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Integrative Biology

Insight: The hybrid procedure described in the manuscript can predict, through analytic equations,
experimental data concerning axonal outgrowth of neuron-like cells in a time range of 72 — 120
hours.

Innovation: This innovative computational/theoretical approach can model the behaviour of
neuron-like cells on gratings, accounting for the twofold ability of topographical cues to
simultaneously align and enhance the growth of cells

Integration: Thanks to the integration between advanced models and innovative fabrication
techniques, the proposed approach will be useful to realize smart scaffold enabling axonal guidance
during the neuronal regeneration.
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Deterministic control of mean alignment and elongation of neuron-like

cells by grating geometry: a computational approach

Pier Nicola Sergi,** Attilio Marino,”¢ and Gianni Ciofani¢

Neuron-like cells are driven by their surrounding environment through local topography. A causal mechanotrans-
ductive web of topography-force relationships influences and controls complex cellular phenomena as growth and
alignment. This work aimed at providing a computational framework able to model the behaviour of neuron-like
(PC12) cells on gratings, accounting for the twofold ability of topographical cues to simultaneously align and en-
hance the growth of cells. In particular, starting from the mechanical behaviour of growth cone and filopodia, the
effect of grating geometry (e.g., the periodicity and the size of grooves and ridges) on the neuritic mean alignment
angle and on the outgrowth rate of cells was explored through theoretical tools and combinatorial simulations, which

were able to predict (R> > 0.9) experimental data in a time range of 72 — 120 hours.

1 Introduction

Living biological tissues are extraordinarily complex objects which have been investigated for a long time using ap-
proaches borrowed from biology and medicine. Nevertheless, they obey to the same physical laws and architectural
principles which govern the non-living natural world'. Indeed, forces distributed among cells within multi-cellular
tissues drive the morphogenic patterning, while cluster of cells modulate their rate of growth following internal stress
patterns to allow each tissue to be shaped in a functional way. So, in general, form and mechanics are deeply entangled
as well as structure and functions 2. In particular, morphology, physiology and pathology of the nervous system were
found to be considerably influenced by mechanics?, and complex phenomena as the growth of axons, the folding of
the brain cortex and its compact wiring were discovered to be critically affected by mechanical interactions between

neural cells and their biological environment*. Furthermore, morphogenesis of neural architectures is also entangled
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with topography in early developmental stages of the central nervous system, when “’pioneers” axons act as natural
scaffolds to align and guide other axons and neural cells>°. Single neural cells are indeed driven by the local to-
pography of their surrounding environment, which affects their internal signalling cascades and elicits morphological
and functional changes. A causal mechanotransductive web of topography-force relationships influences and controls
complex cellular phenomena as polarization, adhesion, proliferation, growth and alignment -’~1°. Moreover, the com-
pliance of the underlying substrate is able to select between simultaneously growing neurons and astrocytes ! (e.g.,
soft gels encouraged neurons and suppressed astrocytes), while its increase is also responsible for the enhancement
(more than three times as much) of the branching ability of cells !2. To approach this complex natural scenario, in vitro
experiments were performed seeding neuron-like cells on flat surfaces and nanogratings to keep the main features of
real biological phenomena with simplified boundary conditions. Indeed, from a side, neuron-like cells (PC12)'3 can
reversibly adopt neuronal characteristics upon exposure to nerve growth factor and extend protrusions which are mor-
phologically analogous to axons extending from primary sympathetic neurons'#. From the other side, gratings have
been used to mimic a natural three-dimensional extracellular matrix (ECM) thanks to the their superficial alternation
of ridge and groove lines . Indeed, also during in vitro experiments, gratings were able to influence some important

behaviours of neuron-like cells as polarization, adhesion, growth and alignment '6-18

, even if they were almost insensi-
tive to stiffness changes for substrates stiffer than 10? Pa'®. A similar behaviour was also described for murine neural
progenitor cells (mNPCs)?° and human mesenchymal stem cells (hMSC)?!. In this case, the aspect ratio of gratings
and the anisotropic substrate rigidity were found to influence the behaviour of cells, while an experimental correlation
was described between hMSCs alignment and elongation. In particular, neuron-like cells (PC12) were able to indi-
rectly sense physical cues (e.g. local topography and anisotropy of surfaces), through growth cone and filopodia??,
which generally behave as biologic interfaces between the substrate and the inner of the cell. Since the material of sub-
strate was much more stiff than growth cone and filopodia, while in general cellular traction forces were very low 3,
the magnitude of the stress/deformations fields was much more greater inside filopodia and growth cone?*?>, because
it was inversely proportional to the stiffness of materials. Therefore, a “mechanotransductive bridging mechanism”
was involved in cells sensing of anisotropic rigidity and geometrical pattern, and both growth cone and filopodia were
necessarily involved in this mechanism. Crucial questions are currently open on the nature of this kind of mechanism,

and very little work has been done to investigate analytic equations able to predict cellular behaviours as alignment

and elongation, starting from interactions between cellular transducer (e.g. filipodia and growth cone) and physical
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characteristics of the substrates. Indeed, the alignment of PC12 neurites was found to be affected by ridge periodic-
ity?3, and their overall length experimentally appears to be related to the surface geometry, as in other cell models
(e.g., hMSCs)?!. Nevertheless, the role of the groove width still remains quite unclear, since no analytic expression
was provided to predict its effect. As a consequence, this work theoretically and computationally investigated whether
neuron-like cells were deterministically affected by both size and periodicity of grooves and ridges, and how explicit
geometrical parameters (i.e., ridge width, ridge depth and groove width) influenced the alignment. Moreover, com-
binatorial simulations were used to predict how previous parameters influenced the overall length of PC12 neurites.
Since analytic relationships are needed to implement reverse engineering of surfaces, these findings could be useful
to implement the design of effective surfaces able to induce particular behaviours in cells. This knowledge could be
synergistically used, together with experiments, in different scientific fields, as neuroengineering, to design effective

regenerative interfaces°.

2 Materials and Methods

2.1 Experiments

PC12 neuron-like cells (ATCC CRL-1721) were plated on collagen-coated T-75 flasks and cultured in Dulbecco’s
modified Eagle medium (DMEM) supplemented with 5% fetal bovine serum (FBS), 10% horse serum (HS), 2 mM L-
glutamine, 100 U/ml penicillin and 100 ptg/ml streptomycin. For differentiation induction, PC12 cells were plated on
collagen-coated scaffolds and maintained for 3 days in DMEM supplemented with 1% FBS, 100 ng/ml NGF, 100 U/ml
penicillin and 100 pg/ml streptomycin. Scaffolds, constituted by aligned gratings, have been obtained through two-
photon polymerization of the dedicated resist Ormocomp?*.The immunostaining of vinculin was performed following
standard immunocytochemistry procedures with a 1 : 50 dilution of the primary mouse IgG antibody (Millipore)
followed by treatment with a 1 : 50 dilution of the secondary goat FITC-IgG anti-mouse (Millipore). Cytoskeletal f-
actin and cell nucleus staining were performed by using TRITC-conjugated phalloidin (Sigma) and DAPI (Millipore),
respectively. Fluorescence images were acquired with a confocal laser scanning microscope (C2s, Nikon). For the
scanning electron microscope (SEM) imaging, samples fixed with 4% paraformaldehyde (PFA) were further treated
with a 2.5%. glutaraldehyde aqueous solution at 4°C for 30 min, followed by a progressive dehydration through an
ethanol gradient (0%, 25%, 50%, 75% and 100% in de-ionized water). Samples were successively dried overnight

and gold-sputtered before SEM investigation through an EVO MA10 (Zeiss). The measurement of the neurite length

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-18 |3
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was performed by using the Multi Measure plug-in of ImageJ software (http://rsbweb.nih.gov/ij/).

2.2 Connection among mean alignment, stiffness, deformation mode and geometry of gratings

The growth cone??24

regulates the outgrowth of both neural cells and neural like cells. The choice of the more
suitable outgrowth direction is a complex task which also depends on the constraint distribution between growth cone
and substrate?’, as well as on the position of the tip adhesions under the adherent filopodia2®. In this work, a novel
approach?, accounting for both geometry and mechanics of growth cone and filopodia, was followed and further
improved, as shown in Fig.1.
Figure I about here

The mean alignment of the current filopodium with respect to the main anisotropy direction of the grating was
written as an explicit function < [£g| >: R> D Z — R, where Z = G,, x Ry X R, x Yo, and G,,,R;,R,, were normalized
geometrical parameters, while Yo = [E X m,|, E was the Young modulus of the surface (i.e. the nominal stiffness of
grating), me € [, =] was the mode deformation (i.e. ~=bending,—==shear). More specifically, this quantity was
written as:

T
< ’§g| >:Z_W(GW>Rd7RW) (1)

where K was a function accounting for the influence of substrate stiffness and way of deformation, G,, = g,g,,' was
the normalized groove width, R; = rﬁ;l was the normalized ridge depth, R,, =< Rgc > 1, ! was the normalized ridge
width, g,, was the current groove width, while r; and r,, were the current ridge depth and width, as shown in Figure
2(a).
Figure 2 about here
Similarly, g,,,7; were normalization factors (i.e. given values of groove width and ridge depth, respectively g,, =
33.45 um and 7; = 0.35 wm, taken from literature experiments '%23), and < Rge >~ 1 um was the mean radius of the

non-spread PC 12 growth cone?. The function ¥ was expressed in a decoupled form as:

Y(Gy, R, R) = [ wili) )
i=G,R4,Ryy

where each function y;(i) depended on a single normalized parameter. In particular, K = Y ;c;K; and the functions

4| Journal Name, 2010, [vel], 1-18 This journal is © The Royal Society of Chemistry [year]
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K;j: Yo — R, with Yo = [E x mg], j € [b,s] (b=bending, s=shear) and c¢; € R, were used to account for the influence
of the substrate stiffness coupled with the global effect of the dominant ways of deformation. Since for gratings the
relevant deformations were mainly due to a combination of bending and shear?!*°(as shown in Figure 2(b)), K was
expressed as K = ¢,K,(E,~) + ¢;K;(E,=), where K,(E,~) and K (E,=) respectively considered the effects of
bending and shear deformations. These two terms scaled differently with the geometry of grating (e.g. bending and
shear deflections respectively were Speng o< (Ra/Ruw)>, Sshear > (Ra/Ry)), then the numeric values of K simultaneously
resulted from both nominal stiffness and deformation modes coupled with geometric characteristics. In addition,

according to literature references '3

, the overall value of K slightly increased with stiffness, as shown Figure 2(c).
The function yg, (Gy) : Y1 — R, with T; = [0, o[, was used to account for the influence of the groove width on the
mean neuritic alignment. In particular, the flat surfaces corresponded to the cases G,, = 0 and G,, — . In these
cases, by definition, there was yg, (G,,) = 0 and yg, (G,,) — 0, and the Rolle’s theorem predicted at least a point
£ €Y for which l//é;w (&) = 0. To account for the experimental course of the influence of the groove width in Eq. (2),
VG, (G,,) was required to have only one maximum, which was furthermore bounded. Indeed, < |&,| > was positive
and Eq. (2) led to max(4yg, (Gy,)) < m. Moreover, the condition limg, . Wi, (Gy) = 0 provided the lower bound of
the function. As a consequence, not only yg, (G,,) was globally bounded, but also I/IE;W(GW) was bounded, because
< |&| > globally ranged in the interval [0, max(yg, (G,))]. In general, then, v, (G,) € C®%(Y}), where 0 < a < 1,
Co%(Y) = {f € Cp(Y1) : [fla < +oo} was the space of the a-hdlderian functions, and Cp,(Y) was the class of the

bounded and continuous functions over Y. Furthermore, |f], was the a-holderian modulus of the function f, which

was defined as follows:

[/ (x) = fO)]

x — [

[fla = supszy S

where x,y € Yj. In this work, for sake of simplicity, @ = 1 and yg, (G,,) € C%!(Y). In other words, Wg, was a

Lipschitz function. As a consequence, the following relation holds:

WG, (x) — v, ()] <M (4)
[x =y

where M € R was the same for each G,, in the experimental range [x,y]. Therefore, the simplest function, which

was able to approximate the course of the yg, (G,,) and satisfy both the previously listed boundary conditions for

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-18 |5
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x <Gy <y (x>0 and y << +e) together with Eq. (4), was yg,(G,) = K1 (K2 — Gy), with K;,K> € R. The
function yg,(Ry) : Yo — R, with Y = [0,¢,] and g, € R, was used to account for the influence of the ridge depth
on the mean angle of alignment. The contacts between the growth cones and the grating mainly were on the ridges
surfaces (at R; = 0) as well as the most of interactions. As a consequence, the influence of the ridge depth was
assessed by using its Taylor expansion around Ry = 0: yg,(Ry) ~ ¢ +dR;+ O(Rfi). Considering that, by definition,
Wg,(0) = 0 (flat surface), and neglecting the terms of a greater order, c = 0 and Wg,(Ry) o< R,4. Finally, the function
YR, (Ry) : T3 — R, with Y3 = [0,00[, accounted for the influence of the ridge width on the mean alignment angle.
Geometrical and mechanical considerations, deriving from finite element (FE) models of growth cone and protruding
filopodia®’, led to express the mean alignment angle as a function of the positions, on the main ridge surface, of
the emerging filopodia which had the maximum values of the Von Mises stress, as shown in Fig.1. For neural like
cells (PC12), showing non-spread collapsed growth cones?’, this procedure resulted in Y, (R,) o< arctan(R,,). As a
consequence, Eq. (1) was rewritten as:

<|&| >= g — [Ky(E,~)+ K(E,=)] (A — G,,)R, arctan(R,,) (5)

where A € R was a numeric constant.

2.3 Combinatorial study of outgrowing axons

Combinatorial simulations of outgrowing axons were performed to quantitatively explore the axon like cells be-

haviour. Each developing neurite was modelled as a growing line adding segments along the time and the current

position of the growth cone was written, through a finite difference system, as3!~33:

p+1)=p@)+1z+1) (6)

where p also coincided with the extremum of the neuritic path at the time t, while the current length of each segment

was:

1+ D] = 1@)|[1+ Q(< [&] >)] @
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where Q(< |&,| >) was the “enhancement function”, accounting for the growth increase of the developing neurites.
For each growth cone, and then for each neurite, the whole set of the most probable neuritic paths on the grating was
computed. The growth cone, at each decisional step, was able to select one of the two most probable orientations due
to the substrate characteristics and coming from Eq. (5). As a consequence, each growing segment had orientations
+ < |&,| > with respect to the main anisotropy direction, and for each growing step the sign was randomly chosen.

Therefore, for a given set of conditions leading to a given mean alignment < |, | >, the mean elongation of simulated

<Lgrar >

nd written as:
“Lis and written as

neurites with respect to the neuritic length over flat substrates was defined as < A >=

[1+Q(< & )M —Q(< & >) — 1| Q(n/4) cos(< |&] >)

A T a1 Qs =)

®)

where M was the number of segments of each neurite.

Figure 3 about here

Finally, to test the reliability of computational methods, they were validated by crossing experimental data de-
riving from different experiments performed with neuron-like cells (PC12). In particular, novel data obtained from

experiments presented in section 2.1 were used together with data from literature '7-18:23,

3 Results

The PC12 neuron-like cells differentiated for 3 days on gratings were characterized by significantly longer
neurites, and their alignment resulted substantially higher with respect to the control substrates. More-
over, a strong interaction between cells and structures could be appreciated, as reported in Fig.4. More
specifically, Fig.4(a) depicts a confocal image reporting several points of contact, rich in vinculin expres-
sion, of PCI2 cells with the Ormocomp gratings (in green: vinculin; in red: actin; in blue: nu-
clei). This intimate connection was finally confirmed by SEM imaging, as reported by Figs.4(b) and 4(c).
Figure 4 about here
In Fig.5(a), box plots of neuritic alignment were used to compare the alignment of PC12 neurites on different nanograt-
ings and flat surfaces (A). When the groove width increased (B, C, D, that is the ridge distances were respectively
equal to 2.5, 5 and 10 um), the alignment values approached those on flat surfaces. However, a further effect of nan-

otopography was shown in quantile-quantile plots (Fig.5(b)), where the introduction of different kinds of nanograting

This journal is ©@ The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-18 |7
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resulted in a change of form for the distribution of the neuritic alignments. To investigate the statistical meaning of the
difference of alignment deriving from different substrates, the Wilcoxon rank sum test was performed several times.
More specifically, this test resulted in p = 2.088 - 103, when substrates A and B were compared, while it resulted in
p=1.304-10"% and p = 8.095- 103 when B, C (G,, ~ 0.06 and G,, ~ 0.13) and C, D (G,, ~0.13 and G,, ~ 0.28 )
were respectively compared. Similarly, in Fig.5(c), the effects of patterns on neurites were shown: also in this case, the
enhancement of growth lowered with the increase of the groove width, while the form of the distribution of lengths was
kept among flat surfaces and gratings (see Fig.5(d)). The statistical significance of the difference of length between
neurites, which were seeded on nanogratings and flat surfaces, was investigated. A Wilcoxon rank sum test resulted in
p=6.203- 104, when the flat substrate was compared with B, while, when the B and C were compared, the same test
resulted in p = 6.743-107>. Finally, when the C and D substrates were compared, the test resulted in p = 0.1639. Fur-
thermore, the flat substrate was separately compared with C and D leading respectively to p = 0.2635 and p = 0.6827.
Figure 5 about here
The influence of the groove width was shown in Fig.6, where neuritic length values were plotted versus their align-
ment. The variation of this parameter was able to cluster different data sets. In particular, the effect of the groove
width decreased when this parameter increased, and data deriving from surfaces with large groove width clus-
tered similarly to those deriving from flat surfaces, even if some scattered data were due to biological variability.
Figure 6 about here
The influence of the grating geometry on the mean alignment of the neural like cells was modelled through Eq. (5),
which had, in general, a three-dimensional domain Z. As a consequence, a reduction of Z dimensions was performed
to allow a three-dimensional visualization of results. In Fig.7(a), the course of Eq. (5) was shown for a constant groove
width (G,, = 1.5-1072) and variable ridge depth and width (R; € [0,1] and R,, € [0.5,2]). Similarly, in Figs.7(b) and
7(c), the course of the mean absolute alignment was shown respectively for R; = 1, G,, € [0.05,0.3], R,, € [0.5,2] and
forR, =2, G,, € [0.05,0.3], R; € [0, 1]. A further dimensionality reduction of Z was performed to compare theoretical
predictions and experimental data. In particular, Eq. (5) with K = 0.290 and A = 0.823 was able to predict (R? ~ 0.99)

experimental values from !7-18

ry =0.350 um, g,, = 0.500 wm, and increasing values of the ridge depth (see Fig.7(d)).
Similarly, in Fig.7(e), the course of the mean alignment was shown for increasing ridge grooves, r,, = 0.482 um and
rg =0.658 um. In this case, Eq. (5) was able to predict experimental data® (R?> ~0.99) with K =0.475 and A = 0.823.

Moreover, in Fig.7(f), similar performances were shown for g,, = 0.500 um and r; = 0.350 um, and increasing val-

8| Journal Name, 2010, [vol], 1-18 This journal is © The Royal Society of Chemistry [year]
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ues of the ridge width. Again, experimental data'® were predicted (R*> ~ 0.96) with K = 0.850 and A = 0.823.
Figure 7 about here
The course of combinatorial simulations was shown in Fig.8. More specifically, in Fig.8(a), the set of more probable
paths of neurites was shown for a control flat surface (i.e. < |§,| >~ m/4). To investigate the main orientations
of the whole set of trajectories, the Fast Fourier Transform (FFT) of the set of paths was performed and shown in
Fig.8(b), where two main directions (i.e. +7/4) were found. Moreover, in Fig.8(c) the density of neurites was ex-
plored through a profile plot, and paths clustered near the central axis. Similarly, the web of paths deriving from
a further step of simulation on anisotropic surfaces (gratings) was shown in Fig.8(d), while the FFT of this web
(Fig.8(e)) and its plot profile (Fig.8(f)) were plotted to show respectively the main orientations of the whole web of
paths and the density of neuritic paths near the central axis. Finally, the complex web of paths for the final steps of
simulations on gratings, the FFT of this web and the density profile near the central axis were respectively shown
in Figs.8(g,h,i). In particular, the effect of the function Q(< |&,| >) on the length of the more aligned neurites
was shown in Fig.8(g), as well as the nonlinear increasing of neuritic density close to the central axis (Fig.8(i)).
Figure 8 about here
Indeed, from a purely geometric point of view, the total length L was proportional to the mean angle of alignment
(i.e L o< cos(< || >), see Fig.3), and combinatorial simulations were used to explore whether just this geometrical
effect was responsible to the enhancement of the neuritic length on gratings. As a consequence, first Q(< || >) =0
and experimental normalized data were compared to the theoretical normalized elongation (i.e., the mean length on
grating < Ly, > ratio the mean length on the flat substrate < Ly, >). In Fig.9(a), it was shown that experimental
results (see Figs.(4,5,6) obtained on gratings (E ~ 1.27GPa) and theoretical predictions diverged, further suggesting
that Q(< |&,| >) > 0. In this work the following formulation was used for the “enhancement function” Q(< |&,| >),

that in its turn depended on G,,, Ry, R,, through Eq. (5):

100
Q< el >) =G <100< &, >+1) ©)

where C; € R. Then, the course of the theoretical normalized neuritic length was shown in Fig.9(b) for
C; = 2.5-1073, and the mean curve (bold line) was now able to reproduce the experimental trend (see
Figs.(4,5,6)), while experimental data were inside the upper and lower limits (standard deviations). Simi-

larly, in Figs.9(c) and 9(d), data from literature experiments'®?*(e.g. 4,5 days) were fitted as well. The

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-18 |9
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same function (with the same constants) was also able to reproduce different experimental data sets, which
were obtained by using supports with comparable stiffness (F ~ 2.47 GPa and E ~ 1.27 GPa) with variable
density of gratings. In simulations (see Fig.8), each growing neurite was modelled by using a chain of 10
elements, and to provide a meaningful statistics, 800 neurites were simulated for each angle of alignment.
Figure 9 about here
Finally, the performances of Eq. (8) were shown (Fig.10) in comparison to the computational data obtained through
Eq. (6) and Eq. (7). The computational mean elongation of neurites was shown in function of the alignment (circles)
and compared with the theoretical mean elongation, that was able to reproduce all the course of numeric data. The
synergistic use of theory and experimental data (Fig.4(a),(b),(c)) allowed to analytically find the course of the mean
elongation in function of both the mean alignment and time. In particular, this function was a generalized cylinder for
E(< €] >, < A>,1): R D Q— R, where Q =< |&| > x < A > xt,and ¢ € [72 — 120] hours, and it was expressed

C(7/4,M +1)Q(< |&] >) < A> —V2I(< [&] >, M+ 1)Q(n/4)cos(< || >) =0 (10)

where (&, M+ 1) = [1 + Q(&)]M —Q(&) — 1, as shown in Fig. 10(b).

Figure 10 about here

4 Discussion

4.1 A biomimetic approach.

Neuron-like cells sense the external environment through the growth cone and filopodia, which are extremely spe-
cialized organs. They contemporarily belong to the cells and are in a tight contact with the surface over which the
cells is growing. As a consequence, from a biological point of view, these organs can be seen as “’frontiers”, through
which mechanotransductive stimuli have to flow. In other words, these organs are particularly involved in the complex
process that allows the external physical (topographic) stimuli to be “correctly understood” by the cell. Therefore,
in this work, both filopodia and growth cone, are accounted for as ”doors” to explore how the cell can sense both

external geometry and mechanical cues.

10 | Journal Name, 2010, [vol], 1-18 This journal is © The Royal Society of Chemistry [year]
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4.2 A shift of paradigm: from the surface to the growth cone

The mechanics and the geometry of surfaces are well know factors influencing the behaviour of cells, and both
mechanical and geometrical characteristics of surfaces were directly used to infer and predict the behaviour of cells
seeded and growing over engineered surfaces. On the contrary, a shift of paradigm is required when the starting
points are growth cone and filopodia. Indeed, mechanics and geometry of external surfaces only indirectly influence
the behaviour of cells through their sensing organs, and both geometry and mechanical characteristics of surfaces are
perceived by the cells through the mechanics of growth cone and filopodia. As a consequence, their internal fields of
stress and deformation were relevant to explore how the cell codes information due to geometry and stiffness and how

it is able to translate external into internal information.

4.3 From biophysics to geometry

Neuron-like cells find the best neuritic path over a given substrate through a process which involves a complex in-
terplay of random and deterministic factors*. Nevertheless, for each step of growth, the alignment of the leading
filopodium depended on mechanical stress. Indeed, for each filopodium, the stress intensity scaled with the length,
while it was independent on the alignment, so the local maximum stress on the boundary of the growth cone was at
the intersection with the shortest stable filopodium. The cell (and locally the growth cone) tended to lower this local
maximum, increasing the length of the shortest filopodium, which finally became the leading one, thus the neuritic
growth was causally influenced by a stress-driven process?’. An intriguing consequence is that the research of the
most probable outgrowth direction was turned in the geometric research of the minimum length filopodium protrud-
ing from the growth cone. In other words, the mean solution of a complex biophysical problem was found through
a geometric approach, which allowed the stochastic effects to be considered as superimposed to the deterministic

solution.

4.4 Exploring the influence of the groove width

The previous process to find the most probable outgrowth direction of neuritic outgrowth was already shown to be
simultaneously influenced by ridge width and depth (or by their combination)?'. Nevertheless, the role of the groove
width in the change of the mean angle of alignment still remained mysterious. As a consequence, the key role of

this parameter in neuritic alignment was now expressed through Eq. (2). In this relationship,yz, (R;) and yg, (Gy)

This journal is © The Royal Society of Chemistry [yeat] Journal Name, 2010, [volll—18 | 11
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were weighting factors, which accounted for the influences of ridge depth and groove width on the global interac-
tion between growth cone and ridge, and, in particular, yg,(G,,) correctly accounted for the lowering of interactions
when grooves increased their size. Furthermore, the flat surface was considered as a limit case for which contem-
porarily g,, — 0,74 — 0,r,, — oo, and Eq. (5) was able to predict a mean alignment of /4, according to literature
results %18, In addition, Eq. (5) also modelled the coupled influence of stiffness and main deformation modes on the
mean neuritic alignment. In general, local ridge deformations were complex and simultaneously due to tilt, disloca-
tion, shear and bending?°. Nevertheless, since grating stiffness was much more grater than cell stiffness, and traction
forces were low 23, tilt and dislocation were extremely low and negligible. Therefore, only shear and bending defor-
mation were accounted for in Eq. (5). Moreover, the values of K function slightly increased together with stiffness
(as shown in Fig. 2(c)), so alignment and elongation formally increased together with stiffness, according to litera-
ture results?'. Nevertheless, the effect of stiffness (K function) was also coupled with geometric effects (functions
Wk, (Rw), Wr,(Ra), WG, (Gy)), which locally dominated interactions between gratings and cells within the experimen-
tal stiffness range (i.e.,1.27 —2.47 GPa). As a consequence, the global effect of stiffness and geometry was practically

the same for similar geometries within the previous stiffness range.

4.5 Combinatorial simulations of outgrowing axons

The mean angle of alignment was a key factor for the neuritic building process. Indeed, the global neuritic outgrowth
was locally led by the growth cone through a stress driven process able to select the leading filopodium, which, step
by step, oriented the actual growing segment. This iterative process was then implemented through Eq. (6). In-
triguingly, the only geometric increase of length, due to the progressive alignment of neurites, was not sufficient to
explain the difference of length among substrates with different nanotopographical densities (Fig.9(a)). The further
enhancement of growth was expressed through Eq. (8) and Eq. (9), which related the increase of the rate of growth to
the mean angle of alignment through an increasing of the length of the adding segments. The same set of equations
was able to reproduce the experimental behaviour of neural like cells on stiff substrates with different densities due
to the alternate variation of both the groove width (at constant ridge width and depth)?? and ridge width (at constant
groove width and ridge depth)!®. This effect was consistent with the biased formation of focal adhesions aligned to

)8,15

anisotropic superficial features (e.g. ridges, grooves . Indeed, these focal complexes were involved, through a

signaling connection with cytoskeletal proteins, in an overall cellular response resulting in aligned and massive mor-

12 | Journal Name, 2010, [vol], 1-18 This journal is © The Royal Society of Chemistry [year]
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phological elongations®. The oriented outgrowth of neural like cells on gratings, showed then some similarities with
morphogenetic processes, where different growth velocities were driven by a pattern of stress arising among clustered
cells 2. The external topographic pattern elicited an internal local stress pattern which governed the orientation of
neurites, which through complex mechanotransductive processes, influenced their rate of growth. To model this com-
plex behaviour, combinatorial simulations were used, to simulate all the more probable neuritic trajectories of a single
outgrowing neurite. Since, for sake of simplicity, the more probable mean angles were chosen for each step of growth
through Eq. (5) (see Fig.3(b)),the whole set of neuritic trajectories was inside the limit angle of 2 < |&,| >. As a con-
sequence, for each neurite, the total length the mean path was L o< cos(< |&,| >) (see Fig.3(a)), showing that a further
“enhancement function” was necessary. Therefore, in silico simulations of outgrowing axons have been performed
(see Fig.8) implementing a further growth of segments through Eq. (9). In other words, the more the neuritic segment
was aligned, the more its outgrowth was “enhanced”. This was in agreement with the greater stability of filopodia
aligned on the grating?°. Finally, the mean elongation of neurites was described through a generalized cylinder in the
time range 72 — 120 hours. This implied that Eq. (8) was invariant in this time range, while the mean elongation was

strongly dependent on the mean alignment.

5 Conclusion

The computational framework provided in this work was able to model the behaviour of neuron-like cells on gratings
accounting for the two-fold ability of topographical cues to simultaneously align and enhance the growth of cells.
The mean features of the real behaviour of neurites was modelled as a superimposition of deterministic and random
factors and the mean deterministic solution of the coupled alignment-enhancement problem was found through a
novel geometric approach expressed both in analytic formulas and computational algorithms. This framework could
be used as a tool to explore the physiological behaviour of neural cells>* as well as to improve the design of smart
surfaces potentially involved in therapeutic strategies®!'®23. Similarly, it could be used to design neural circuits for
advanced hybrid applications, and to rationalize the design of regenerative neural interfaces® by using topographical
cues to control the regeneration of axons. Finally, this novel approach could be used together with models accounting
for the internal activity of neural cell to better investigate the interactions between topographical and chemical cues

on neural development and outgrowth 333,

This journal is © The Royal Society of Chemistry [yeat] Journal Name, 2010, [vol]l—18 | 13
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6 Figure captions

Figure 1 : Logic flow connecting experiments and analytic relationships through in silico models of growth cone and
filopodia. Stress fields were obtained from Finite Element (FE) models accounting for both adhesion and traction of
neuritic cytoskeleton. Therefore, they were used to obtain analytic relationships connecting grating geometry to the
mean angle of alignment?. This approach, based of the mechanics of growth cone and filopodia, was used as starting
point to implement original analytic relationships accounting for other physical cues (stiffness, deformation mode and
density of grating) and implement new combinatorial simulation of neurites outgrowth.

Figure 2: (a) Relevant geometrical quantities of grating geometry: g,: groove width; r,,: ridge width; r;: ridge
depth. (b) The local deformation of ridge, due to general cellular traction forces (i.e., fiot), was well approximated
through a linear combination of two main modes of deformation: shear deformation, due to traction forces parallel
to the ridge surface (i.e., f1); bending deformation, due to traction forces perpendicular to the surface (i.e., f). (c)
The numeric course of the K function is shown for increasing values of stiffness (i.e.,1.27 — 2.47 GPa), according to

literature data!823,

Figure 3: (a) Pictorial view of some possible neuritic paths on a directional anisotropic surface (grating). For each
step of growth, all neurites accounted for the presence of the grating through the mean angle of alignment. For each
cell all possible trajectories were made by segments with orientation + < |§,| >, so they were within the limit angle
of 2 < |&,| >. (b) Example of distribution of mean alignment angle for equilibrated segment chains with (i.e. equal
frequency of - and + signs of the mean angle of alignment).

Figure 4: Adhesion and axonal guidance of PC12 neuron-like cells differentiated for 3 days on aligned gratings. (a)
Confocal fluorescence acquisitions reporting PC12 focal adhesions (indicated by red rows), rich in vinculin expres-
sion, connected to the Ormocomp grating (in green: vinculin; in red: f-actin; in blue: nuclei). (b) SEM imaging of a
single PC12 neural-like cell characterized by a well aligned neurite. (c) Growth cone of a neurite strongly interacting
with the Ormocomp grating.

Figure 5: (a) Box plot of neuritic alignment on flat surface (A) in comparison with the alignment of neurites on
different gratings with increasing groove width (B, C, D) (b) Quantiles-quantiles plot of alignment distributions on
flat and on different gratings with increasing groove width. It could be noted that the form of distributions changed
between flat and grooved surfaces, while it was kept among different gratings. (c) Box plot of neuritic length on flat

surface (A) and on different gratings with increasing groove width (B, C, D) (d) Quantiles-quantiles plot of alignment

14 | Journal Name, 2010, [vol], 1-18 This journal is © The Royal Society of Chemistry [year]
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distributions on flat and on different gratings with increasing groove width. It could be noted that, in this case, the

form of distributions was kept both among different gratings and for flat surfaces.

Figure 6: The groove width was able to influence both length and alignment of neurites. Indeed, only varying this
parameter, clusters were formed among different data sets. In particular, flat surfaces and gratings with high groove
width produced data which was similarly clustered on the alignment-length plane (see A and D substrates), while
gratings with a smaller groove width were able to change the positions of data clusters on the plane (see D and B

substrates). However, in all cases, some scattered points were still present.

Figure 7: (a) The course of the mean angle of alignment was shown for a groove width of G,, = 1.5- 1072 and
variable ridge depth and width: R; € [0,1] and R,, € [0.5,2]. (b) The course of the mean absolute alignment was
shown respectively for R; = 1, G,, € [0.05,0.3], R,, € [0.5,2] and (c) for R,, = 2, G,, € [0.05,0.3], R; € [0,1]. (d)
The theoretical expression of the mean angle was able to predict (R?> ~ 0.99) experimental values from!”!8 for r,, =
0.350um, g,, = 0.500um, and increasing values of the ridge depth.(e) The course of the mean alignment was shown
for increasing ridge grooves, r,, = 0.482um, and r; = 0.658um: Eq. (5) was able to predict experimental data from 2>
(R? ~0.99). (f) Similar performances were shown for g,, = 0.500um and r; = 0.350um, and increasing values of the

ridge width: experimental data'8were again predicted (R? ~ 0.96) with K = 0.850 and A = 0.823.

Figure 8: (a) In silico combinatorial simulations of outgrowing axons: the set of the all neuritic paths was plotted for
a flat substrate. (b) The Fast Fourier Transform (FFT) of the whole set of trajectories in (a) was plotted to investigate
the main directions of the whole web: two main directions related to the limit angle were found. (c) The normalized
density of segments was plotted versus their position with respect to the central axis, to explore the clustering of
neurites. (d) Further steps of combinatorial simulations: these simulations accounted for the presence of gratings able
to gradually increase the alignment of neurites. (e) FFT of the whole web of trajectories in (d) showing different and
decreasing limit angles.(f) Plot of the normalized density of segments with respect to the position of the mean axis.
(g) Final steps of combinatorial simulations: the enhancement of neuritic outgrowth was particularly clear for the
more aligned neurites. (h) FFT of the whole set of path shown in (g) with the set of limit angles. (i) The clustering of

segment near the mean axis was also affect by the enhancement function.

Figure 9: (a) The normalized neuritic elongation (i.e., < Lg,, >= mean length on gratings ratio < Ly, >= mean
length on the control flat substrate) was computed accounting for the geometric increasing due to the alignment

phenomenon. This approach led to L o< cos(< |&,| >), but a comparison with experiments suggested that the only

This journal is © The Royal Society of Chemistry [yeat] Journal Name, 2010, [vol]]—18 | 15
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geometrical alignment was not able to predict the real increasing of length. (b) Data from experiments (3 days, see
Figs. 4,5,6) were obtained with stiff substrates (E = 1.27 GPa) and a variable groove width. The course of these
data were predicted and the actual values were fitted by using Eq. (8) and Eq. (9). (c) Experimental data (4 days) on
stiff substrates (E = 2.47 GPa) with variable ridge width'®, were again predicted and fitted by accounting for both
geometric increasing and enhancement of length of the adding segments. (d) Experimental data (5 days), on a stiff
substrates (E = 1.27 GPa) with variable groove width?* were as well predicted and fitted by accounting for the pure
geometric increasing together with the enhancement of the adding segments length.

Figure 10: (a) The computational course of the mean neuritic elongation in function of the mean alignment was
plotted and compared to the theoretical mean elongation to show its ability to fit computational data over the whole
definition interval. (b) The theoretical course of the mean neuritic elongation was plotted in function of both the mean

alignment and time (range 72 — 120 hours) through a generalized cylinder.
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