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of growth and for biomedical applica-
tions.[1–6] Neuronal damage, caused either 
by neurodegenerative diseases or by phys-
ical injury, is manifested by various cel-
lular mechanisms that have yet to be fully 
discovered. Currently, clinicians caring 
for patients with such injuries, have very 
little in their arsenal to meet this pressing 
medical need. Neuronal damage is mul-
tifaceted: it affects function, morphology, 
activity and circuity of neurons. As the 
complexity of the nervous tissue makes 
it difficult to investigate neuronal func-
tions in vivo, researchers have attempted 
to mimic the neurons’ extracellular envi-
ronment using carefully engineered plat-
forms. These engineered substrates that 
come in 2D and 3D forms—to isolate 
specific regenerative mechanisms and 
to mimic real systems—can eventually 
lead to the development of neural devices 
and new therapies for effective neuronal 
regeneration.

During the development of the nervous 
system, neurons differentiate from stem 
cell precursors to mature, functional 
neurons. During this period, neuronal 
processes outgrow and form numerous 

connections with neighboring cells in a trial-and-error-based 
progression, ultimately developing into complex neuronal net-
works.[7–9] These neuronal processes elongate and bifurcate in 
response to orchestrated signals from the extracellular envi-
ronment that affect the growth pattern and organization of 
the developing nervous system. A key mechanism in neuronal 
development is the actions of the growth cone at the tip of a 
growing process to measure such environmental cues and use 
them to grow accordingly.[10–13] Growth cones are directed to 
their targets by responding to repulsive or attractive chemical 
cues.[13,14] Soluble and matrix-bound factors, such as neuro-
trophins[15–17] and axon guidance molecules,[18–21] determine 
the neuronal behaviors including lineage, morphogenesis and 
neurite growth rate.[7,22] In addition to the biochemical aspect of 
the extracellular environment, neuronal growth is also affected 
by the physical features of the environment, through interac-
tions with contact guidance. Studies have shown that contact 
guidance, which is dependent on the physical shape of the sub-
stratum, induces alignment (i.e. directional growth) of cells in 
a developing brain.[23] The extracellular matrix (ECM) exhibits 
micron and sub-micron scale structures that are sensed by filo-
podia of a growth cone during neurite outgrowth. Neurite filo-
podia probe the surrounding extracellular microenvironment 
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1. Introduction

The limited repair capacity of the central and peripheral 
nervous systems leads to a strong interest in developing new 
strategies for promoting nerve regeneration. Extensive research 
efforts are currently ongoing globally, developing interfaces 
with neuronal tissues for discerning fundamental mechanisms 
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during neuronal growth cone pathfinding, and these cytoskel-
etal structures, rich in microtubules and actin filaments, yield 
traction forces that push or pull the neurite forward or back-
ward, respectively.[24–26] Several receptors have been suggested 
to be involved in these signaling pathways which are triggered 
during growth cone pathfinding, e.g. the cell adhesion mole-
cule CD44,[27] DCC[28] and distinct integrins.[29,30]

Understanding neurite contact guidance is of critical impor-
tance for the design of synthetic nerve scaffolds and for the gen-
eration of modern neuronal-based devices. When natural recon-
struction is not possible, a scaffold of biomaterial can act as a 
bridge, providing structural support for neuronal cell growth 
and guiding nerve regeneration during the repair of nerve inju-
ries.[23,31–34] In addition, interactions between neurons and phys-
ical elements can be utilized for the construction of a stable, 
high-resolution electronic interface to neurons, which will be 
required for future brain-machine interfaces (BMIs).[35–40]

Neuronal morphology and function are known to be closely 
linked, reciprocally affecting one another. Thus, determining 
the effect of an engineered surface on cellular growth and mor-
phology gives an indication of the efficacy of the combined 
material and geometry for promoting a specific and desired 
response.[41] Such understanding is crucial for the development 
of new therapeutic intervention strategies for nerve repair, and 
can also shed light on the underlying mechanisms of neuronal 
regeneration and circuity.

Recent advances in micro- and nanofabrication techniques 
have enabled the construction of substrates that recapitu-
late the structure and scale of native topography.[42–45] Sim-
ilar to native neuron-topography interactions, neurons were 
shown to respond to synthetic topographic substrates, e.g. 
electrospun fibers,[46–48] isotropic features and anisotropic 
features.[11,12,35,49–51] These interactions depended on many 
factors, including cell type, feature size and geometry.[42,52] 
Various other physical properties of the substrate, such as stiff-
ness and roughness, played significant roles as well,[53] and 
could be additionally modified chemically for further levels of 
interaction.[26]

In this review, we survey the interactions between neurons 
and various physical topographic environments. We discuss 
commonly used topographical structures for neuronal studies, 
their use-cases, and the morphological as well as behavioral 
characterizations conducted on these surfaces including neural 
directionality, morphology and adhesion. These interactions 
serve as basic principles for the design of therapeutic applica-
tions. To have a better understanding of neuronal interactions 
with native and synthetic extracellular environments, we also 
review studies that examined the immediate effects of topogra-
phies on growth patterns as well as on the molecular responses, 
differentiation, and activity. Finally, we discuss how, by adapting 
topographical features to 3D environments, these effects can be 
utilized for applications in tissue engineering and regenerative 
medicine, as illustrated in Figure 1.

2. Topographical Features for Neuronal Platforms

Various types of substrates serve as platforms for neuronal 
culture, including 2D petri-dishes in vitro, planar sheets 
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and needles, 3D scaffolds, guiding channels in vivo, etc. The 
characteristics of the substrate affect neuronal response 
and interaction with the substrate. Beside topography, sub-
strate material has also been found to greatly affect neuronal 
growth.[54–58] Nevertheless, this review focuses on topographical 
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effects and does not cover the aspect of material type. We focus 
on those which are commonly used with relevance to potential 
biomedical applications. In this section, we describe topograph-
ical features which include anisotropic topography (“continuous 
features”), such as grooves and ridges, and isotropic topography 
(“interrupted features”), such as pillars and nanowires.

2.1. Anisotropic Topography

One of the first topographical structures featured in neuronal 
studies was grooves. Parallel grooves have been used exten-
sively to characterize the in vitro behavior of several other cell 
types, as well as neuronal cultures to some extent.[59–62] The ini-
tial goal was to create a platform that promoted the organiza-
tion of aligned radial glia and subventricular cells found in a 
developing brain, which could act as tracts that direct neuronal 
growth and migration.[63] As a result, neuronal contact guid-
ance, which is a critical neurodevelopmental phenomenon that 
occurs in vivo,[64,65] could now be easily observed and character-
ized in an in vitro setting.[51,63,66–70]

The advance in fabrication techniques, such as lithography, 
provided a wider availability of complex topographical struc-
tures for neuronal studies, as demonstrated in Figure 2A and in 
Table 1, which summarize the studies discussed in this review. 
As one of the primary methods for fabricating topographical 
substrates, lithography offered a means of producing grooved 
patterns at both micrometer and nanometer scales. While 
the types of lithography used can vary (e.g. photolithography, 

electron-beam lithography, soft lithography, etc.), the desired 
substrates could be produced consistently and uniformly. Ear-
lier studies, which have been limited to the use of micrometric 
channels or grooves, could now become more sophisticated and 
be conducted on grooves with nanometric ridges with variable 
widths, gaps, and depths.[71,72] Ultimately, finer control over top-
ographical features increased the level of control over neuronal 
behaviors and morphologies as well. For instance, nanogratings 
(and similar features) were used not only to observe filamen-
tous filopodial protrusions (≈200 nm) but were also employed 
to control the alignment and orientation of individual focal 
adhesions (FAs).[50,63,70,73,74]

As a 3D platform, electrospun fibers from polymer solutions 
were developed with the ability to align the fibers in a parallel 
orientation.[48,75–77] The produced nanofibers create a mesh 
(scaffold) which can mimic the native neuronal ECM and pro-
vide topographical, biochemical and mechanical cues for proper 
organization and tissue formation.[78,79] In addition to the wide 
variety of materials that can be used, such as poly(l-lactic acid) 
(PLLA)/ poly(lactic-co-glycolic acid) (PLGA), polycaprolactone 
(PCL), poly(vinyl alcohol) (PVA), or collagen, fiber diameter 
and orientation can be modified, as well, to some extent. In 
addition, the fibers can be further manipulated by adding, for 
example, nanoparticles atop the fibers (Figure 2B).[46] Additional 
manipulations can vary, from the use of conductive materials 
(such as graphene),[80,81] to the incorporation of siRNA to func-
tionalize the fibers.[82] With their low cost, high production rate 
and biocompatibility, these fibers are an optimal basis for many 
applications that require axon guidance or even elongation, 
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Figure 1. (Left) An overview of the major topographical elements that are used and reviewed for modifying physical environment of neurons. (Right) 
Schematic illustration of typical effects of topographical substrates on neurons and the potential use of topography for neural interfaces for in vitro 
and in vivo setups.
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including, among others, spinal cord repair, drug delivery sys-
tems and implants.[8,75,83]

2.2. Isotropic Topography

Unlike grooves and fibers, nanowires and pillar structures act 
as “interrupted” rather than “continuous” topographical fea-
tures. These structures can limit cell adhesion sites to highly 
concentrated contact points, which have been shown to elicit 
a variety of different neuronal behaviors, including develop-
mental acceleration, as well as alternative pathways to neuri-
togenesis.[39,84,85] Additionally, nanowire and pillar structures 
can be ordered in various organizations, from stochastic 
arrangements, to uniform arrays, and even anisotropic rows 
(Figure 2C).[49,86,87] This allows researchers to not only modify 
the extent of contact between the cell surface and substrate, but 

also to influence neurite directionality, in addition to their rate 
of development.

Like nanowire/pillar substrates, several other types of topo-
graphical structures have been used to present neurons with an 
“interrupted” physical environment. The smooth, flat, standard 
substrates of neuronal cultures are a poor representation of the 
structurally complex fibrous composition of the ECM in vivo. 
As a more suitable alternative, different topographical struc-
tures have been used to replicate the discontinuous nature of 
the natural environment of a neuron in a quantifiable manner. 
For instance, the concave structure of anodized aluminum 
oxide has been shown to elongate neurite length and to accel-
erate neuronal development. This acceleration depended on 
the pitch of the topographical features and was not simply a 
binary mechanism.[88] Further study utilizing silica bead arrays 
revealed that in topographically-induced developmental accel-
eration, there is an upper and a lower threshold that correlates 

Adv. Healthcare Mater. 2017, 1700267

Figure 2. A) Quartz surfaces patterned with arrays of structures to form topographies of grooves (lines) (A, B, E and F) and holes (C, D, G and H). 
Reproduced with permission.[51] Copyright 2010, IOP Science. C) A Scanning electron microscopy (SEM) image of Au-catalyzed vg-SiNWs. Scale bars 
5 µm. Reproduced with permission.[85] Copyright 2016, American Chemical Society. B) An ESEM image of AuNPs on the surface of electrospun fibers. 
Scale bar 500 nm. Reproduced with permission.[46] Copyright 2016, American Chemical Society. D) SEM images of 110–1750 nm silica beads (SB) 
monolayers. Reproduced with permission.[89]
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to sizes detectable by axons and filopodia, respectively 
(Figure 2D).[88,89]

3. Topography Effects on Neuron Morphology

Interactions between neurons and topographical features 
show diverse trends due to combinatorial effects exerted by 
topography and by the substrates’ chemical properties.[90–94] 
Moreover, neuron-topography interactions vary across neuron 
origin, feature dimension and feature geometry. However, 
there are general topography effects that are commonly found 
throughout neuronal growth and may serve as basic principles 
in the design of a substrate for engineered neuron structures. 
Here, we discuss several fundamental aspects of neuronal cells 
and neuronal networks which are affected by topographical 
structures, both on planar surfaces and on 3D constructs.

3.1. Neuronal Guidance and Directionality

The most profound and well-studied effect of topography on 
neurons is the impact on cell directionality. The primary goal 
of neural tissue engineering is to guide neurite extension in a 
desired direction, thus, the ability to direct the alignment of the 
neuronal soma or of the extending neurites is highly valued.[41,95] 
Numerous studies have demonstrated that neurons respond to 
anisotropic patterns by aligning and elongating in the direction 
of the patterned structure. Neurites extending from the cell soma 
follow the axis of the topographical pattern, as does the soma 
itself, which ‘spreads out’ exhibiting an elongated morphology. 
Anisotropic topography, rather than isotropic topography, exerts 
a more pronounced effect on neuron directionality and orienta-
tion. Linear structures such as the grooves and ridges affect the 
direction of axonal growth when these structures are of micron 
sizes, a scale similar to that of axons. For example, neuron-like 
PC12 cells were cultured on micro-patterned films of PLGA with 
a depth of 2–3 µm and 5 and 10 µm wide grooves, guiding the 

direction of neurite outgrowth parallel to the microgrooves.[23] 
Similarly, mouse N2a neuroblastoma cells, cultured on patterned 
substrates of SiO2 linear ridges with 4 µm height, extended their 
neurites following the linear microtrack.[96] In another study, rat 
hippocampal neurons were cultured on PDMS grid patterns 
of 1 µm height.[97] Neurite outgrowth was well-confined by the  
10 µm width patterns which resulted in ordered neuronal net-
works. Furthermore, neurite alignment was observed to increase 
with grating depth, strongly supporting the hypothesis that 
extending neurites sense the depth of the underlying topog-
raphy.[93,98] Although neuron directionality was found to be mostly 
achieved by linear anisotropic topography, vertical structures were  
reported to affect neuronal growth as well. For example, con-
trolled neurite directionality was successfully demonstrated in 
primary hippocampal neurons by using interrupted vertical pillar 
array substrates with interpillar distances of 3 µm (Figure 3A).[49] 
While the majority of neurons aligned along the substrate’s ani-
sotropic pattern, namely exhibiting parallel contact guidance, an 
additional form of guidance was reported for specific neuron 
types—perpendicular contact guidance—in which neurites extend 
across the substrates, perpendicular to the axis of the patterned 
lines.[63,74] Perpendicular contact guidance was demonstrated by 
primary hippocampal neurons[51,74,99] and central nervous system 
(CNS) neuroblasts,[69] in a manner dependent on surface feature 
sizes. Hippocampal neurites grew parallel to deep, wide grooves 
but perpendicular to shallow, narrow ones. Interestingly, the 
frequency of perpendicular alignment of hippocampal neurites 
depended on the age of the embryos from which neurons are 
isolated, suggesting that contact guidance is regulated during 
development. Perpendicular orientation of CNS neuroblasts 
was frequently observed when the micro-structured grooves had 
depths between 0.3 µm and 0.8 µm and a width of 1 µm.

3.1.1. Feature Dimensions Role

Since cell adhesion sites, namely focal adhesions, are in the 
range of 5–200 nm,[100] it was suggested that cell–substrate 

Adv. Healthcare Mater. 2017, 1700267

Figure 3. A) A SEM image of a primary hippocampal neuron on an anisotropic pillar array. Scale bar 10 µm. Reproduced with permission.[49] B) SEM 
images of N1E-115 cells plated on line substrates. Red arrows, aligned filopodia; Blue arrows, non-aligned filopodia. Scale bar 10 µm. Reproduced with 
permission.[102] Copyright 2010, PLOS. C) A SEM image showing axons alignment to 100 nm high and 100 nm wide ridges. Reproduced with permis-
sion.[35] Copyright 2009, Elsevier. D) A confocal microscopy image of an immunostained neuron (against α-tubulin) growing onto ridges of 50 nm 
height. Ridges locations are marked as white frames in the image. Scale bar 50 µm. Reproduced with permission.[11]
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interactions are typically governed by complex mechanisms 
operating at the nanoscale and are strongly influenced by 
nanoscale features rather than microscale structures.[73,101] 
Indeed, recent studies have demonstrated neuron sensitivity 
to nanometer-sized topographic cues. Nano-topography, in 
this review, refers to topographical structures with sizes up to 
500 nm. We have shown that neuronal processes of micron size 
can be directed by topographic cues that are an order of mag-
nitude smaller, as low as 10 nm.[11] In a different study, embry-
onic Xenopus spinal cord neurons, grown on quartz etched 
with a series of parallel grooves, exhibited neurite growth par-
allel to grooves as shallow as 14 nm.[63] Neurites grew faster in 
the favored direction of orientation and turned through large 
angles to align on grooves. Higher nano-ridges of parallel lines 
(350 nm wide, 350 nm high) directed the neurites of primary 
cortical neurons and N1E-115 neuroblastoma (Figure 3B).[102] 
The same trend was observed on patterns of parallel grooves 
with depths of 300 nm and varying widths of 100–400 nm. 
Axons of adult mouse sympathetic and sensory ganglia dis-
played contact guidance on all patterns (Figure 3C).[35] In our 
study, we have demonstrated that the likelihood that a neuron 
would align along nano-sized structures depends on the 
height of the ridges. We cultured primary leech neurons on 
substrates with ridges of heights from 150 nm and down to 
10 nm (Figure 3D).[11] The majority of neuronal processes that 
approached ridges of 75 nm and higher were affected by the 
ridges and changed their original growth direction. However, 
when the topographic cues were smaller, the effect on growth 
was more selective, exhibiting a linear correlation between 
ridge height and the probability of alignment. On top of that, 
neurite orientation was shown to be determined not only by 
structural dimensions, but also by the approaching angle of 
the neurite. The incoming angle between the neuronal process 
and the topographical feature affects the interaction between 
the neuron and the topographical cue, particularly for ridges 
lower than 50 nm.[11] The incoming angles modified the “effec-
tive surface” for anchoring and influenced whether the neurite 
turns to follow the cue, or to cross the step to preserve its orig-
inal direction.

3.1.2. Distribution of Topographical Features

Distance between anisotropic topographical cues has also been 
shown to be a factor in neurite guidance. The effects of dis-
tance on neuron directionality vary within the submicron to 
micron range, and are dependent on the ratio between height 
and width of topographical structures.[71] For 300 nm deep 
grooves and varying widths of 100–400 nm, patterns with 
100 nm widths were less efficient in guiding axon orienta-
tion compared to larger-width patterns.[35] Lower grooves, with 
200 nm depths, were shown to reduce PC12 neurite alignment 
from 90% to 75% when increasing the width of the plateaus 
and grooves from 500 to 750 nm.[41,103] Similarly, nano-gratings 
between 500 and 1500 nm were demonstrated to control the 
alignment of neurites as a function of the lateral ridge sizes.[71] 
In following studies, a computational model was developed to 
investigate the interactions of growth cones with such geom-
etries to assess the average ridge width needed to achieve a 

given neurite alignment.[104–106] It should be specified that 
since grooves were investigated in these cases, larger widths of 
grooves mean smaller width of ridges and vice versa. Interest-
ingly, the efficiency of guidance appeared to be related to the 
diameter of the axons; axons with 1 µm diameters or more 
were affected less than those with smaller diameters, probably 
due to mechanical properties and tensile forces that increase 
with diameter. Nevertheless, a study using parallel 350 nm high 
ridges showed that neurite orientation was not dependent on 
the spacing of the lines.[102] On the micro-scale, the effect of 
distance between topographical features on neuron alignment 
was shown to increase as the width of the space between cues 
decreased. PC12 cells on microgrooves (2–3 µm deep) exhibited 
statistically more significant parallel and aligned neurite growth 
on 5 µm grooves compared to larger grooves of 10 µm.[23] In 
addition, when PC12 cells were grown in micro-channels 
(11 µm height) with a distance of 20–60 µm range, the mag-
nitude of impact on alignment of neurite growth depended on 
microchannel width, with the strongest orientation occurring in 
thinner grooves.[107] The pattern of neurite growth in response 
to grooved patterns does not seem to be uniform. Some studies 
show that neurites prefer to elongate in grooves, whereas other 
studies show neurite elongation atop ridges. For instance, neu-
rites of PC12 cells cultured on patterned PLGA films showed 
a preference for growth in the microgrooves rather than on 
top of the elevated ridges.[23] In contrast, neurites of mouse 
sympathetic and sensory ganglia neurons grown on patterned 
poly(methyl methacrylate) (PMMA) silicon chips, preferred to 
grow on ridge edges and elevations in the patterns rather than 
in grooves.[35] These differences seem to depend on the width 
of lines and the distances between them. Although the specific 
dimensions at which neurons align according to anisotropic 
structures may vary between cell types, these studies suggest 
that topographical cues can be tailored to control neuronal 
alignment and organization.

3.1.3. Guidance on 3D Platforms

As with the patterned planar surfaces discussed above, 3D pat-
terned structures, such as aligned fibers, hydrogels, nanow-
ires and carbon nanotubes (CNTs), present an anisotropic 
topography for neuronal cells as well, and have been used for 
directing axonal growth.[48,75,86,108–113] Aligned fibers mimic the 
topography and orientation of structures that naturally occur 
in the mature nervous system. Culturing dorsal root ganglion 
(DRG) atop aligned electrospun fibers with 400–600 nm diam-
eters resulted in neurite alignment parallel to the direction of 
the fibers.[31] Similarly, neural stem cells cultured on aligned 
PLLA fibrous scaffolds exhibited parallel neurite outgrowth,[47] 
and aligned nanofibers, consisting of PCL and gelatin, directed 
the growth of Schwann cells which oriented along the direc-
tion of the fibers in a longitudinal fashion.[114] In two following 
studies by Xie et al., DRG neurites extended along the long 
axis of oriented PCL nanofibers, which were shown to pro-
mote DRG adhesion and enhancement of neurite guidance 
and extension as compared with randomly oriented fibers.[26,115] 
Several parameters were taken into account, among them were 
fiber density and surface coating. Recently, our group developed 
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a method to remotely orient fibers by applying external mag-
netic fields to collagen hydrogels mixed with magnetic nano-
particles.[113] During the gelation period, the magnetic particles 
aggregated into magnetic particle strings, leading to the align-
ment of the collagen fibers. Ultimately, neurons were shown 
to form elongated morphology, relying on the particle strings 
and fibers as supportive cues for growth. In a following study, 
mechanical force was induced on the collagen gels by a con-
trolled uniaxial strain, thus orienting the gel fibers and allowing 
neurites alignment.[112] Other effectors in these 3D structures 
which influence the alignment of the neurites are the diameter 
and size of fibers.[77,116] There is an optimal size range for the 
filament diameter for neurite guidance, in which filaments that 
are very large or very small relative to the size of the growth 
cone do not induce parallel alignment.[117] Effects on DRG neu-
rites were most prominent on filaments with diameters in the 
range of cellular size and below (5 and 30 µm) where highly 
directional and robust neuronal outgrowth was achieved.

3.2. Effects on Processes

During development and growth, neurons outgrow neuronal 
processes—an axon and dendrites—from the cell soma, each 
with a unique morphological structure. In addition to neu-
rite guidance abilities, surface topography has been reported 
to have a critical influence on the development of neurites, 
including neuritogenesis, neurite elongation and branching. 
These parameters are of great biological importance since they 
are directly related to neuronal polarization (i.e., providing 
dendrite-axon directionality to neurons), and thus, to the proper 
formation of neural networks. There have been a number of 
studies that focused on the influences of surface nanotopog-
raphy on the onset of neuritogenesis or the rate of neurite elon-
gation. Development of longer neurites on nanotopographies 
was mainly observed adjunctively in research efforts initially 
designed to show directional guidance effects of the substrates. 
For instance, Patel et al. showed that aligned PLLA nanofibers 
decorated with bioactive proteins could not only guide neurites, 
but also synergistically promote neurite outgrowth with certain 
types of proteins coated on the fibers.[75] Similar results have 
been observed in studies using cyclic olefin copolymer (COC) 
nanogratings,[71] electrospun PCL nanofibers,[26] carbon nano-
tubes,[110] silicon nanopillar arrays,[49] and gold nanoparticle-
decorated polymeric nanofibers.[46] All of these examples clearly 
showed that surface topography, regardless of material, could 
guide the direction of neurite outgrowth as well as promote 
neurite outgrowth.

3.2.1. Promoted Neuronal Growth and Regeneration

As a general rule, anisotropic topographical features, which 
direct and orient neuronal processes (as mentioned above), 
enhance the elongation of neurites. Many studies have 
demonstrated that aligned neurons, on linear topographic 
structures or oriented fibers, show an increase in neurite 
length.[12,26,46,47,49,102] A representative example at the 2D level 
are micro-channels (polymide walls, 11 µm height, 20–60 µm 

width on glass substrate) which were shown to impact several 
properties of neurite growth.[107] Neurites emerging from cells 
grown in micro-channels were significantly longer than neur-
ites emerging from control cells. In this study, neurites of cells 
grown in all micro-channels were longer than controls. How-
ever, no statistical difference in neurite length was observed for 
cells grown in micro-channels of different widths. Addition-
ally, cell growth in the micro-channels significantly reduced 
the total number of neurites emerging per soma. The magni-
tude of the reduction in neurites depended on microchannel 
width. Similar results were shown for cultured neurons atop 
line-patterned substrates.[12] While the total neurite length 
atop the patterned substrates was significantly increased com-
pared to flat substrates, the number of branching points and 
the number of originating neurites from the soma decreased 
(Figure 4A). Exceptions were reported by Miller et al. and by 
Yao et al. who showed that DRG neurites and PC12 cell neu-
rites, respectively, cultured on smooth films had significantly 
higher elongation rates compared with neurites on micro-
grooved substrates.[23,93]

The effect of isotropic topography on neuron morphology 
has been widely studied as well. Isotropic topographical cues, 
such as evenly or randomly distributed pits, posts or pillars, 
demonstrate a significant effect on the typical elaboration and 
complexity of the dendritic tree. Scaffolds embedded with gold 
nanoparticles promote neurite regeneration and outgrowth as 
reflected by longer neurites and fewer branching points which 
lead to a more mature neuronal architecture.[46] Nanoparticle-
coated substrates were also found to affect and promote the 
elongation of neurites of neuroblastoma SH-SY5Y cells. Alon 
et al. demonstrated a significant increase in number of neur-
ites emerging from the soma on silver-nanoparticles substrates 
(AgNPs) compared to glass.[118] However, the effect is sensitive 
to the structure, as cells on nano-pillars and nano-pores devel-
oped fewer and shorter neurites.[119]

3.2.2. Neurite Outgrowth and Fate

Neuritogenesis and neurite outgrowth are biologically very 
sophisticated and multifaceted processes, and thus they cannot 
be fully understood simply by comparing the lengths or num-
bers of neurites. The in vitro development (i.e. that observed on 
cell-adhesive coverslips) of neurons has been studied extensively 
in the field of neural cell biology. The in vitro developmental 
pathway of primary hippocampal neurons was particularly 
well-defined by Dotti et al.,[120] who described it as follows:  
(i) stage 1: somas of neurons adhere to a coverslip and lamel-
lipodia (F-actin based projections) form around the somas;  
(ii) stage 2: multiple indistinguishable neurites develop from 
the somas and start searching around the substrate; (iii) stage 
3: one of the neurites (major neurite) starts to grow much faster 
than the others and the neurons become polarized; (iv) stage 4: 
the neurites except the major neurite grow and mature as well;  
(v) stage 5: finally, the neurons mature and exhibit function-
ality. Micholt et al. have demonstrated this atop pillars, showing 
preferred neuritogenesis towards the topography substrates 
(Figure 4B).[84] This developmental pathway is regarded as a 
global standard in many neural cell biology studies, however, it 
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is uncertain that the development of neurons in vivo occurs in 
the same fashion.

In this respect, we and others have investigated neurite devel-
opment on various surface topographies in terms of the above 
developmental stages. By culturing primary spinal motor neu-
rons on PLLA electrospun nanofibers, Gertz et al. showed that 
aligned nanofibers not only elongated neurite lengths but also 
accelerated the polarization of neurons (i.e., a larger population 
of neurons in stage 3) (Figure 4C).[8] We examined the develop-
ment of rat hippocampal neurons by using anodized aluminum 
oxide (AAO) substrates or silica nanobeads packed on a 2D sur-
face. We found that such developmental acceleration broadly 
occurs on many types of nanotopographies, and also that there 
exists a threshold ‘pitch’ (a periodic distance between the top 
features of the surface topography) in eliciting the develop-
mental acceleration from neurons cultured on top; the devel-
opmental acceleration occurred on the topographies that had a 
pitch larger than 200 nm (the first threshold),[88] and became 
more remarkable with increasing pitch size up to 1000 nm (the 
second threshold), above which the acceleration effect leveled 
off.[89] By conducting biochemical inhibition studies, we found 
that F-actin dynamics (formation/deformation of F-actins and 
actin-myosin contractility) play an indispensable role in recog-
nizing different surface nanotopographies and eliciting intra-
cellular changes accordingly for neurons.

More recently, we found that the same type of neurons 
adopted a completely new developmental pathway, rather than 
the conventional but accelerated pathway, on densely-packed 

vertically-grown silicon nanowires.[85] In contrast to the results 
on the other substrates, neurons on the nanowires sprouted a 
major neurite first right after plating, and this neurite elongated 
exclusively before other minor neurites developed. Despite this 
diversion from the conventional descriptions, during their 
development, neurons on the nanowires matured successfully 
and exhibited normal network functions at later stages. This 
may indicate that there is an alternative developmental pathway 
in primary hippocampal neurons which can be triggered by an 
extreme nanotopography like vertical nanowires. We also sus-
pected that the newly found developmental pathway was remi-
niscent of what occurs in vivo, but the in vivo relevance of the 
new pathway still remains to be proven, because its biological 
mechanism is yet uncertain.

4. Intracellular Mechanisms Following 
Interactions with Topography

Most of the studies discussed above provided a quantitative 
morphological analysis of neuronal growth under the influence 
of micro- and nano- topographies, however, the effect of topo-
graphy is not limited to morphological alterations alone. There 
is increasing evidence that indicates the ability of topography 
to trigger cellular responses and pathways.[41,74,90,121–123] This 
alone holds a great potential in the design of biomaterials for 
many indications, including drug delivery, regenerative medi-
cine and more. In this section, we discuss modifications in 
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Figure 4. A) Average number of branching points on flat and patterned substrates. ‘N’, non-contact neurons; ‘C’, contact neurons. Reproduced 
with permission.[12] Copyright 2012, Springer. B) Analysis of the first sprout positioned towards (ON) or away (OFF) from the pillars. Blue, nuclei  
(Hoechst); Green, Golgi apparatus (GPP130); Red, microtubules (tuj-1); Grey, substrate; Scale bars 10 µm. Reproduced with permission.[84] Copyright 
2013, PLOS. C) Motor neurons grown on glass (A), PLLA solvent-cast film (B), random fibers (C), and aligned fibers (D). Green, neurofilament; Red 
(C, D), sulforhodamine 101-positive fibers; Blue, DAPI; Scale bar 10 µm. Reproduced with permission.[8]



1700267 (11 of 19)

www.advancedsciencenews.com www.advhealthmat.de

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

expression of proteins and genes following contact with topog-
raphy and their role in these interactions.

4.1. Molecular Signaling Effects Following Neuronal Interactions 
with Topography

4.1.1. Cytoskeleton Remodeling and Adhesion

The major players in shaping the cells are the dynamic actin 
and microtubule cytoskeleton which are reorganized through 
signaling pathways that are linked to guidance cue recep-
tors.[124] The earliest studies in neurons to deduce the signal 
transduction pathways which lead to cytoskeleton reorganiza-
tion after contact with topography were conducted in 1997 by 
Rajnicek and McCaig (Figure 5A). They used inhibitors to show 
signal transduction pathways that are involved in alignment of 
hippocampal neurites on substrate topography.[74] In addition, 
calcium channels and protein kinase C were also involved in 

the orientation of these neurites. Since then researchers have 
been trying to elucidate more pathways that are involved in the 
interactions between neurons and topographical substrates.

One of the pathways that involve mechanical linkage between 
the cells and the substrate is focal adhesion (FA). These sites 
mediate the adhesion between integrin and the actin cytoskel-
eton and are influenced by the physical forces present in their 
extracellular environment.[13,125–127] In the context of topo-
graphy, previous studies have shown alterations in FAs during 
neuronal growth atop nano-scale structures.[70,71,73,128] These 
alterations are less common on microscale structures due to the 
size of the FAs which is on the nano-scale range.[100] A major 
cytoskeletal protein associate with FAs, vinculin, was reported 
to be increased in C6 glioma-astrocytoma rat cell line cultured 
on nano-dot substrates, resulting in induced FA plaques.[128] 
As the alignment of neurites atop distinct topographies is con-
trolled by mechanical forces, FAs are likely to affect this direc-
tionality, as described by Tonazzini et al. (Figure 5B).[70] Jang 
et al. suggested a crosstalk between two filopodia populations 
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Figure 5. A) A confocal image of hippocampal neurite and growth cones. Red, filamentous actin; Green, α-tubulin. Scale bar 10 µm. Reproduced 
with permission.[63] Copyright 1997, The Company of Biologists. B) Impact of reduced substrate directionality on focal adhesion assembly and spatial 
distribution. a) EGFP-Paxillin-rich adhesions on noisy NGs. b) FA alignment as a function of substrate directionality δ, on positive (green line) and 
negative (red line) noise. Reproduced with permission.[70] Copyright 2013, Elsevier C) Microtubules and F-actin structures at the tips of the neurons 
on flat and vg-SiNW surfaces. Reproduced with permission.[85] Copyright 2015, American Chemical Society. D) PDL-coated beads induce the formation 
of adherent synaptic vesicle complexes on axons. Green, VGlut1; GAD, red; Scale bar 20 µm. Reproduced with permission.[130] Copyright 2009, Society 
for Neuroscience.
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playing a role in sensing nanotopography for guiding neuronal 
growth.[102] This crosstalk lead to stabilization of the growth 
cone, and thus to steady neurite extension. Ubiquitin ligase 
E3a (UBE3A), which is thought to be associated with adhesion 
and cytoskeletal pathways, was found to play a role in neurite 
contact guidance on nanostructured substrates in deficient 
hippocampal neurons in which this gene was silenced.[122] 
These neurons were less aligned with the nanostructures, pos-
sibly suggesting an impaired activation of the FA pathway and 
reduction in cytoskeletal contractility. A different study by Bru-
netti et al. emphasized that by changing the physical properties 
of the surface nanostructures, they could control neuronal cell 
adhesion and growth.[73] The group showed that lack of organ-
ized focal adhesion points in SH-SY5Y cells growing atop nano-
rough substrates, leads to a loss of neuron polarity and activity. 
Moreover, the morphology of the Golgi apparatus was found to 
be abnormal, indicating an induced cell death by necrosis.

Neuronal polarity (i.e. the formation of axons and den-
drites) is affected by topography as early as the first instant 
of initial contact establishment with the surface.[84] An indica-
tion of the initial neurite formation area can be predicted by 
N-cadherin and Golgi-centrosome complexes, which are co-
localized at these sites. Micholt et al. showed enrichment of 
these complexes at micron-scale pillar contacts rather than on 
flat surfaces, following the positioning of an N-cadherin cres-
cent.[84] In addition, tyrosine phosphorylation positions were 
observed together with F-actin aggregation and FAs accumula-
tion (visualized by paxillin expression) at the pillar contacts. In 
our previous work using vertical nanowires, we suggested that 
changes in dynamic formation/deformation of F-actin struc-
tures can lead to different developmental pathways of neurons 
(Figure 5C).[85] Together, these results suggest neuronal polari-
zation alterations induced by specific topographies, which were 
also shown to be preferred over chemical ligands.[68]

4.1.2. Artificial Synapse Formation

Another interesting aspect is the formation of synapses, termed 
synaptogenesis, which typically occurs between neighboring 
cells, but was also reported to form between artificial substrates 
and neuronal cells. Back in 1986, neurons cultured on coated 
beads developed presynaptic element even in the absence of 
a postsynaptic element.[129] These elements contained charac-
teristics of mature pre-synapses such as synaptic vesicle anti-
gens. Years after, this phenomenon of synapse assembly was 
investigated by Lucido et al. on hippocampal neurons using 
microbeads. They visualized functional presynaptic boutons 
assembled between the beads and the tip of the neurites by 
co-expression of the presynaptic markers VGlut1 and GAD 
(Figure 5D).[130] In two different studies by the same group, the 
formation of pre-synapses between sub-micrometer silica beads 
and hippocampal neurons was analyzed. These artificial syn-
apses were visualized by cryo-electron microscopy and showed, 
as before, molecular features which exist at pre-synapses, such 
as presynaptic vesicles and microtubular structures.[131,132] 
In the same fashion, carbon nanotube islands induced the 
formation of synapses (based on synapsin staining) and the 
regulation of neuronal interconnections following mechanical 

attachment of neurites to the islands.[133] Interestingly, it has 
been reported that the expression of the gap-junction protein 
Cx43 was modulated by nano-topography.[128] Since gap-junc-
tion proteins are the major components of electrical synapse 
channels, this result indicates a role in cell-cell interactions as 
well. In our previous study, we showed that nano-topography 
triggers a modification in growth strategy similar to neuron-
neuron interactions emphasizing the effect on neural interac-
tions with artificial elements.[12] Collectively, these results raise 
many questions concerning the relationship between topog-
raphy, function and form which are not fully understood and 
deserve further investigation.

4.2. Neuronal Differentiation

The ability of topography to control cell differentiation, espe-
cially that of stem cells, has been described extensively and has 
a significant importance for various therapeutic approaches. In 
most cases, the topography increased the differentiation rate 
even more efficiently than chemical induction, and resulted 
in distinct gene expression and protein level changes. These 
effects are dependent on the geometry and dimensions of the 
topography.

4.2.1. Cell Fate Determination by Topography

In the case of neural stem cells, the differentiation leads to two 
lineage fates: neuronal cells and glial cell (astrocytes and oli-
godendrocytes). The ability to determine cell fate is essential 
for brain repair and neural regeneration and distinct topog-
raphy can provide a suitable microenvironment to manipulate 
neuronal stem cells. For example, parallel gratings of different 
depths were studied for their ability to affect the differentia-
tion rate of neural progenitors into neurons.[98] Their results 
implied that the differentiation into a neuronal or astrocyte 
lineage is dependent on topography depth. The use of parallel 
gratings of increasing depth could enhance differentiation into 
neurons, independent of biochemical cues from the culture 
medium. Xie et al. examined the differentiation of embryonic 
stem cells (ESs) to neural lineage using randomly and uniaxi-
ally aligned PCL 250 nm fibers.[83] While ESs were capable of 
differentiating into mature neural lineage cells including neu-
rons, oligodendrocytes and astrocytes, the aligned nanofibers 
could discourage the differentiation into astrocytes. Similarly, 
different topographical patterns can induce a different cell 
lineage, astrocytes or neurons. Linear micro-pattern and cir-
cular micro-pattern substrates with two different feature sizes 
(2 or 10 µm in width and spacing and 4 µm in depth) were 
reported to significantly enhance the differentiation of adult 
human neural stem cells (ANSCs) to neurons while depressing 
differentiation to astrocytes compared to control.[134] In this 
study, smaller feature sizes upregulated the differentiation of 
ANSCs into neurons. In addition, by using an ERK signaling 
inhibitor (U0126), it was suggested that MAPK/ERK pathway 
is partially involved in topography-induced differentiation; this 
pathway was previously shown to be involved in the regulation 
of neuronal differentiation. In two following studies by Yim’s 
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group, gratings of varying lateral dimensions and height were 
used, in order to find whether different geometries and sizes 
play a role in neural differentiation and fate.[135,136] The group 
used multi-architectural chip (MARC) platforms which enable 
the use of micro- and nano-topographies simultaneously. The 
chip consisted of anisotropic gratings (2 µm gratings, 250 nm 
gratings) and isotropic 1 µm pillars. They found that aniso-
tropic patterns promoted neuronal differentiation while iso-
tropic patterns promoted the glial differentiation of stem and 
progenitor cells, as indicated by expression of β-III-tubulin. 
However, topography alone was insufficient and additional bio-
chemical cues were necessary to fully achieve the desired effect. 
Remarkably, topographical cues could influence differentiation 
and lineage specification within different combinations of bio-
chemical cues. A different approach was described by Low et 
al., in which differentiation to glial cells was reduced by siRNA-
functionalized nanofibrous scaffolds, in favor of enhancing the 
differentiation to the neuronal lineage.[82] They incorporated 
siRNA with electrospun fibers as molecular mediators of dif-
ferentiation for lineage-specific induction and used the RE-1 
silencing transcription factor (REST), which acts as a repressor 
that is downregulated in neurogenesis. Overall, the rate of dif-
ferentiation of neural progenitor cells to glial cells was lowered 
and a significantly higher percentage of neuronal cells was 
generated on siREST fibers than on fiber controls. It should be 
mentioned that neurons were also reported to respond strongly 
to the topography of glial cells, an observation that may prove 
useful for tissue-engineering strategies for nerve repair.[41]

4.2.2. Enhanced Differentiation Rate by Distinct Topography 
Dimensions

As the topography geometry and dimensions dictate the direc-
tion and morphology of the neuronal dendritic tree, they can 
also influence the differentiation rate and even enhance it 
without the use of chemical cues.[134,137–139] The choice of 
dimensions is critical and depends on many factors such as 
the cell type and its soma diameter. Based on these param-
eters, the width and depth of micro-patterned PDMS surfaces 
were designed for culturing ANSCs.[140] In this study, most of 
the cultured cells were found between the grooves and their 
adhesion rates were similar between the various widths and 
the control flat PDMS surfaces. However, the mean differen-
tiation rate of the cells increased with the increase in width of 
the micro-channels compared to control surfaces. The number 
of neurites per cell and the polarity of the differentiated neu-
rons were also affected; more neurites were originating from 
the soma as the width increased. The cells grew in a confined 
environment that demonstrated that groove width could influ-
ence the development and differentiation of the neural stem 
cells. Smaller grooves meant more contact area with the cell, 
which resulted in a decrease in neurites number, reminis-
cent of the growth strategy following contact with nanostruc-
tures, as discussed above. The effect of the pattern width on 
the differentiation rate was also investigated by nano- and 
micro-grating substrates.[72,141] Several neuronal markers were 
significantly upregulated on the nanostructured substrates 
compared to un-patterned and micro-patterned substrates, i.e. 

microtubule-associated protein 2 (MAP2). Notably, nanograting 
with a width of 350 nm showed a significant induction of neu-
ronal marker expression, i.e. the neuroectodermal markers 
NPY and SYT4, as well as an improved differentiation efficiency 
and better homogeneity, based on upregulation of neuronal dif-
ferentiation (NeuroD1 and NeuroG1) and neural crest (ISL1) 
markers.[72] The expression of Tuj1 (an immature neuronal 
marker) and Synaptophysin (Figure 6A) was also detected on 
the nanograting structures together with several other genes: 
SOX2, neurofilament light peptide (NFL) and tyrosine hydro-
xylase.[141] By using microarray technology, neuronal genes 
regulated by nanotopography were detected, i.e. brain-derived 
neurotrophic factor, synaptotagmin I and β-III-tubulin, among 
other genes related to ECM, adhesion molecule signaling and 
cell cycle, while genes related to glial differentiation were down-
regulated. These data provided evidence that the induction of 
neuronal differentiation was associated with alteration of ECM 
signaling or cytoskeleton arrangement.

4.2.3. 3D Platforms for Neuronal Differentiation

On the 3D level, both micro- and nano-scale fibers were inves-
tigated to show their ability to enhance neuronal differentia-
tion.[47,137,142,143] Yang and co-authors grew C17.2 NSCs atop 
aligned PLLA fibers with 300 nm and 1.5 µm diameters.[47] The 
rate of differentiation was found to be higher for the nanofibers 
(80%) than for the microfibers (40%) and was independent 
of fiber alignment. In addition, the morphology of these cells 
was evaluated by immunostaining for neurofilaments, dem-
onstrating that the aligned nanofibers highly supported the 
NSCs culture and improved neurite outgrowth. In a different 
3D model, fibers ranging approximately between 280–1450 nm 
diameters were used to culture rat NSCs.[144] Here, the larger 
fibers promoted differentiation of neuronal cells due to the size 
of the fibers which limited the cell attachment and growth to a 
single fiber, whereas on 280 nm fibers, the cells could spread 
along the nanofiber matrix randomly, resulting in differentia-
tion to the glial lineage (Figure 6B). However, Mahairaki et al., 
who used aligned and random 250 nm and 1 µm PCL fibers 
to investigate their effect on neural precursors (NPs), reported 
that the fiber orientation had a profound effect on the cell dif-
ferentiation to the neuronal lineage, irrespective of diameter.[137] 
These conflicting results emphasize the difficulty of this field 
of research, since various materials and dimensions exert dif-
ferent effects on neuronal cells that also depend on the cell 
type. On the nano-scale, there is also sensitivity that can pro-
duce different effects on differentiation. When human-derived 
neural precursors were grown on aligned and random 400 and 
800 nm tussah silk fibrion (TSF) scaffolds, differentiation was 
promoted on the aligned fibers and to a greater extent on the 
400 nm diameter.[145] In a different study, three PCL fiber diam-
eters were tested: 260, 480 and 930 nm together with their ori-
entation.[146] ANSCs which were grown atop the 480 nm fibers, 
provided the strongest effect, based on Tuj1 and Nestin (marker 
for undifferentiated cells) staining. In correlation to the orien-
tation, the alignment affected more than fibrous topography 
alone (Figure 6C). Interestingly, the topography was also found 
to drive the activation of canonical Wnt signaling pathway even 
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without soluble cues such as retinoic acid. This pathway has 
been shown to correlate with increased neurogenesis in ANSCs 
and the authors suggested that the dynamics of intracellular 
beta-catenin was influenced by structural rearrangements in 
ANSC morphology in response to the nanotopography.

Our group has shown the ability of nanoparticles to pro-
mote the differentiation of neuronal-like cells. The 10 nm 
gold nanoparticles that were embedded atop electrospun fibers 
have shown to improve cell adhesion and growth of differen-
tiated PC12, even without the use of collagen coating which 
is considered essential for adherence and differentiation of 
these cells.[46] Similarly, in our previous work, the nerve growth 
factor (NGF), a differentiation inducer, was conjugated to free 
iron oxide nanoparticles and showed promotion of differentia-
tion and outgrowth of the same cell type, as was described by 
the expression of several differentiation genetic markers.[147] 
PC12 growing in contact with nanostructure gratings made 
of biocompatible polymers were also used to study neuronal 
differentiation and topographical guidance.[50] By selective 
activation of specific molecular differentiation pathways, both 

contact guidance and the underlying establishment of cel-
lular adhesions with the substrate could be differently modu-
lated. For example, stimulation of PC12 cells with NGF or 
Forskolin led to a different number of initial adhesions with 
the substrate and to significant variation in the efficiency of 
neurite alignment to the nanogratings. Another parameter to 
be considered is the concentration of the chemical inducer. 
Different concentrations of NGF were used to differentiate 
PC12 atop surfaces with ridge widths ranging from 70 to  
1900 nm.[148] The topographic feature size modulated the ini-
tiation of neurites from the cells when they were cultured with 
sub-optimal concentrations of NGF (25 and 5 ng/mL). Ridge 
widths ≤400 nm augmented neuritogenesis and ridge widths 
≥850 nm pitch suppressed neuritogenesis. Moreover, ridges of 
70 and 250 nm were shown to reduce the threshold for induc-
tions of neuritogenesis. However, the alignment response of  
the neurites to the topography was independent of NGF con-
centration. A potential explanation for this observation is that 
NGF treatment leads to upregulation of integrin molecules in 
PC12 cells.[149,150] Thus, neurite adhesion may be controlled by 
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Figure 6. A) Immunofluorescence staining of synaptophysin (red) and MAP2 (green) of hMSCs cultured on patterned and unpatterned PDMS. 
Scale bars 50 µm. Reproduced with permission.[141] Copyright 2007, Elsevier. B) SEM images of rat NSCs cultured on 283 nm (a–c) and 1452 nm  
(d–e) fiber meshes. Scale bars 10 µm (a, d), 5 µm (b, c), 2 µm (e). Reproduced with permission.[144] Copyright 2009, Elsevier. C) Representative  
fluorescent images of ANSCs on planar surfaces (a), aligned 480 nm fiber (b) and random 480 nm fiber substrates. Scale bar 50 µm. Reproduced with 
permission.[146] Copyright 2010, Elsevier.
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the nanostructures in the presence of low concentrations of 
growth factors.

In a review by McNamara et al., a mechanism by which 
topography affects cell differentiation was suggested.[151] 
According to this mechanism, the influence of the topography 
on cell adhesion is the key idea. These effects of topography 
are due to alterations in the surface area available for protein 
adsorption, restricting ECM deposition and therefore the size 
of the initial cell adhesions that can form. Furthermore, FAs, 
which involve integrin binding to ECM components, are related 
to the FA kinase and ERK pathways.[151] Both pathways were 
reported to affect cell differentiation. Moreover, ERK signaling 
is also required for the differentiation of PC12.[152] Together, 
these data seem to suggest that mechanotransduction most 
likely accounts for most of the physical changes in the cell.[153] 
Mechanotransduction of extracellular biophysical signals to the 
cell seems to account for the regulation of differentiation by 
topography which may be sensed via integrins and transmitted 
through FA signaling and the actin-cytoskeleton to the nucleus, 
ultimately leading to differential gene expression and differ-
entiation into specific lineages.[135] Interestingly, from these 
studies we see a leading line which indicates that topography of  
250–400 nm width, whether fiber or grating, was more efficient 
in affecting the differentiation rate. Even more remarkable is 
that aligned nanofibers enhanced the differentiation more than 
randomly organized fibers, similar to the nanograting described 
above, which raises the question of whether the linear geom-
etry has a key role.

4.3. Topography for Improved Interfacing for Activity Monitoring

The basic mechanism of action of neurons, the action potential, 
which enables the cells to transmit information and commu-
nicate with each other, has an important role in the design of 
neural-based devices. A large body of research is concentrated 
on finding ways to investigate neuronal circuity by intracellular 
and extracellular recordings of neural networks. For instance, 
multielectrode arrays (MEA) are widely used for understanding 
neural network formation by measuring neuron activities over 
an extended period of time.[154–157] A variety of materials are 
being used to fabricate the electrodes, from planar gold, tita-
nium and platinum to silicon[158] and graphene.[159–164] Since 

these types of MEAs have no topography and are designed and 
fabricated as flat substrates, their interactions with neurons 
are not included in the review. However, in order to improve 
MEA-neurons interface and to control cell migration and dis-
tribution atop the MEAs, the use of topography was suggested. 
One proposed approach was the use of topography to trap neu-
rons in neuron-cages (Figure 7A),[165–167] however, the fabrica-
tion procedure is complicated and plating neurons inside the 
cages requires precision and is difficult to consistently achieve. 
A modification of this approach was studied by Xie and co-
authors who used vertical nanopillars as a noninvasive neuron 
pinning to prevent cell migration during activity measure-
ments (Figure 7B).[39] These nanopillars were of 1 µm height 
and 150 nm diameter and were fabricated on top of a custom-
ized MEA substrate. The nanopillars anchored the neurons 
and served as focal adhesion points for cell attachment, thus 
reducing cell body mobility without effecting neuronal growth. 
In the same line, gold microelectrodes (≈1.5 µm height) were 
developed for in-cell recording without mechanically damaging 
the cell’s plasma membrane (Figure 7C).[168,169] The micro-
spines that protrude from a flat substrate were engulfed by the 
cells through the activation of phagocytotic-like mechanisms. 
The engulfment was mediated by a peptide that improved the 
physical interface between the cell’s plasma membrane and the 
substratum. The micro-structures were “swallowed” by the cell, 
allowing a tight adhesion between the plasma membrane and 
the head and stalk of the gold spine, thus enabling the genera-
tion of larger field potentials by action potentials of cultured 
neurons. Similar to the nanopillars, the tight warp with the ver-
tical geometry led to a reduction of the membrane-electrode gap 
distance and higher seal resistance that is crucial for enhanced 
signal detection. These methods increase neuron-substrate 
adherence and electrical coupling and can eventually improve 
bi-directional coupling between cells and electronic devices.

Several other features have been used to improve the con-
ductivity of neural networks for better circuitry. For instance, 
carbon nanotubes are widely used in nerve tissue engineering 
research due to their flexibility, electrical conductivity and 
mechanical strength. Their interactions with neuronal cells and 
their applications in neuroregeneration and repair have been 
reviewed recently,[170–173] thus we will only discuss it here briefly. 
Ballerini’s group had chemically manipulated CNTs by adding 
solubilizing groups to their surface, which helped improving 
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Figure 7. A) Electron micrographs of two-way contact with picket fence made of polyimide without (A) and with cells (B, C). Reproduced with per-
mission.[166] Copyright 2001, National Academy of Sciences. B) A SEM image of a neuron with one of its neurites preferentially growing along the 
ring-shaped nanopillar arrays. Reproduced with permission.[39] Copyright 2010, American Chemical Society. C) Schematic representations (upper 
panel) and electron micrograph (lower panel) of neurons engulfing a gold-spine electrode. Reproduced with permission.[169] Copyright 2010, Nature 
Publishing Group.
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their biocompatibility as well as nerve signaling.[174] They 
have shown that CNTs are able to favor synaptogenesis, thus 
affecting the neuronal communication. In a different study, the 
group has shown that 3D artificial scaffolds from multiwalled 
carbon nanotubes can guide the formation of neural webs in 
vitro, thus holds great potential for the development of future 
in vivo interfaces.[175] Another feature is nanowires that were 
also shown to closely interact with neurons and direct axonal 
growth. Dissociated sensory neurons were cultured on epitaxial 
gallium phosphide (GaP) nanowires grown vertically from a 
gallium phosphide surface.[87] The nanowires (2.5 µm long,  
50 nm wide) supported cell adhesion and axonal outgrowth, 
and cell survival was better on nanowire substrates than on 
planar control substrates. The cells interacted closely with the 
nanostructures and were penetrated by hundreds of wires. This 
demonstrates the potential of incorporating nanowires within 
electronic devices to form strongly coupled interfaces with cell 
membranes and to measure signals from neurons.[176]

An emerging method, the use of conductive materials, has 
been used widely in recent years as scaffolds, for supporting 
neuronal growth and activity. Such materials include hydrogels 
and polymers that electrically regulate cellular activities.[177–182] 
Among these materials we can find polypyrrole (PPy),[183] 
poly(3,4-ethylenedioxythiophene) (PEDOT),[178,179,184,185] poly-
aniline (PANI)[177,186] and graphene oxide (GO).[187] The ability 
to electrically stimulate these materials have shown to affect, 
for example, the differentiation of NSCs while supporting cell 
attachment and proliferation.[177] The use of conductive poly-
mers holds great potential in the regenerative medicine field. 
In an in vivo experiment, PEDOT filaments were shown to inte-
grate directly within the surrounding of a living neuronal tissue 
in a way which may be possible to bypass the glial scar in order 
to reconnect to healthy neurons.[179] The use of such materials 
and others, e.g. silicon-metal wires,[5] will be invaluable for the 
design of new neural 3D interfaces for in vivo study.

5. Summary and Outlook

Many environmental cues have been shown to affect neuronal 
growth and guidance, including chemical cues, mechanical cues, 
growth factors and others. Here, we focused on physical topo-
graphical features of substrates that are used for manipulating 
neuronal fate and growth. As technology advances and fabrica-
tion abilities improve, synthetic topographies become better at 
mimicking native interactions that guide neurons throughout 
their development. Although neuronal interactions with syn-
thetic substrates have been extensively studied, new facets of the 
underlying mechanisms remain to be elucidated. This review 
describes studies of substrates and 3D platforms decorated with 
a range of topographies, from micro-scale features down to topo-
graphical elements at the nanoscale, that have demonstrated 
effective interactions with neuronal cells. The smallest-scale fea-
tures that have been reported here are in the range of 10 nm and 
their effects, together with the effects of all the features discussed 
in this review, are summarized in Table 1.

In the current progress report we have reviewed dif-
ferent aspects of effects of substrate topography on neurons. 
These effects depend on the geometry and dimensions of the 

topographical features. Topography has been shown to have a 
significant impact on neuronal growth, affecting morphology, 
including process formation, level of polarity and neurite 
directionality. Importantly, topography affects also functional 
mechanisms, from synapse formation to gene regulation. It 
has been shown that one of the major effectors in the inter-
actions between the growing neurite and the substrate is the 
mechanical tension that is mediated by topography through cell 
adhesion, affecting intracellular elements. Neuronal differentia-
tion was also found to be affected by topographical elements. In 
most cases, the topographical features increased the differen-
tiation rate, even more efficiently than chemical induction. In 
the case of neural stem cells, their differentiation leads to two 
lineage fates: neuronal cells and glial cell (astrocytes and oligo-
dendrocytes). The ability to determine cell fate is essential for 
brain repair and neural regeneration and distinct topography 
can provide a suitable microenvironment to manipulate neu-
ronal stem cells.

Researchers in the field continuously strive to meet the chal-
lenge of integrating artificial elements with neuronal tissue. 
Considering the varying effects of different substrates on dif-
ferent neurons and matching them to specific needs may lead 
to the emergence of varying biomedical applications. In recent 
years applications based on topographic features for therapeutics 
or for profound brain-machine interface (BMI) have been devel-
oped, for instance, a micropatterning that allowed the study of 
mechanisms of myelin formation.[188–191] Here, new applications 
for both peripheral nerve regeneration using scaffolds,[189,190] and 
brain and spinal cord injury,[2,170] have been described.

To summarize, this progress report highlights the interplay 
between morphology and function of neuronal systems and the 
important roles played by topography. The research in this field 
is ongoing, and is expected to create a better, deeper under-
standing of neurogenesis and neuroregeneration mechanisms, 
ultimately enabling the generation of much-needed clinical 
solutions for patients suffering from neuronal injuries.
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