess cellular machinery capable of nanometric recognition,
the exact biological components and intracellular pathways
involved are still a mystery. A few groups have attempted

152 | Biomater. Sci., 2014, 2, 148-155
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mechanistic studies in the observation of nanotopographical
effects on neurons.

Cytoskeletal dynamics are believed to be a central factor in
topography-induced responses.®® F-actin in neurites, one of
many cytoskeletal components, often assembles into networks
in the shape of the underlying topography*® and actively par-
ticipates in filopodial/lamellapodial protrusion and retraction.
For example, impairment of the F-actin polymerization process
completely deletes the ability of neurons to distinguish and
respond to nanotopographical cues (Fig. 3a).®> Observations of
neurite formation on glass coverslips have actually shown that
local actin instability in a neurite was a determining factor for
its development into an axon.®® It is possible that nanotopo-
graphy induces local actin instability in an unidentified
manner to promote neurite alignment or development at an
accelerated pace.

In addition to the mapping of the intracellular cytoskeletal
mechanisms, attempts to characterize the interface between
neuron-like cells and nanotopographical surfaces have been
made. Neuronal receptor activity is difficult to define not only
because of the small scale at which it occurs, but also because
receptors can vary greatly between cell types. Beltram et al
have published multiple reports that extensively target the be-
havior of PC12 cells, a line of neuron-like cells, cultured on
cyclic olefin copolymer (COC) nanogrooves, and focused
especially on the formation of focal adhesions (FAs).>** FAs
are the result of smaller adhesion plaques (<1 um?) consisting
of various proteins, which mature into larger contacts that are
closely linked to the actin cytoskeleton. While the existence of
FAs in neurons is uncertain, the complexes are present in
almost all adherent cells, including PC12 cells, and are impor-
tant factors in the determination of cell shape and mor-
phology.®> Analysis of the FAs in differentiated PC12 cells
revealed that FA sizes were significantly larger in neurites
aligned along nanogratings than the ones in misaligned neur-
ites or neurites that grew on flat coverslips.*> The angular
restriction imposed by the nanogratings was thought to phys-
ically constrain the maturation of FAs in misaligned neurites,
while FAs in aligned neurites faced no such confinement
(Fig. 3b). The correlation between FA size and polarity selec-
tion hinted that larger FA complexes and the longer persist-
ence of those complexes might trigger the formation of
cytoskeletal actin in those areas. This event prevents the col-
lapse of neurites and facilitates a positive feedback loop,
which causes the neurites of PC12 cells to align and persist
along the nanogratings.®® The continual collapse of mis-
aligned neurites, on the other hand, prevents the establish-
ment of polarity perpendicular to the grooves.

In order to further understand the role of FAs in neurite
alignment, Beltram et al. inhibited components in pathways
known to foster the maturation of FAs (ROCK and myosin-II).
The inhibition of precursors to FA maturation disrupted align-
ment along nanogrooves in PC12 cells. The group conducted
additional inhibition studies in multiple pathways with varied
neurotrophic factors and inhibitors to indirectly affect the
formation of FAs.*> Their results demonstrated that FA

This journal is © The Royal Society of Chemistry 2014
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Fig. 3 (a) Top. Phase-contrast micrographs of hippocampal neurons cultured on bead-packed substrates (SB-110 and SB-670) and treated with
cytochalasin D, an F-actin-depolymerization agent. Bottom. After cytochalasin D treatment, the same phenotype (average number of neurites and
neurite length) was observed on all substrates including the glass control. The scale bar is 50 um. Reprinted with permission from ref. 62, © 2012,
Wiley-VCH. (b) Top. Distribution of paxillin-EGFP fluorescent signal (focal adhesion) on nanograting (left) and flat (right) substrates. On nanogratings,
aligned FAs were detected at the tips of bipolar cells while several unconstrained FAs were observed in multipolar cells on the flat substrate. Bottom.
Statistical comparison of focal adhesion sizes on nanograting and flat substrates. Sizes of aligned FAs (0-15°) were larger than those of misaligned
FAs (15-90°) and FAs generated on flat substrates. Reprinted with permission from ref. 33, © 2010, Elsevier.

maturation is a key component of cellular responses to nano-
topography and that topography-translating intracellular mecha-
nisms have many complex, interconnecting components.

The current knowledge of the mechanisms by which
neurons recognize nanotopographies is far from completion,
mostly due to the nascent nature of the field. The complexity
of the pathways makes it a daunting task to fully map the
network, but continued research on the intracellular mecha-
nisms necessary for a comprehensive
understanding of nanotopographical effects on neuronal
development.

of neurons is

Conclusions

In this review, we categorized neuronal responses on nano-
topographies as adhesion, directional guidance, or accelerated
outgrowth. Many studies have gone beyond the simple obser-
vation of neuron behavior, and have begun using nanotopo-
graphies in practical applications, such as the fabrication of
nanopillars for selective neuron-pinning arrays, or nanofiber
scaffolds to induce the directional regeneration of neurites.
Additionally, researchers are implementing nanotopographical
substrates as platforms for mechanistic studies with promising
results. Small facets of the relationship between topography
and neuronal behavior have been revealed through the use of
nanotopography, like the possible role of actin dynamics and
focal adhesion maturation in the topography-sensing mechan-
ism of neurons. Ultimately, extensive research that details the

This journal is © The Royal Society of Chemistry 2014

intracellular pathways of a neuron must occur alongside con-
tinued observations of nanotopographical effects for this
specific field to fully understand and manipulate neurons.
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