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Introduction

The use of physical cues to control and guide various types
of cells in vitro, especially neurons and their processes, has been
the focus of a large amount of research. The response of neuronal
processes to artificial surfaces depends on a number of factors
including the cell type, the surface chemistry of the material, and
the surface’s topological features [1,2]. In this Opinion piece, we
investigate the extent to which retinal neuronal processes can be
made to follow straight lines patterned into a surface. We show
they can follow lines with relatively shallow heights of 2 pm and
be made to undergo directional changes as great as 50°. However,
some processes leave the lines and assume a weaving trajectory as
they grow into the surface’s unpatterned regions. Based on these
findings, we propose that neuronal processes will follow lines
more closely if their shapes mimic the fractal weave patterns of
unrestricted neurons. In addition to exploring the fundamental
behavior of neurons interacting with artificial surfaces, the results

inform the design of bio-inspired electrodes for human implants.

Materials and Methods

Silicon substrates were cleaned using a 1-minute soak in
sulfuric acid at 80°C followed by a 1-minute soak in deionized (DI)
water at room temperature. The substrates were then exposed to
oxygen plasma in a March CS-1701 Plasma Cleaner for 1 minute at
50 W and 70 mTorr. A 2 pm thick layer of SU8 negative photoresist
was then spin coated on the substrates. A ZEISS Ultra-55 Scanning
Electron Microscope was used for e-beam lithography. A 5x5 mm?
area of the substrate was patterned with parallel rows of SU8 zig-
zag lines. Because the SU8 was removed in the spaces between the
lines, these regions had a Si surface. The height and width of the
lines were both 2 pm. The angles of the zig-zag lines were 50°, 70°,
90° and 150° (constant for each substrate). The substrates were
modified by immobilizing laminin following protocols explained
elsewhere to increase the surface biocompatibility prior to the cell
cultures [3]. The substrates were then covered with a suspension of

dissociated mouse retinal cells, obtained following ethical approval
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and protocols previously described elsewhere [4]. Neuronal and

glial cells were identified using immunofluorescence.

Results

Qualitative observations were made after 3 and 7 days in vitro
(DIV). At 3 DIV, processes emanating from cell bodies in close contact
with the SU8 lines, tended, in most cases, to follow the lines. In some
cases, the processes even made directional changes when reaching
the line’s turning points (Figure 1a-1d). However, some processes

did leave the lines both in the straight sections (Figure 1b) and at
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their turning points (Figure 1c). The processes of neurons located
away from the lines did not follow straight trajectories and instead
weaved across the 2-D surface (Figure 1d). Whereas glial cells did
not yet appear for these shorter culture times, they covered both
the patterned and unpatterned regions of the substrate at 7 DIV.
Although the glia rarely responded to the lines, occasionally the
lines seemed to restrict their growth. Furthermore, a few neuronal
processes followed the glial fibers rather than the lines at these
later times (Figure 1e,f).

Figure 1: Fluorescence images of retinal cells interacting with SU8 lines. (a) Neuronal processes observed making a 50° turn to follow the line
pattern instead of leaving it for the smooth, unpatterned surface. (b) Neuronal processes observed following the line of a 50° angled pattern. After
branching, some processes leave the line. (c) A neuronal process observed following the line of a 50° pattern; processes then leave the line at its
turning point. (d) Neuronal processes observed growing on the nearby unpatterned surface show morphological differences to processes following
a 70° angled pattern. (e) The combined fluorescence image of neurons (red) and glia (green) on the surface of a 90° pattern; the presence of glial
cells affects the neuronal process behaviour; although near the pattern, the processes do not follow the lines, but they can, instead be seen to
follow a glial process (arrowheads). (f) The combined fluorescence image of neurons (red) and glia (green) on the surface of a 150° pattern; the left
edge of the glial cell at the image center follows a segment of the line (arrowheads). Scale bars are 20 ym in (a), (b), (c), (d) and 50 um in (e) and
(f). The cyan lines mark where the zig-zag lines are located on the substrate surface. Panels (a-d) are images at 3DIV; panels (e, f) are at 7DIV.

Discussion

Neurons scan their environment for cues using motile
structures called growth cones located at the tip of their processes.
These structures have finger-like protrusions called filopodia
containing F-actin proteins that are responsible for navigation and
pathfinding in the 3-D environment [5]. When encountering 10
um tall steps (which approximately match the size of the in-plane
width of growth cones), it has been shown that typically half of the
neuronal processes ignore the topographical cues [6]. Intriguingly,
the height of our lines is much smaller than the typical growth cone
size and yet retinal neuronal processes were still able to detect and
follow their cues, similar to our previous observations using 4 um
tall gallium phosphide nanowires [7]. In this study, we show that

the processes occasionally even follow the lines when they changed
direction. We hypothesize that there will be a minimum angle that
neuronal processes can turn through based on their tolerance for
bending-induced strains on their cytoskeleton. This hypothesis
is based on previous findings that neuronal processes have the
tendency to follow the direction of minimum principal curvature

[8].

The presence of glial cells seemed to prevent neuronal processes
from detecting the lines in most cases. Whereas previous research
shows that, in vitro, glial cells adhere strongly to rigid substrates
such as Si [9], the neurons prefer to adhere to and grow more
processes on soft substrates [10]. Given that glial cells are twice as
soft as neurons [11], they are free to grow in the areas between the
lines, extending processes in all directions. As these cells secrete
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several neurotrophic and neurite guiding factors [12], neuronal
processes also tend to abound in the vicinity of glial processes -
and, as seen here, tend also to occasionally follow a glial process. It
is, thus, reasonable to assume that chemical cues provided by the
glial cells are stronger than the topographic cues provided by the
lines.

Conclusion

While the role of physical and chemical cues as a means
to engineer and guide cell behavior is well-established, more
attention needs to be paid to the natural behavior of neurons when
patterning physical cues. The preliminary results shown in this
Opinion, highlight the difference in neuronal morphology between
the guided and the unrestricted behavior of neuronal processes.
Although processes can be made to follow straight lines, and even
in some instances turn through sharp corners to do so, a number
of processes nevertheless leave these artificial patterns. When
they do so, they assume the morphology observed for unrestricted
neuronal processes on the smooth, unpatterned surfaces. Recent
studies have shown that neurons follow fractal weave patterns
when connecting to their neighbors in the body’s neural network
[13]. We propose that the neuronal processes observed leaving our
lines are reverting to this natural behavior. By designing physical
cues composed of fractal branches that optimize branching
and weaving angles that mimic this natural behavior, processes
might follow these cues more closely. If shown, this novel ‘fractal
resonance’ between neurons and artificial lines could be exploited
for stimulating/recording electrodes that interface with neural
tissue. Such designs would need to accommodate the presence
of other cell types, such as glial cells, and their effects on process

outgrowth.
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