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Abstract

Surface topographies such as micrometric edges and grooves have been widely used to improve neuron outgrowth. However,
finding the mechanism of neuron—surface interactions on grooved substrates remains a challenge. In this work, PC12 cells
and chick forebrain neurons (CFNs) were cultured on grooved and smooth polyacrylonitrile substrates. It was found that
CFNs showed a tendency of growing across groove ridges; while PC12 cells were only observed to grow in the longitudinal
direction of grooves. To further investigate these observations, a 3D physical model of axonal outgrowth was developed. In
this model, axon shafts are simulated as elastic 3D beams, accounting for the axon outgrowth as well as the focal contacts
between axons and substrates. Moreover, the bending direction of axon tips during groove ridge crossing is governed by the
energy minimization principle. Our physical model predicts that axonal groove ridge crossing is contributed by the bending
compliance of axons, caused by lower Young’s modulus and smaller diameters. This work will aid the understanding of the
mechanisms involved in axonal alignment and elongation of neurons guided by grooved substrates, and the obtained insights
can be used to enhance the design of instructive scaffolds for nerve tissue engineering and regeneration applications.
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Introduction

Peripheral nerve injuries present a challenging health prob-
lem all over the world, as patients commonly experience the
permanent loss of motor and sensory functions, and cur-
rent treatment options remain unsatisfactory. Today, injured
nerves of the peripheral nervous system (PNS) are generally
treated by techniques such as conventional direct end-to-end
sutures, nerve grafts or artificial nerve conduits [1-3]. Spe-
>< Jun Yin cifically, the use of artificial nerve conduits for nerve injury

junyin@zju.edu.cn repair has attracted global attention in recent years [4-7].
Nerve tissue engineering scaffolds provide a permissive
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alignment, migration, proliferation, differentiation, and out-
growth of nerve cells [10-13].

Due to the important role of physical guidance in nerve
regeneration processes, various approaches to provide con-
tact guidance cues have been developed. These, for example,
include surface roughness, grooved textures [7], micro-sized
pillars [14, 15], flexible gold nanocone arrays [16], mul-
tichannels [17], and nanofibers [18]. In particular, surface
topographies with micrometric edges and grooves have been
widely used to improve neuronal alignment and to accel-
erate longitudinal outgrowth. For example, a study by Li
et al. found that dorsal root ganglion (DRG) neurons showed
an increase in length and enhanced longitudinal alignment
when cultured on micro-patterned poly(lactic-co-glycolic
acid) (PLGA) films [19]. The physical contact guidance
provided by grooved textures facilitates axonal elongation
along groove edges and hence causes neuronal polarization
[20, 21].

In the past, several studies have been focused on inves-
tigating the interactions between axons and micro-grooved
surfaces in regards to their effect on axonal length and orien-
tation [10, 16, 22, 23]. It is known that the axonal response
may vary depending on the selected type of neuron, the
substrate topography, and the size of applied topographical
features [24-26]. In a study by Chua et al., primary murine
neural progenitor cells (mNPCs) were cultured on PDMS
substrates with a groove width of 2 pm and groove heights
of 0.35, 0.8, 2, or 4 pm to investigate the effect of feature
dimension on neuronal contact guidance [27]. The results
indicated that both axon length and axon alignment of cul-
tured mNPCs increase with a rise in topography depth. It
was also noted that axons were more likely to grow along
the grooves in contrast to bridging grooves as topography
depth was increased. Nevertheless, neurons have been found
to cross neighboring ridges of grooves wider than 20 pm [19,
25, 27-29]. On the basis of previous studies, it is indisput-
able that the mechanical interactions between neurons and
surface substrates play a significant role in neuronal out-
growth. However, the mechanisms underlying the observed
neuronal responses to topographical stimuli based on neu-
ron-surface interactions are still not fully understood. Devel-
oping a comprehensive understanding of the relationship
between axons and grooved substrates presents an essential
step in the formation of rational strategies aimed to acceler-
ate neuronal outgrowth after injury and disease.

The aim of this study was to investigate the physical
mechanisms which dictate the guidance of axonal out-
growth on grooved topographies. For this purpose, a con-
tinuum mechanics-based model was developed to capture
axonal behaviors on substrates with distinct micro-groove
patterns. In this model, axonal outgrowth and focal contacts
between axons and substrates were considered. The bending
direction of axon tips was set to be governed by the energy

minimization principle in order to prevent detachment of
axons from their corresponding substrates. Pheochromocy-
toma 12 (PC12) cells and chick forebrain neurons (CFNs)
have been widely used as neuron cell model in neurobiologi-
cal investigations [30-34], and to evaluate surface topogra-
phies effects on neurite outgrowth [4, 7, 35-37]. To validate
the developed numerical model, PC12 cells and CFNs were
cultured in vitro on substrates with different grooved tex-
tures. The resulting observations of PC12 axonal length and
orientation showed a broad agreement with data obtained
from the numerical model, which confirmed its validity.
During in vitro tests, PC12 cells and CFNs were seen to
show distinct responses when exposed to identical groove
textures. CFNs showed a tendency to link adjacent groove
ridges by growing across grooves. In contrast, PC12 cells
were seen to remain within the same groove bottom or ridge
while elongating in parallel with the grooves. In explain-
ing such distinct phenomena of axonal groove crossing for
different neuron types, our model implies that the Young’s
modulus as well as the diameter of axons play leading roles
in axonal outgrowth, and hence, determine whether elonga-
tion takes place in parallel or perpendicular to the grooves.
This work will further our understanding of the effects
grooved substrates have on axonal alignment and elonga-
tion. Consequently, it may lead to the design of improved
instructive scaffolds for tissue engineering applications and
nerve tissue regeneration.

Experimental methods

Topographical characterization of grooved
substrates

Grooved polyacrylonitrile (PAN) substrates were fabricated
with an inner grooved spinneret using the dry-jet wet spin-
ning method, as introduced in our previous work [4, 7]. The
constructed topographical substrates had a groove height
of ~120 pm and groove widths of either ~ 183 or ~349 pm,
as shown in Fig. 1 A. Smooth PAN substrates were fabricated
based on the use of a smooth spinneret. Optical microscopy
(Nikon AZ100, Japan) was applied to evaluate the struc-
tures of constructed grooved substrates. Groove textures
were characterized according to the average groove height
(height from groove top to bottom, 2H), the average groove
width (distance between two neighboring groove tops, W)
and the average ridge width (width at 2/3 groove height). As
shown in Fig. 1B, the grooved texture can be described by

y:H-sin(%x). €h)
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Smooth 349 pm

183 pm

Fig.1 A Microscope images of smooth and grooved substrates. White dotted lines represent the top of ridges. B Definition of groove width,

ridge width, and groove height

Table 1 Geometry of the grooved substrates

Large groove Small groove

349.2+6.6
120.2+6.1
y=60x5in(0.018x)

182.8+6.1
119.0+ 14
y=60xsin(0.034x)

Groove width (pm)
Groove height (um)
Substrate texture (pm)

The geometry of the generated grooved substrates with dif-
ferent textures is summarized in Table 1.

In vitro neuron culture on grooved substrates

PC12 cells were obtained from the Cell Bank of the Chinese
Academy of Sciences (Shanghai, China). The cells were
cultured in Dulbecco’s Modified Eagle medium (DMEM;
HyClone, USA), which was supplemented with 10% fetal
bovine serum (FBS; Gibco, USA) and 1% penicillin/strep-
tomycin (Aladdin, China). Cells were incubated at 37 °C
with 5% CO, for 120 h. PC12 cells were harvested from
cell culture dishes at a concentration of 8x 10* cells/mL
and loaded onto the fabricated substrates with smooth and
grooved textures.

Chick forebrain neurons (CFNs) were harvested from
cerebral hemispheres of 7- to 8-day-old chick embryos
(dissected and cleared of meningeal membranes). The fore-
brain was separated as described by Pettmann et al. [38]
and dissociated using a nylon sieve. Cells were collected
and cultured at a concentration of 1 x 10* cells/mL in M199
culture medium (HyClone, USA) supplemented with 10%
FBS (Gibco, USA), 1% B27 (Gibco, US), 100 ng/mL B-NGF
(Biovision, USA), and 1% penicillin/streptomycin (Aladdin,
China). The obtained cell suspension was loaded onto the
fabricated smooth and grooved substrates.

After incubation for 24, 72, and 120 h, the substrates were
rinsed with phosphate-buffered saline (PBS, Solarbio, China)
and then incubated in 1 ug/mL calcein acetoxymethyl ester
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(Calcein-AM; Aladdin, China) and 5 pg/mL propidium iodide
(PI; Aladdin, China) for 30 min to remove unattached cells.
The samples were stained with 1 pg/mL Calcein-AM and 2 pg/
mL PI for 30 min. Following this, they were again rinsed with
PBS and covered with glass coverslips. Images were taken
using an inverted fluorescence microscope (Nikon Tis, Japan).
The outgrowth characteristics and morphology of PC12 cells
and CFNs were analyzed using ImageJ (v1.51, USA National
Institutes of Health).

Measurement of axon stiffness

Nanoindentation tests were performed using a nanoindenter
(G200, Agilent, USA) to characterize the stiffness of PC12
cells and CFNs [39, 40]. During nanoindentation, the indenter
tip (spherical indenter) on the cantilever was set at the central
region of axons, and a constant downward displacement rate
of 5 nm/s was applied until an indentation depth of 10 nm was
reached. For each specimen, 10 indentations were carried out.

Once the loading force—displacement data of axon inden-
tation were obtained, the Hertz model was utilized to evalu-
ate the Young’s modulus of axons [41, 42]. Here, the load-
ing force—indentation curves were fitted over an initial 15%
indentation depth. The relationship between the indentation
6 and the loading force F is described by the Hertz model as

44/R

F= _\/— E*5: @
3

where R is the radius of the nanoindentation tip. E* is the

effective modulus of the tip-sample system and is calculated

as

1-v2 ;
E-E L )

L

where E, v and E;, v; represent the Young’s modulus and
the Poisson’s ratio for the axon and the nanoindentation tip,
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respectively. In this description, the effective modulus of the
tip-sample system is mainly contributed by the softer one
[43, 44]. Since the indenter tip is significantly stiffer than the
axon (E; > E) here, the Young’s modulus of the axon can be
estimated based on Eqs. (2) and (3) as

3(1 - v2) ‘
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Statistical analysis

In the statistical analysis, at least six independent nanoinden-
tation tests were performed for different neuron types, and
only data obtained for axons with a length of L,,,,>5 um
were included. For each topographical feature, the presented
data account for the average of six cell culture plates. Unless
otherwise stated, all characterizations were performed using
data analysis software SPSS 18.0 IBM, USA). All data were
presented in the form of mean + standard deviation. Statis-
tical significance (*p <0.05, **p <0.01) was determined
using Bonferroni’s multiple comparison one-way ANOVA.

Physical model of axonal outgrowth
on grooved substrates

A 3D physical model was developed to investigate the effect
of grooved substrates on axonal outgrowth. This model takes
into consideration several factors, including axon tip out-
growth, traction forces at the axon tip, and adhesion forces
between axon and substrate. To numerically model the pro-
cess of axon outgrowth, the following assumptions were
made.

(a) Axons can be modeled as 3D solid cylinders with a
constant diameter.
(b) The axonal motion is quasi-static [45].

Fig.2 Schematic of axonal out-
growth on a grooved substrate
and force distribution at the
axon tip. The yellow fraction at
the tip of the axon represents
the distal growing part. The
blue fraction represents the
proximal part of the axon which
is crystallized in the model
Grooved
substrate

(c) The substrate is rigid. The Young’s modulus of PAN
substrates is~50 MPa [46]. This is considerably higher
than the Young’s modulus observed for axons of PC12
cells and CFNs (~ 1 to 5 kPa). For this reason, the uti-
lized polymeric substrate is generally treated as rigid
[47].

(d) Axons can be modeled as an elastic material, as seen in
previous work. Dennerll et al. [48] found that neurites
adopt an elastic behavior when they are stretched for a
short period of time (3 min).

(e) The axon always attaches to the substrate surface dur-
ing outgrowth. Therefore, the traction force at the
axon tip is exerted onto the tangent planar surface of
the grooved substrate, and the axon-substrate adhesion
force is applied in the normal direction of the tangent
planar surface (Fig. 2).

Axon tip outgrowth and crystallization

Axonal outgrowth in this model is divided into two parts,
namely tip outgrowth and crystallization. Axons show an
elastic elongation when traction forces are applied to the
axon tip. Additionally, an inelastic elongation at the tip of
axons is induced as tubulin molecules are added to the end
of the rod-like microtubules. The assembly of tubulin mol-
ecules into microtubules contributes to the elongation of
axons [49, 50]. In this model, elastic elongation is deter-
mined by the elasticity of growth cones, while inelastic elon-
gation is triggered when traction forces exceed a tension
force threshold at the axon tip [51]. Thus, the tip outgrowth
rate % is described as

a =4(] =) ®

where fN represents the traction force exerted at the tip of
the axon, /, is the inelastic elongation length, k, represents
the tip outgrowth rate coefficient and F,, is the tension force

(B)
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threshold required to trigger tip outgrowth [50]. For axons of
PC12 cells, the tension force threshold for inelastic elonga-
tion has been reported as~ 1 nN [52], while CFNs have been
shown to exhibit a lower tension force threshold of ~50 pN
[53]. Since only the distal part of axons stretches during out-
growth, the proximal part of axons is artificially crystallized
in the model. All parameters applied for the tip outgrowth
model are listed in Table 2. The Young’s modulus and Pois-
son’s ratio (Poisson’s Ratio v =0.45 [54, 55]) were used as
material parameters for axons, and the linear elasticity of
axon was used in all finite element simulations.

Traction force at the axon tip

During axonal outgrowth, the growth cone represents the
motile apparatus of neurons. This dynamic extension is a
highly sensitive structure at the axon tip [59, 60], which
plays an active role in the elongation and branching of a
developing axon. The binding between growth cone and sub-
strate leads to the formation of a complex that mechanically
couples receptors and actin filaments (F-actin). This enables
the generation of traction forces in the axon tip [61, 62].
The relationship between traction forces and tip outgrowth
rates is largely dependent on the selected type of neuron.
Due to the complex morphology and dynamic behavior of
the growth cone, the traction force exerted at the tip of the
axon is generally modeled as a random force [51, 63]. Based
on Assumption (e), the traction force fN is exerted onto the
tangential plane of the grooved texture (S,pcp in Fig. 2B) as

S = ”fN“ - cosf and fy, = HFN” - sinf 6)

where fy, and fy, are the components of fN in the x- and
z-directions, respectively, and 6 € [0, ] is a random angle
which describes the orientation of axonal outgrowth.

Table 2 Parameters and their corresponding values in the physical model

Adhesion between axon and substrate

Adhesion forces play a significant role in anchoring axons to
the extracellular matrix (ECM) and allow for the transmis-
sion of mechanical signals between these two segments [47].
For this reason, the adhesion between axons and substrates
is considered in this model. A previous experimental study
by Aeschlimann et al. [45] indicated that the adhesion force
per unit area between the growth cone and the substrate is
maintained at a constant value of ~0.1-0.2 kPa. Therefore,
the neuron-substrate adhesion force fB is set to be constant in
this model. This is applied in the normal direction of the tan-
gent plane surface S zcp (Assumption e), as shown in Fig. 2.

Axonal groove crossing

Since the axon is assumed to consistently attach to the sub-
strate during outgrowth (Assumption e), the behavior of the
axon tip at the top of the groove ridge has to be modeled
carefully. The distance between the axon tip and the sub-
strate (lg,,q) 1S recalculated in each step to determine
whether the axon remains attached to the substrate. If
Igona <71, the axonal extension follows its previous direction
to cross the groove ridge (Fig. 3B). This prediction is based
on the assumption that the axon tip attaches to the substrate
when I, 4 <#. Furthermore, 7 presents a considerably small
distance threshold. When /y.,,>#, the axon tip is assumed
to detach from the substrate. In this model, the direction of
axonal extension is governed by the energy minimization
principle to ensure axonal substrate attachment during out-
growth, as described in Assumption (e). As shown in
Fig. 3C, the axonal growing direction @ is updated in every
iteration by adding A@ (A9 € [o, %]) until f,,; <#. Thus,

the bending direction of the axon tip changes in order to
adapt to the groove’s slope.

Parameter Definition Values References
CFNs PC12 cell

D (pm) Diameter 4+0.51 6+0.62 Immunofluorescence stained images
E (kPa) Young’s modulus 1.47+0.48 4.43+0.88 Nanoindentation testing
v Poisson’s Ratio 0.45 0.45 [54, 55]
fy (aN) Magnitude of force exerted on the tip 0.45 10 [56, 57]

of axon
F, (nN) The tension force threshold 0.05 1 [52, 53]
£ (udyne/pm?) The adhesion force per unit area 20 20 [45]
u; (Pas) The first constant of friction 10* 10* [58]
% (pm/h) Inelastic elongation rate 2.8 1.4 Immunofluorescence stained images
% (pm/h) Crystallization rate 2.8 1.4 Immunofluorescence stained images
7 (pm) Distance threshold 1072 1072 [47]
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Fig.3 Presentation of the bending energy minimization process for
axons extending across the ridge of a grooved substrate. A Detach-
ment of the axon tip (red) from the groove ridge with a distance of
lgong- B If lg,q<7, the growing axon will maintain its previous

Using the commercial finite element software package
ABAQUS, simulations were carried out with different initial
locations and orientations of the axon to obtain a favorable
statistical average of axon behavior. Axon traction forces
(Fig. 2) and crystallizations were incorporated in the frame-
work of the script language Python and by applying a user-
defined element (UEL).

Results
PC12 cell outgrowth and model validation

In this work, PC12 cells were cultured on smooth and
grooved PAN substrates, where grooved substrates provided
a groove width of either 183 or 349 um (Fig. 4B). During
120 h in culture, PC12 cells displayed typical neuronal char-
acteristics, namely prominent cell soma with two neurites.
To quantitatively describe the morphology and directional
outgrowth of PC12 cells, the definitions of axon length
(Laxon)» axon diameter (D 5,,,), and axon outgrowth orien-
tation (Ogyientation) are illustrated in Fig. 4A. On smooth sub-
strates, PC12 cells were not found to grow in specified direc-
tions, and no predominant orientation of axons was observed
within 120 h of culture. Contrary, PC12 cells cultured on
grooved substrates grew freely and developed very short
axons within the first 24 h. After 72 h, PC12 cells showed an
increase in morphological alignment as their axons reached
a length which enabled sensing of the physical constraint

direction as it extends; however, C if lg,4>7, the growing axon will
change the direction of extension to ensure firm attachment of the
axon tip (yellow) to the substrate

provided by the groove wall. Interestingly, it was noted that
all PC12 cells remained within the same groove bottom or
ridge (Fig. 4B). As seen in Fig. SA, the axon length of PC12
cells increased from ~35 to~ 100 pm on all grooved sub-
strates between 24 and 120 h of culture. After 120 h in cul-
ture, PC12 cells showed average axonal lengths of 97.3 and
105.2 pm on 349 and 183 pm wide grooves, respectively.
Hence, a decrease in groove width was shown to correlate
with increased axonal length. Additionally, a decrease in
groove width was observed to correspond to improved PC12
alignment. This trend was seen after a culture time of 72 h
(Fig. 5B). Based on the discussed results, it is apparent that
the grooved texture of substrates significantly impacts the
morphology and outgrowth of PC12 cells.

The numerical simulation was also applied to quantita-
tively understand the influence of grooved textures on axon
outgrowth. Parameters utilized for this model are listed in
Table 2, and the derived numerical results representing
axonal outgrowth on smooth and grooved substrates are
illustrated in Fig. 5. It can be noted that the obtained numeri-
cal values of axon length and orientation are in strong agree-
ment with the experimental results of the in vitro PC12 cell
culture. This confirms the sufficient accuracy of our physical
model.

Axonal groove crossing

CFNs were cultured on grooved substrates with a groove
width of 183 pm. The obtained data were utilized to contrast
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Smooth 349 um 183 um
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Fig.4 A Definition of the length, orientation, and diameter of neur- axon (D) The angle of neurite outgrowth (blue dash line) repre-
ites. The distance from the center of the soma to the end of the axon sents the axon orientation (Ogenaion)- B Immunofluorescent images
(orange line) represents the length of the axon (L,,,,). The projec- of PC12 cells cultured on substrates with different surface textures.
tion width of the axon (red line) is defined as the diameter of the Scale bar represents 100 pm

\: 0°-30°(Experimental)
30°-60°(Experimental)
60°-90°(Experimental)
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Fig.5 The axonal length A and orientation B of PC12 cells grown on substrates with smooth surfaces, 349 pm wide grooves and 183 pm wide
grooves after 24, 72 and 120 h in culture
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the response of different neuron types to varying substrate
textures. It was observed that the axonal length of CFNs was
largely increased compared to PC12 cells (Fig. 6). A signifi-
cant observation was represented by the growth pattern of
CFNs and PC12 cells. Interestingly, it was noted that CFN
axons showed a preferred growth extension across groove
ridges (Fig. 6B). In contrast, PC12 cells were seen to exclu-
sively grow along grooves and remained within the same
groove structures for the entire culturing period (Fig. 6A).
Hence, PC12 cells appeared to be effectively guided by sur-
face topographical features, while CFNs disregarded topo-
graphical obstacles to cross groove ridges.

The developed physical axon outgrowth model allowed
for an investigation into the different responses observed for
PC12 cells and CFNs when exposed to identical grooved
textures. The Young’s modulus of PC12 cells was found to
be twice as large as the Young’s modulus of CFNs (Table 2).
For this reason, the effect of axonal stiffness on growth pat-
terns of axons cultured on 183 pm wide grooves was numer-
ically modeled. As shown in Fig. 7A, when the Young’s
modulus of axons with a diameter of 4 um is increased from
1.5 to 5 kPa, the probability of axonal groove crossing is
significantly decreased. It was further identified that axons
with their Young’s modulus * 2 kPa show a consistent ability
to cross groove ridges (Fig. 7A). On the other hand, axons
with their Young’s modulus 5 kPa were seen to bend toward
the longitudinal direction of grooves and grow in parallel
with neighboring ridges.

The axon diameter is another important factor which has
been reported to effectively regulate axon outgrowth [25].

|
Groove | Ridge |Groove

'\

(A)

For this reason, the developed physical model was utilized
to investigate this factor and its impact on axonal outgrowth
on grooved substrates. Here, axons with varying diameters
between 3 and 6 pm were simulated at a constant Young’s
modulus of 1.47 kPa. The numerical results showed that
the probability of axonal groove crossing decreases with an
increase in the axon diameter. Interestingly, axons showed
a consistent ability to cross groove ridges if their diameter
was lower than 4 pm (Fig. 7B). As previously described,
the Young’s modulus of PC12 cells and CFNs measured
by nanoindentation equaled 4.4 +0.88 and 1.48 +0.48 kPa,
respectively, and the diameter of PC12 cells and CFNs was
found be ~ 6 and ~4 pm, respectively (Fig. 4). Taking this
into consideration, the numerical model predicts a higher
probability of axonal groove crossing for CFNs compared
to PC12 cells. This is in strong alignment with the experi-
mental results obtained from in vitro cultures of CFNs and
PC12 cells (Fig. 6).

Discussion

Topographical features are known to influence the morphol-
ogy and outgrowth of neurons. Our previous work [7, 51]
have demonstrated that substrates with groove width from
about 50-350 pm could affect the axonal morphologies, ori-
entation, and growth behaviors. In the present study, PC12
cells and CFNs were shown to display distinct responses
when subjected to microgrooves. Here, CFNs showed the
ability to link adjacent ridges by growing across grooves.

Groove | Ridge Groove

(B)

Fig.6 Immunofluorescent images of PC12 cells and CFNs cultured on substrates with 183 pm wide grooves after 168 h in culture. Red dashed
lines mark axon outlines. A PC12 cells aligned with groove structures. B CFNs extended across groove ridges
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(A1)
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Percentage of groove-crossing axons (%)

T T T T T T T T
1.0 15 20 25 30 35 40 45 50

Young's modulus of axons (kPa)

Fig.7 Effect of axonal Young’s modulus and diameter on groove-
guided axon outgrowth patterns. Al Percentage of groove-crossing
axons plotted against the axonal Young’s modulus (axon diame-
ter=4 pm, and n=15). Axonal growth patters on groove ridge when
axonal Young’s modulus equals to 2 kPa (A2), 2.5 kPa (A3) and

This was not observed for PC12 cells which instead showed
the tendency to grow along grooves. The axonal outgrowth
model developed in this work is the first recorded numerical
model that quantitatively predicts axonal 3D outgrowth on
grooved substrates. As shown in this study, the numerical
model was able to predict the observed responses of CFNs
and PC12 cells to groove ridges. Generally, neurons are soft
materials with nonlinear constitutive laws [64]. But, it has
to be noticed that the average deformation of PC12 cells and
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4 kPa (A4). B1 Percentage of groove-crossing axons plotted against
the axon diameter (Young’s modulus=1.48 kPa, and n=15). Axonal
growth patters on groove ridge when axonal diameter is 3 pm (B2),
4 pm (B3) and 5 pm (B4)

CFNs during outgrowth on the grooved substrate is less than
5%. Thus, we assumed that C12 cells and CFNs are linear
elastic materials within the small deformation region. The
similar assumption was also proposed in previous models of
neural deformation [45].

In the model, the adhesion between axons and substrates
was taken into account. Furthermore, axons were assumed to
always attach to the substrate during axonal outgrowth. The
primary site of cellular adhesion to substrates is represented
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by focal adhesions which link the extracellular matrix to
the cytoskeleton of adhered cells [65]. This allows for the
transmission of mechanical signals between intracellular
actomyosin networks and the corresponding substrates
[66]. When the axon tip grows perpendicular to substrate
grooves and hence crosses groove ridges, it is required to
bend downward in order to prevent detachment from the sub-
strate (Fig. 8A). To investigate the deformation of axon tips
during the groove-crossing process, a cantilever beam with
the angle deflection f was applied (Fig. 8B). Here, the axon
tip was simplified as a cantilever beam with the Young’s
modulus E and the moment of inertia / (Fig. 8B). The adhe-
sion force was simplified as a uniform load distribution f,
per unit length. Thus, the adhesion force required to keep
the axon attached to the substrate corresponds to [67, 68].

_ 6EIp

fh="5

@)
where [ describes the length of the growing axon without
crystallization. Moreover, the bending energy of the axon tip
during groove crossing can be described as (Supplementary
material)

_ 9EIp

27 01 ®)

The adhesion energy between the axon and substrate is
described as W,. W, summarizes the collective bonding
energy of focal contacts between a cell and the extracel-
lular matrix [69]. If W, > W, the level of adhesion energy
is sufficient to maintain attachment of the axon tip to the
substrate as the axon crosses the ridge while following its
initial direction (Fig. 3B). Contrary, if W, < Wy, the level of
adhesion energy is not sufficient to maintain attachment of
the axon and hence disfavors bending of the axon tip through
the groove ridge. As a result, the axon tip is forced to change
its direction of extension. This reduces the required bend-
ing energy (Wj) and hence allows for the axon to remain

The growing axon

Crystallized axon

Grooved substrate

(A)

Fig.8 Schematic of axon outgrowth on a grooved substrate. A The
proximal part of the axon (blue) is firmly attached to the substrate and
crystallized in the model. The distal part of the axon (light yellow)
extends into its initial direction. Due to adhesion forces between the

attached to the substrate under the given adhesion energy
(W,; Fig. 3C).

As shown in Eq. (8), the bending energy of the axon
tip is proportional to the axonal Young’s modulus, the
axon diameter and the angle deflection. Both the Young’s
modulus (1.47 kPa) and the diameter (4 pm) of CFN axons
were shown to be smaller than the corresponding values
observed for PC12 cells (4.43 kPa, 6 pm). For this reason,
a larger bending energy is required for PC12 cells, com-
pared to CFNss, to cross the same groove ridge. Importantly,
the adhesion energy between axons and substrates does
not vary significantly between different neuron types [47].
Consequently, the adhesion energy of CFN axons exceeds
the bending energy during groove ridge crossing, whereas
the bending energy of PC12 axons is too large to be over-
come by the given adhesion energy. This provides a physi-
cal explanation for the distinction between the observed
growth patterns of the two cell types (Fig. 6). Finally, it
should be noted that the physical model developed as part
of this study is based on the assumption that axons can be
treated as a homogenous elastic material (Assumptions a, d).
This simplification provides a basis to elucidate the physical
processes underlying observed cellular behaviors. Neverthe-
less, it should be taken into consideration that axons present
complex structures, which can exhibit inhomogeneous and
anisotropic responses [47].

Conclusions

This work aims to investigate the effects of grooved sub-
strates on the axonal outgrowth of different neuron types.
Based on an in vitro culture, it was found that the axonal
alignment and longitudinal elongation of PC12 cells can be
modulated by decreasing the groove width of the substrate.
More importantly, PC12 cells and CFNs showed distinct
responses when exposed to similar grooved textures: CFNs
were found to link adjacent grooves by growing across the
ridges, whereas PC12 cells consistently grew along the

(B)

axon and its substrate, the distal part of the growing axon is deformed
and attaches to the substrate (dark yellow). B Simplified cantilever
beam with a uniform cross-section which carries a uniformly distrib-
uted load f, per unit length
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grooves while remaining in their initial groove bottom.
In addition to the in vitro culture, a 3D physical model of
axonal outgrowth was developed. Based on the developed
model, it was revealed that the Young’s modulus and diame-
ter of axons play the leading roles in determining the growth
pattern of extending axons on grooved substrates, consist-
ent with the experimental observations on PC12 cells and
CFNs. This work will aid the understanding of the underly-
ing mechanisms that govern axonal alignment and elonga-
tion of neurons on grooved substrates. Hence, it is aimed to
promote the development of improved instructive scaffolds
for nerve tissue regeneration.
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