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1. Introduction and Literature Review
I. Introduction
This first chapter contains the foundational knowledge on which the work of this thesis is
built. I begin with biological information regarding neurons: their morphology, the structure of
their growth cones, and the role of their growth cones in receiving environmental cues which
influence axon growth. I continue with a review of pertinent literature which presented findings
on the effects of a neuron’s physical environment on axon growth. The research explores how
surface topography channels and how environmental cues direct axon growth.

II. Neuron Biology
i. Neuron Morphology
Neurons are the fundamental cells of the nervous system. They are comprised of three
basic structures: the soma, or cell body, dendrites, and axon. The neuron’s soma shares the basic
structure as other cell bodies, including a nucleus, Golgi apparatus, rough ER, smooth ER,
mitochondrion, ribosomes, and microtubules. Dendrites are root-like appendages which grow
outward from the soma and form the receiving end of synapses of other neurons. Axons are long
structures at the ends of neurons that form the transmission end of synapses. Via synapses,
neurons transmit and receive electrical and chemical signals. Figure 1 diagrams the basic
morphology of a neuron [1].
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Figure 1. Diagram of basic neuron morphology.

ii. Growth Cone Structure
The growth cone, found at the tip of an axon, controls axon growth. The growth cone acts
as the “vehicle” and “navigator” of the axon. As a “vehicle,” it keeps the axon moving and has
cytoskeletal elements which act as the motor to move the axon forward. As a “navigator,” the
growth cone guides the axon by interpreting environmental cues in order to grow [2].
Figure 2 depicts growth cone structure. The end of the growth cone is comprised of the
lamellipodium, a flat region, and filopodia, spike-like “fingers.” Lamellipodia-like veils are
membrane sheets that separate the filopodia. Both structures are filled with actin, and the
filopodia contain many actin bundles. Filopodia make the leading edge of the growth cone and
explore its immediate surroundings [2]. In addition, microtubules extend throughout the axon
and branch off into the filopodia [1]. Microtubules play a major role in growth cone shape and
motility. Microtubules in filopodia and lamellipodia act as growth sensors, and microtubules in
the center of the growth cone drive growth cone growth and movement [3].
Cytoskeletal structure varies by region in the growth cone. In the peripheral region, there
are F-actin bundles which form the filopodia and F-actin networks which make up the
lamellipodia-like veils. The central domain has bundled microtubules which enter the growth
cone from the axon shaft. The transition zone is between the peripheral and central domains and
contains actin arcs which are perpendicular to the F-actin bundles [2].
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Figure 2. Diagram of basic growth cone structure. Filopodia at the growth cone’s leading edge explore its
immediate surroundings. Regions of the growth cone have varying cytoskeletal structures. The peripheral
region (P domain) contains F-actin bundles which form filopodia and f-actin networks to create
lamellipodia-like veils, membrane sheets which separate the filopodia. The central domain (C domain)
contains bundled microtubules which connect the growth cone with the axon shaft. Between the
peripheral and central domains lies the transition zone (T zone) which contains actin arcs which are
perpendicular to the F-actin bundles [2].

iii. Role of Growth Cone in Axon Growth
The growth cone integrates chemical stimuli using chemotactic receptors and physical
stimuli such as geometrical features, surface texture, and substrate stiffness from the growth
substrate and rearranges the cytoskeleton as a result of spatial biases in order to direct, guide, and
steer axon growth [3]. In order for the axon to grow, the growth cone must take samples from its
environment, synthesize signals which occur in space and time, and oversee membrane,
cytoskeleton, and adhesion dynamics. It explores its environment and ultimately guides the axon
to its intended target. The growth cone determines its path via guidance molecules and receptors,
and a cascade of signals is indicative of various behaviors of the growth cone [4]. Such external
stimuli asymmetrically affect the cytoskeletal mechanisms which drive the growth cone, and the
growth cone grows in the right direction in reference to spatial landmarks [3].
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Figure 3 describes axon growth as a three stage process of protrusion, engorgement, and
consolidation. When the growth cone encounters a substrate, its receptors bind and link the
substrate to the actin cytoskeleton. Next, retrograde F- actin flow, the continuous transmission of
F-actin from the growth cone’s leading edge to its center, occurs when the actin anchors to the
substrate, and F-actin polymerization occurs. The lamellipodia-like veils and filopodia of the
peripheral domain then move towards the leading edge. Then, engorgement of the growth cone
happens as the actin moves from the spot of adhesion and the central domain. F-actin arcs orient
the growth cone towards the region of growth. Microtubules from the C domain proceed to enter
this region. Finally, the growth cone compacts at its neck and forms a new axon shaft segment.
During consolidation, the actin arcs which contain myosin II compress microtubules into the new
C domain. As the F-actin activity stops, filopodia within the region of new growth retract [2].

Figure 3. Diagram of axon growth via engorgement, protrusion, and consolidation. a. The filopodia of the
growth cone come into contact with the substrate, and the growth cone receptors bind and link the
growth cone to the substrate. b. During protrusion, the lamellipodia-like veils and filopodia of the
peripheral actin domain (P domain) extend and move forward on the substrate via F-actin retrograde
flow. c. Engorgement occurs when F-actin arcs reorient towards the area of growth and microtubules
from the central domain (C domain) enter this area. d. Consolidation occurs when the growth cone neck
which connects the growth cone to the axon compacts itself to form a new section of the axon shaft [2].
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This three-step process can be understood in terms of the dynamic properties of
microtubules and actin filaments. Plus end actin continuously polymerizes at the leading edge of
the growth to form actin bundles, pushing the growth cone membrane forward. Simultaneously,
myosin II motors in the transition zone of the growth cone pull the actin filaments from the
leading edge to the center of the growth cone via F-actin retrograde flow. Retrograde flow
combined with the cell’s adhesion to the surface creates a traction force which creates a tension
on the axon which helps guide the neurite growth. Such traction forces decrease the rate of Factin retrograde flow. This causes actin polymerization at the leading edge of the growth cone
and results in the turning or advance of the growth cone [1, 3].

III. Literature Review of Pathfinding on Micropatterned Surfaces
i. Introduction
While we have a basic understanding of the mechanical processes involved in growth
cone extension and subsequent axon growth, understanding how the neuron’s physical
environment influences axon growth is an active area of research. Such research focuses on
growing neurons in artificial environments with selected topographic features to study how they
affect axon growth. Within this area of research, there are two main approaches to studying such
effects: researching how surface topography influences growth and researching how
environmental cues influence growth. The following literature review surveys both approaches
of research. Each section presents relevant experiments and their findings in chronological order.
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ii. Researching the Effects of Surface Topography to Channel Axon Growth
Clark et. al used micropatterned Laminin to model adhesive pathways to influence
neurite growth. Clark et. al looked at how much the pathways guided neurite growth and the
growth cone’s morphology to determine how the growth cone responded to such pathways. Both
factors were strongly influenced by micropatterns on the surfaces. Chick embryo neurons
showed less guidance with decreased spacing of parallel tracks of alternating laminin and tracks
without. Growth cones grew across non-adhesive tracks showing they were not influenced by
multiple parallel adhesive tracks with a smaller periodicity. This shows that while growth cones
are not affected by multiple adhesive cues, isolated adhesive cues may help guide them. With
multiple parallel tracks with a narrow period, growth cones grew across multiple adhesive and
non-adhesive tracks. Because of this, it is possible that filopodia are used as scaffolding to make
advance of the lamellipodia independent of the surface. The laminin micropatterns also
influenced the creation and branching of primary neurites. In the same study, dorsal root
ganglion neurons grown on flat surfaces had neurites with many branches and were multipolar,
while the same neurons grown on surfaces with tracks showed a reduction of branching, and the
neurons were bipolar [5].
Image A of Figure 4 shows embryonic chick neurons growing on an unpatterned
surfaces. Images B-F show neurons growing on surfaces with progressively increased pattern
spacing. Increased pattern spacing resulted in increased directional growth.
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Figure 4. A. Embryonic chick neurons on an unpatterned surface. B. Neurons on pattern of 2
µm lines and spaces. C. Neurons on pattern of 3 µm lines and spaces. D. Neurons on pattern of 6
µm lines and spaces. E. Neurons on pattern of 12 µm lines and spaces. F. Neurons on pattern of
25 µm lines and spaces. Increasing the size of the lines and spacing increases directionality in
axon growth [5].

Johansson et. al studied how axons grow on polymethylmethacrylate (PMMA) covered
silicon chips with nano-patterns. Johansson et. al used adult mouse sympathetic and sensory
ganglia cells and mounted them on Matrigel on the chips near the nanopatterns. After one week
of incubation, they measured axon growth using immunocytochemistry and scanning electron
microscopy. The patterns guided axon growth, with axons growing on the ridges and areas of
elevation on the patterns, not inside the grooves. Nano-patterns, down to 100 nm, can be used to
guide axon growth. The relationship between the axon’s diameter and the width of the
groove/ridge played a strong role in guiding axon growth [6].
Image A of Figure 5 show how axons aligned on the horizontally printed pattern at 200
nm width and 400 nm pitch. Image B shows growth on surface of 100 nm width and 500 nm
pitch. Image C shows growth on 400 nm width and 800 nm pitch [6].
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Figure 5. A. Axon alignment with surface with horizontally printed pattern of 200 nm width and 400 nm pitch. B. Axon
growth on surface with horizontally printed pattern of 100 nm width and 500 nm pitch. C. Axon growth on horizontally
printed pattern of 400 nm width and 800 nm pitch [6].

Li and Folch studied how murine embryonic cortical neurons responded to different 3-D
surfaces of varying ease of movement and surface features. The 3-D surfaces were made of polyD-lysine coats with steps made of PDMS and Matrigel. Axons preferred to grow on the PDL
rather than the Matrigel and preferred to grow along the straightest path closest to the growth
cone’s ability to explore the surrounding environment. If the axons had to choose between these
two options, they chose to grow straight into the Matrigel. If the axons could not move along a
straight path, they moved in such a way to move along the smallest turning angle. This study
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suggests that the growth cone moves by taking into account information about the surface
topography and the ability to move on the surface [7].
Song et. al grew dorsal root ganglion (DRG) neurons on poly(methyl methacrylate)
surfaces with Laminin micropatterns of varying widths for 24 hours. After 24 hours, Song et. al
measured how many neurites grew, their lengths, rates, and orientations. They found that the
laminin pattern’s dimension affected neurite growth length, rate, and orientation, but not how
many neurites grew. Laminin patterns more than 30 µm wide showed faster growth. 50 µm
pattern dimensions showed low orientation. 40 µm laminin patterns had the fastest growth rate
and highest orientation. It appears the 40 µm patterns were wide enough for neuron growth but
also narrow enough to effectively guide the growth of the neurites [8].
Laminin patterns with widths greater than 30 µm showed faster growth rates and lengths
and also began growing more quickly than patterns of smaller dimensions. It appears neurons
have a “threshold” for the amount of contact area of the cell in order for the growth cone to
grow. Because neurons on the 40 µm wide patterns had the fastest neurite growth rate and
length, concentrations of absorbed laminin cannot be the only factor which effects neurite
growth. At 30 and 40 µm widths, neurites were very oriented, but were less so at 50 µm. The
dimension of the laminin micropatterns affected the growth lengths, rates, and orientations of the
DRG neurites. 40 µm was the optimal width for growth because they accelerated growth by
nearly 1.5 times and also had the best orientation. Figure 6 shows stained neurons on the various
patterns after 24 hours of growth. Neurite orientation is apparent at widths of 30 µm and higher
[8].
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Figure 6. Stained neurons on patterned laminin surfaces. Neurites grew on each surface, but induced
directional growth appeared only on the 30, 40, and 50 µm patterns. (Scale bar = 200 µm) [8].

Fozdar et. al performed experiments to study how axons grow on surfaces with different
topography to see if the axons had a preference to grow on a specific topography. Fozdar et. al
created a surface with four quadrants which had microscale and submicroscale patterns of holes
and lines of various dimensions. They cultured rat embryonic hippocampal cells for 24 hours at
either between two different topographies or at the border of a specific topography. They found
that the surface structure affected the creation and growth of axons relative to growth on a
smooth surface. The distance the neurons were plated away from the topography affected
whether or not the topography guided axon growth. Neurons preferred to grow along
submicroscale patterns than microscale patterns and preferred to grow over holes rather than
lines for each pattern size [9].
Neurons placed close to the topography, less than 30 µm away, responded to the
topography, no matter its dimensions or shape. 300 nm holes were the strongest topographical
cues. Between the 300 nm lines and the 2 µm lines, neurons preferred to grow along the smaller
lines. This follows previous studies which also show that neurons have a tendency to grow on
smaller lines than larger ones. In addition, the neurons preferred to grow on holes rather than
lines [9].
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Figure 7 shows optical images of neurons growing on the various topographies. Images
A-E show neurons positioned on the borders of topographies to show preference for topography
over smooth surfaces. Images G-J show neurons placed between two different topographies and
how they chose a preference between the two topographies [9].

Figure 7. A-E: Show how neurons placed on a bare surface next to a micropatterned surface tend to grow on the
micropatterned surface. A. Topography of 2 µm perpendicular lines. B. Topography of 2 µm parallel lines. C. Topography of
200 nm perpendicular lines. D. Topography of 300 nm parallel lines. E. Topography of 2 µm holes. Topography of 300 nm
holes. G-J: Show neurons placed between two different topographies and the competition for growth between the two
surfaces. G. Competition between 2 µm lines and 2 µm holes. H. Competition between 2 µm lines and 300 nm lines. I.
Competition between 2 µm holes and 300 nm holes. J. Competition between 300 nm lines and 300 nm holes. (scale bar = 10
µm) [9].

Beighley et. al showed that unidirectional nanotextured surfaces bias axon growth and
quantified the influence of biomechanical cues on neuron growth. Varying the density of neurons
on such asymmetric textured surfaces highlights the competition between mechanical and
chemical cues. At low densities, mechanical cues are dominant, while at high densities, chemical
cues are more influential [10].
The top image (a) of Figure 8 shows a schematic diagram of how the growth cone
attaches to an asymmetric nanotextured surface. Axons prefer to extend in the direction opposite
of the tilted nanorods. The reference direction is the direction of growth, 0 radians. Below this
schematic are fluorescence and bright field images of a neuron growing which show the
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directionality induced by the nanotextured surface. The top of (b) is an SEM image of the
nanotextured surface, and the bottom of (b) is an AFM image of the surface’s topography [10].

Figure 8. (a). Top: Schematic diagram of growth cone attachment to asymmetric nanotextured surface. Bottom:
Fluorescence and bright field images of neuron growing on surface. The neuron shows growth directionality
induced by the surface. (b). Top: SEM image of nanotextured surface. Bottom: AFM image of surface topography
[10].

Tuft et. al studied the ability of spiral ganglion neurons (SGNs) to grow and turn on a
micropatterned surface with ninety degree angles. The neurites of SGNs have no specific
orientation on unpatterned surfaces, grow in the direction of single direction patterns, and are
influenced by but do not consistently track micropatterned designs for turning i.e. 90° angles.
Neurites of neurons grown on multidirectional surfaces are 20% shorter than the neurites of
neurons grown on surfaces with single direction patterns. Neurites on multidirectional surfaces
do show more branching and cross microfeatures more so than those grown on a unidirectional
surface. Depressed surface areas of both pattern types contained most of the neurite’s length
[11].
Spedden et. al investigated axon growth of cortical neurons cultured on asymmetric nanoPPX surfaces (shown in Figure 9). The surface’s ratchet topography imparted a unidirectional
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axonal bias with the axons preferentially extending in the direction perpendicular to the periodic
ratchet structures [3].

Figure 9. SEM image of the Nano PPX substrate [3].

Images A-C of Figure 10 show the unidirectional growth of axon on nano-PPX surfaces
with different values of Cα, a variable quantifying the orientation of the ratchet topography. The
images on the left are fluorescence images of neuron growth. On the right are histograms of
angular distributions of axon growth which are centered at 0 and π radians [3].

Figure 10. (a-c) To the left: Fluorescent images of neuron growth on nano-PPX surfaces with varying
values of Cα. To the right: Histograms showing the angular distributions of axon growth on nano-PPX
surfaces of the corresponding image [3].
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Joo et. al designed and manufactured a pinstripe micropattern of poly-L-lysine (PLL) by
stamping PLL on a piece of glass also coated in PLL. Joo et. al observed that growth of
hippocampal neurons on such surfaces affected the creation of neurites and the turning of the
growth cone. Neurites tended to grow along the direction of the lines of stamped PLL on the PLL
substrate. While the substrate affected neurite growth, it did not affect the cell body spreading on
the substrate. Therefore, this PLL pinstripe pattern on a PLL surface could be used to guide
neurite growth [12].
Figure 11 shows two different ways the pinstripes affect neurite growth. Image (A) shows
that if the neuron attaches to the pinstripe, neurites grow down the length of the pinstripe on both
sides. Image (B) shows that if a neurite tip touches the pinstripe, the neurite proceeds to grow
along the pinstripe [12].

Figure 11. A. Guidance effect 1: If a neuron attaches to the pinstripe, it growths down the length
of the pinstripe on both sides. B. Guidance effect 2: If growth cone touches the pinstripe, the
axon grows along the pinstripe [12].
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iii. Researching the Effects of Growth Cues to Direct Axon Growth
Dowell-Mefsin et. al studied the effects of topography on hippocampal neurons after 14
days of in vitro growth. They grew the neurons on poly-L-lysine coated silicon surfaces which
pillars of different geometries printed on them using photolithography. Axons grew randomly on
smooth surfaces, while axons grown on surfaces with pillars grew along the geometry of the
pillars. When pillars were spaced the closest to each other, the greatest neurite growth was
observed. This research shows that the structure of the physical surface affects neuron growth
which leads to the postulation that the topography of the ECM may affect neuron growth and
specialization [13].
Figure 12 shows fluorescent images and traced images which show how the surface
topography affects dendrite and axon orientations. Dowell-Mesfin et. al extracted data from these
images to generate radial plots of the data. BIII tubulin labeled (shown in blue) and MAP-2
labeled (shown in red) neurons grown on pillars with widths of 2 µm with 1.5 µm gaps showed
the greatest effects on orientation. Increasing the gap size between pillars decreased the effects
on orientation. Pillars with widths of 0.5 µm (shown in yellow) showed a similar but less
dramatic effect. Smooth surfaces still showed random neuron growth [13].
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Figure 12. Left Column: Fluorescence images of the effects of pillar width of 2 µm and increasing sizes of pillar gaps on
neurite growth. Center Column: Traced composite images of the fluorescent images. Right Column: Radial plots of effects of
varying pillar gap sizes on neurite growth. Pillar gaps of 1.5 µm showed the greatest effect on processes with B III tubulin
labeled (in blue) and MAP-2 labeled (in red). As gap size increased from 3 µm to 4.5 µm, the effects of pillar gap size on
neurite growth decreased. For pillars with widths of 0.5 µm (in yellow), similar but weaker trends were observed. Neurites
which grew on smooth surfaces showed random growth. (Scale bar = 100 µm [13].

Francisco et. al studied how axons grew in 3-D environments created using
photolithography in order to guide and control axon formation and length. Neurons confined in
square chambers showed a decrease in percentage of neurons which formed axons. This result
was dependent on the width of the chamber. If an axon could extend in one or two directions, it
grew as if it was on a 2-D substrate. Observing growth cones interacting with chamber walls or
in corridors showed that when a growth cone makes contact with a 3-D object, it decreases its
surface area. The growth cone maneuvers around such objects by sampling the object until it
finds an open path, thus moving around the potential barrier. Angles of corners and corridors
determined an axon’s ability to turn around them. Axon length can also be controlled using such
3-D constrictions [14].
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Image (A) of Figure 13 shows the constructed corridor with doors. Image (B)
shows one neuron extending its axon and navigating the doors of the corridor. Image (C) gives
the axon length as a function of the door length [14].

Figure 13. A. Artificial corridor with doors. B. Neuron navigating through corridor and its doors. White
arrows point to segments of the axon. C. Shows axon length as a function of door length. A longer door
length correlates to a longer axon length [14].

Image (A) of Figure 14 shows axons navigating around 45°, 90°, and 135° corners. Image
(B) shows a graph of the percentage of axons which maneuvered around corners as a function of
corner angle and corridor width [14].
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Figure 14. A. Axons navigating 45°, 90°, and 135° corners. B. Shows percentage of axons which
maneuvered around corners as a function of corner angle and corridor width [14].

Jang and Nam studied neurite and axon growth by growing neurons on surfaces with
polygonal micropatterns. Using micro-contact printing, they printed micropolygons on a surface
and then cultured neurons on these micropatterned substrates. Such patterns influenced soma
shape and neurite formation. This research proposes the idea that substrate geometry can
influence the growth and development of neurons. The geometry of the substrate may allow for
the design of neural circuits by manipulating how the axons grow [15].
Figure 15 shows axon growth on microtriangles. Image (A) shows neurons cultured on
various types of triangles. On substrates with regular triangles, neurites showed the tendency to
form at the triangle’s vertices. On isosceles triangles, neurites and axons formed at the sharpest
vertex [15].
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Figure 15. Shows induced directional growth as a result of plating neurons on
microtriangles of varying geometry [15].

Figure 16 shows how axon growth can be guided using a deliberate pattern of
microtriangles. The white arrows indicate the desired growth direction [15].

Figure 16. Shows guided growth of neuron using microtriangles. White arrows indicate
desired growth direction [15].
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iv. Conclusion
As demonstrated above, the literature already contains a great deal of information on how
surface topography and growth cues influence axon growth. Experiments focused on studying
the relationship between surface topography and axon growth share many of the same features;
neurons are usually grown on a surface with a uniform pitch pattern, usually ridges or some type
of nanotextured, for a period of time. Observation after a period of growth usually shows that the
pitch pattern tends to guide axon growth by channeling it to grow in a specific direction relative
to the pitch pattern. The magnitude of this effect varies by the type of pitch pattern and its
periodicity. In short, this research demonstrates the ability of artificial topography to channel
axons to grow more or less in a straight line.
Experiments focused on studying how environmental cues affect axon growth also share
many features. In most experiments, neurons are grown in a region with specific cues such as
pillars or other geometric shapes. These experiments show how such cues can direct axon growth
to grow along paths constructed by the artificial environment. Such research shows that it is
possible to guide and manipulate axon growth by constructing growth cues in their environment.
Both areas of research highlight the fact that neurons integrate a variety of physical and
topographical cues from their environment which ultimately influence axon growth. While these
experiments are conducted in highly artificial conditions which no neuron would encounter in
vivo, such experiments do show that neuron growth is subject to physical laws propagated by the
physical environment.
Nevertheless, many questions still remain regarding neuron growth. How do neurons
integrate the wealth of information in the form of physical and chemical cues in vivo during their
growth? Which physical and topographic cues have greater influence? Are there enough patterns
in neuron growth such that we can create a working model of neuron growth? It appears that
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currently the best way to tackle these questions is to systematically study neuron growth in
artificial environments with varying topographic and environmental complexity. Doing so will
shed further light on neuron growth.
We used this literature as the foundation for the experiment described in this thesis. Our
work falls under the category of research studying the influences of topography to channel axon
growth. The experiment follows the similar form of growing neurons on a surface with a
micropatterned uniform pitch.

2. Experimental Methods
I. Goals of Experiment
The purpose of this experiment is to grow neurons on several micropatterned PDMS
surfaces with ~0.75-3 µm ridge spacing to study how neurons navigate on these surfaces over
time. We do so by using fluorescent imagery to analyze the angular distributions of the axons on
each surface. We culture the neurons on micropatterned PDMS (poly)dimethylsiloxane))
surfaces to see how their topography affects axon growth. The neurons are allowed to grow for
2-99 hours on the surface after they are cultured. We then use fluorescence imagery at specific
time points to observe axon growth. By looking at the time integrated data, the data from all time
points, for each surface, we can describe the neurons’ time independent growth behaviors on
each surface. Our results show that surface topography affects embryonic rat neuron axon growth
with each surface having a specific time integrated angular distribution.
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II. Manufacture and Quality Testing of PDMS Surface
In order to create each PDMS surface, we poured 10 ml of PDMS solution over a 25x25
m2 diffraction grating. We manufactured three unique surfaces each with an elastic modulus of
~20 MPa. Surface 1 (0.75 µm surface) had 0.0821±0.024 µm parallel spaced ridges with ratchet
cross sections with ridge heights of 0.015±0.002 µm. Surface 2 (1.5 µm surface) had 1.59±0.03
µm parallel spaced ridges with ratchet cross sections with ridge heights of 0.156±0.003 µm ridge
heights. Surface 3 (3 µm surface) had 3.27±0.05 µm parallel spaced ridges with ratchet cross
sections with 0.0723±0.011um ridge heights. Figure 17 shows AFM topographic images of the
three surfaces. We let the surfaces polymerize at ambient lab conditions for 48 hours.
Afterwards, we peeled away the surfaces from their diffraction gratings and allowed them to cure
at 60 °C for 1-3 hours.
.

Figure 17. a. 10 μm x 10 μm AFM topography image of the 0.75 μm PDMS surface. b. 10 μm x 10 μm AFM topography image
of the 1.75 μm PDMS surface. c. 10 μm x 10 μm AFM topography image of the 3 μm PDMS surface. d. Cross section of 0.75
μm PDMS surface. e. Cross section of 1.5 μm PDMS surface. f. Cross section of 3 μm PDMS surface. The direction of
anisotropy is to the left. Used with permission from Marc Simon.

Next, we needed to verify that the patterns formed on the PDMS. We did so by using
AFM to scan in AC mode using AC160TS-R3 cantilevers in order to characterize the surface
profile and orientation of the surface’s ridges over an area of 10-20 mm2. We also used the force
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spectroscopy AFM mode to determine whether or not the elastic modulus for each surface was
indeed ~20 MPa. The modulus is important because its magnitude reduces the efficiency of
traction forces applied to the surface as a result of energy loss caused by surface deformation.
We found that there were discrepancies in the value of the elastic modulus at different locations
on the ridges of each surfaces. This was not an actual difference in the elastic modulus but a
perceived difference due to the AFM tip radius. As the curvature of the surfaces increased, the
feature geometry became smaller relative to the tip radius, resulting in a decrease in accuracy of
AFM scans.
After verifying that the patterns were imprinted on the PDMS surface, we cut the surfaces
into 4 mm x 4 mm pieces. We glued each piece using silicon glue to the bottom of a 35 mm
culture dish and allowed the glue to bond for at least 72 hours. On each culture dish, we etched
the grating orientation with the arrow indicating the π direction. Before culturing the neurons on
the surfaces, we coated each surface with 5 ml of 0.1 mg/ml PDL for 2-3 hours, rinsed them
three times with distilled water, and exposed them to UV irradiation for 45+ minutes.

III. Neuron Culture
We used E18 fetal rat cortical neurons which we received from Tufts University
Department of Biomedical Engineering. We incubated the cortices in trypsin at 37 °C for 20
minutes, and then we inhibited the trypsin using soybean trypsin inhibitor. The neurons were
then disassociated, separated by centrifuge, and suspended in a neurobasal medium. The neurons
were supplemented with GlutaMax, b27, and pen/strep. Cells were counted using a hemotometer.
We then plated the cells at a density of 170 cells/m 2 on the PDMS surfaces at 37 °C, and we
allowed them to incubate for 2-96 hours before imaging.
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IV. Fluorescent Imaging
We used a Nikon Eclipse Ti Inverted Fluorescent Microscope using an FITC filter with
excitation/emission of 495 nm/521 nm. Before imaging, we stained the neurons with 4 ml of 0.5
mg/ml fluorescein diacetate in 1xDPBS. After applying the stain, the neurons were immediately
imaged through the PDBS surface using the 10x Nikon Plan Floor objective at an ambient
temperature of ~25 °C. For Surface 1, we took images at 2, 4, 6, 8, 10, 16, 24, 48, and 96 hours.
For Surface 2, we took images at 2, 4, 8, 16, 24, 48, and 96 hours. For Surface 3, we took images
at 2, 4, 6, 8, 10, 12, 16, 24, 32, 40, 41.5, 48, 72, and 99 hours. For each time point, we took 10-70
images.
V. Raw Data
Performing this experimental procedure gave us fluorescent microscopy images of the
neurons growing on the micropatterned surfaces of varying pitch gratings for each time of
imaging. We compiled a series of images for each time we took photographs. Below are several
examples of images we took:

Figure 18. Neurons on a 0.75 µm surface at 48 hours of growth.
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Figure 19. Neurons on a 1.5 µm surface at 48 hours of growth.

Figure 20 . Neurons on a 3 µm surface at 48 hours of growth.

VI. Quantification of Raw Data
After obtaining the series of images for each time, we needed to extract and quantify
information regarding the axon growth portrayed in each image. In order to do so, we used
NeuronJ, a plugin of the image-processing software ImageJ. We began by uploading the image
into NeuronJ. (See Figure 21) Next, using “add tracings,” we traced the axon of each neuron,
starting from the soma and ending at the growth cone. (See Figure 22) Once we traced the axons
of each neuron in the image, we used “measure tracings” which gave us the x,y coordinates for
each traced neuron. We then exported these coordinates to an Excel spreadsheet. We performed
this process for each image at each time of photographing. Each time of photographing
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possessed its own Excel spreadsheet which contained the x,y coordinates of all the axons in all
the images for that specific time.

Figure 21. Image of neurons on 3 µm surface at 48 hrs of growth uploaded into NeuronJ.

Figure 22. Axon tracings for neurons grown on 3 µm surface at 48 hrs of growth.

VII. Creation of Histograms
After obtaining the total x,y coordinates of axons for each time period, we were able to
use this data to create angle histograms which showed the frequency of the axons turning at
specific angles, giving us the direction of their standard growth. In order to do so, we imported
each

Excel

spreadsheet

for

each

time

point

into

the

Mathematica

Program,

“NeuronJAnalysisForExport-1.nb” written by Dan Rizzo. We set n = 31, the number of pixels
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per micron in the images. The program broke the axons into ~20 µm segments (31.25 pixels).
Running the program gave us an Excel spreadsheet containing the data for each angle histogram.
We then imported and normalized these angular distributions in the graphing program Micoral
Origin. Next, we imported the Origin data into Excel, where we isolated the two peaks of each
distribution, one of which was negative and one of which was positive relative to the angle 0.
Because there is no topographic difference between the two directions of the peaks, the peaks for
the given time points theoretically are similar. By separating between negative and positive
peaks, we were able to compare the peaks for each time points. In total, we analyzed 15 time
points. For Surface 1 (0.75µm), we analyzed time points at 2, 4, 6, 16, 24, 48, and 96 hours. For
Surface 2 (1.5 µm), we analyzed time points at 16, 24, 48, and 96 hours. For Surface 3 (3 µm),
we analyzed time points at 2, 4, 6, 8, 10, 12, 16, 24, 32, 40, 41.5, 48, 72, and 99 hours. We chose
these time points out of all the time points which we imaged because they showed the best
neuron processes for analysis. Below are the angle histograms for each surface at each time
point. The green histograms show data for the 0.75 µm surface, the blue histograms show data
for the 1.5 µm surface, and the red histograms show data for the 3 µm surface. Some time points
contain multiple histograms for the same surface because for some surfaces we performed
several experiments.
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Chapter 3: Analysis of Time Integrated Histograms
I. Introduction to Time Integrated Growth
Each of our surfaces had different effects on axon growth. In order to understand these
effects, we needed to characterize the time independent effects on growth for each surface. We
chose to follow in the footsteps of previous literature and use the one-dimensional Fokker-Planck
equation to model the observed growth which describes the time probability distribution of θ as a
function of time:
𝜕

𝜕

𝜕

𝑝(𝜃, 𝑡) = 𝜕𝜃 [𝜕𝜃 [𝑉 (𝜃 ) ∙ 𝑝(𝜃, 𝑡)] + 𝐷
𝜕𝑡

𝜕 2 𝑝(𝜃,𝑡)
𝜕𝜃2

,

(1)

where 𝑝(𝜃, 𝑡)is the probability distribution that the growth cone will be at angle θ at time t,
𝑉(𝜃 ) is the effective potential which guides the growth, and D is a diffusion coefficient [16]. We
can solve for the effective potential by setting (1) equal to zero and solving for 𝑉(𝜃 ) which
yields:
𝑉(𝜃)
𝐷

= − ln[𝑝(𝜃 )] + 𝐶,

(2)

where C is a constant which zeros the highest bin of the potential to zero potential. This zeroing
allows for analysis of the surfaces’ effects on neuron growth and on the transition rates between
states of growth. For each surface, we combined the data for each time point to create timeintegrated plots of probability density and growth potential. We chose a bin size of 0.05π for the
probability densities and the growth potential plots as this yielded the clearest resolution of the
data. Figure 23 shows the time integrated histograms of angular distributions for each surface.
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Figure 23. Shows time integrated histograms of angular distributions for each surface. In green: Time integrated histogram
of angular distributions for a 0.75μm spaced surface. In blue: Time integrated histogram of angular distributions for a 1.5 μm
spaced surface. In red: Time integrated histogram of angular distributions for a 3 μm spaced surface. The two highest peaks
of each histogram indicate the surface’s ridges. The positive peak found on the right of each histogram indicates growth up
the ridge. The negative peak on the left of the histogram indicates growing down the ridge.

II. Surface 1: 0.75 µm
On surface 1, neurons did not show strong preferential growth relative to the other
surfaces. Neurons on this surface did seem to be affected by the surface’s anisotropy in a similar
fashion to the neurons on surface 2. The peaks on the time integrated probability plot (Figure 24
a) at ±0.5π, 0, and π are similar, but the peaks at ±0.5π showed the sharpest distributions. It
appears that since surface 1’s spacing was smaller relative to surfaces 1 and 3, the growth cone’s
ability to perceive the surface was minimized which resulted in a higher entropy of neuron
growth. Figure 24 b shows that the potential barrier between the wells is smaller. As a result, it is
more likely that the neurons will cross over the wells as the spacing between ridges decreases.

a

b

Figure 24 a. Shows the time integrated probability density for surface 1. B. Shows the growth potential plot for surface 1.
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III. Surface 2: 1.5 um
Neurons grown on surface 2 showed small peaks on their probability plots in directions
parallel and perpendicular to ridges relative to surface 3 (See Figure 25a). Surface 2’s probability
plot shows maximum peaks at ±0.5π. This shows that the neurons are half as likely to grow at 0
and π compared to growing at ±0.5π. The peaks for surface 2 coincide with the peaks of surface
3; the peaks at ±5π are shorter than the peaks at 0 and π. This shows that the surface anisotropy
induces a slight bias for the neurons to grow in the π direction. Figure 25b shows that there is a
smaller potential barrier between wells. This enables larger transition rates between wells.

a

b

Figure 25 a. Shows the time integrated probability density for surface 2. B. Shows the growth potential plot for surface 2.

IV. Surface 3: 3 µm
Neurons grown on surface 3 show a preference for perpendicular growth. Figure 26
shows the normalized time integrated data from all experiments as angular distributions and
growth potentials. Axons appear to show a preference to grow parallel to the surface’s ridges. On
the angular distribution plot, we see growth peaks at ±0.5π. Once the axons begin to grow, it is
unlikely that they will make a significant turn, ±π/2 radians. This is because of the large potential
barrier that exists between -0.5π and 0.5π as shown in Figure 26b. We also observe small peaks
at the perpendicular directions of 0 and π. Figure 26b shows the potential for growth in a
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particular direction. There is a high probability that the growth cone will become trapped in wells
at ±0.5π and a smaller probability that they will become trapped at 0 and π. The peaks at ±0.5π
are very high, and the peaks at 0 and π show a wide distribution. For surface 3, we see a strong
influence of ridge spacing and height on neuron growth than the surface’s anisotropy.

a

b

Figure 26 a. Shows the tiime integrated probability density for surface 3. b. Shows the growth potential plot for surface 3.

V. Commentary on Results
In general, our results confirm the growth cone’s sensitivity to surface topography. Wider
ridge spacing, like surface 3, shows more focused directional growth in the ±0.5π directions. As
ridge spacing decreases, growth directionality also decreases. One possible explanation of this
result is that decreasing ridge spacing decreases directional growth because the growth cone is
not sensitive enough to perceive the ridges. As a result of the growth cone’s inability to perceive
the ridges, it proceeds to grow randomly as though it was on a flat surface. An average growth
cone has a width of ~0.5µm. When the growth cone encounters ridges where their spacing is
decreased, the growth cone encounters more features simultaneously. This results in the growth
cone evenly distributing its adhesion points across regions of high curvature, the ridges. When
the growth cone encounters ridges whose spacing is increased, the growth cone encounters fewer
ridges. As a result, the growth cone concentrates more adhesion points on each feature (ridge).
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Because of this, the growth cone aligns itself to the surface’s features. All surfaces showed peaks
at 0 and π radians. Surface 3 had the least amount of growth perpendicular to the ridges, while
surfaces 1 and 2 showed similar growth perpendicular to the ridges.
These results are supported by the time integrated effective potential plots for each
surface. Wider ridge spacing corresponds to deeper potential wells. Because the angular
distribution of the axons is inversely related to the potential, deeper potential wells translate into
the peaks of the histograms of the angular distributions. Figure 27 shows the time integrated
potentials for each surface overlaid on one surface. This figure clearly shows that the wider the
ridge spacing, the deeper the potential well and therefore the more channeled growth up and
down the ridges of each surface. This observation indicates the possibility that we are observing
anisotropic axon growth in a background field created by the ridges.

Figure 27. Growth potential plots for surface 1 (green), surface 2 (blue),
and surface 3 (red). As ridge spacing increases, the potential wells deepen,
resulting in an increase in probability of the axon growing in that
direction. These wells correspond to the peaks on the angular distribution
histograms.
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5. Conclusions and Future Work
I. Summary of Experiment and Findings
The goal of these experiments was to research neuron growth over time on several
micropatterned PDMS surfaces with different ridge spacings. We cultured neurons on these
surfaces and used fluorescent imagery to observe axon growth at several time points. We then
imported these images into the program NeuronJ where we traced the axons of each neuron;
these tracings gave us the x,y coordinates of each axon in each image. Next, we imported the
total x,y coordinates for each time point for each surface into a Mathematica program which used
the data to create angle histograms which showed the frequency of the axons turning at specific
angles on each surface. After compiling the angle histograms for each time point for each
surface, we generated time integrated histograms for each surface which showed us the angular
distribution of the axons over the total time period of growth.
We found that surface 3 with the 3 µm ridge spacing showed the highest probability for
axons growing up (correlating to an angle of π) and down (correlating to an angle of –π) the
ridge. Surface 2 with 1.5 µm ridge spacing showed the second highest probability of axons
growing up and down the ridges, while surface 1 with 0.75 µm ridge spacing showed the lowest
probability of such growth. In general, our results show that wider ridge spacing correlated with
more focused directional growth along the ridge as a result of deep growth potential wells at the
angles corresponding to growing up and down the ridge. One proposed mechanical explanation
of this observed sensitivity to surface topography is that the growth cone has a limited ability to
perceive individual ridges which are spaced close together relative to the average growth cone
width of ~0.5µm. On such surfaces with tightly spaced ridges, the growth cone encounters more
ridges and therefore more evenly distributes its adhesion points across these regions of high
curvature, resulting in growth which more closely resembles growth on a flat surface. On the
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other hand, on surfaces with increased ridge spacing, the growth cone encounters fewer ridges
which results in a concentration of adhesion points on the ridge or ridges. Therefore, the growth
cone aligns with the features of the surface (in our case, the ridges), and the axon grows along
the features.
II. My Involvement with the Project
This has been an ongoing research project in the Staii Group biophysics lab for several
years. This project has been a collaborative effort amongst several students since its inception. I
had the opportunity to become involved with the project at the start of the fall semester of 2014.
Throughout my involvement, I have aided the project at several levels. I cultured and prepared
neurons on PDMS surfaces for imaging. I assisted with taking fluorescent images at various time
points. I spent a fair amount of time compiling data by tracing axons for the gathered images in
NeuronJ. I also used Mathematica to generate angle histograms for the various time points.
III. Future Work
This research is but a step in understanding the intricacies of neuron growth. While
neurons grow in complex environments, we can begin to understand the basic physical rules of
neuron growth by studying how neurons grow in artificial environments with varying conditions
and topography. Such research forms the building blocks of a comprehensive understanding of
neuron growth; in vitro research will lead to understanding what occurs in vivo. Future
experiments growing neurons on surfaces with novel topographic features should increase our
understanding of the basic properties of neuron growth.
While this work is currently focused on discovering the fundamental laws of neuron
growth, it potentially has future medical application. Understanding neuron growth means that
such knowledge could be applied to direct and manipulate neuron growth. Couple this
understanding with the current research on the biomedical uses of silk. Because silk is a
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substance which is not rejected by the human body, it has many medical applications. In theory,
one could create silk scaffolding designed to guide and direct neurons to grow in specific
patterns and directions. Therefore, it is theoretically possible that such scaffolding could be
inserted within a region of a patient’s brain which suffered trauma or some form of damage.
Fresh neurons could be applied to the scaffolding which would direct the neurons to grow in
such a way to repair the damaged area.
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