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Initial contact guidance during cell spreading
is contractility-independenty

Adria Sales, (2 ** Andrew W. Holle ©2° and Ralf Kemkemer®®

A wide variety of cell types exhibit substrate topography-based behavior, also known as contact
guidance. However, the precise cellular mechanisms underlying this process are still unknown. In this
study, we investigated contact guidance by studying the reaction of human endothelial cells (ECs) to
well-defined microgroove topographies, both during and after initial cell spreading. As the cytoskeleton
plays a major role in cellular adaptation to topographical features, two methods were used to perturb
cytoskeletal structures. Inhibition of actomyosin contractility with the chemical inhibitor blebbistatatin
demonstrated that initial contact guidance events are independent of traction force generation.
However, cell alignment to the grooved substrate was altered at later time points, suggesting an initial
‘passive’ phase of contact guidance, followed by a contractility-dependent ‘active’ phase that relies on
mechanosensitive feedback. The actin cytoskeleton was also perturbed in an indirect manner by
culturing cells upside down, resulting in decreased levels of contact guidance and suggesting that a
possible loss of contact between the actin cytoskeleton and the substrate could lead to cytoskeleton
impairment. The process of contact guidance at the microscale was found to be primarily lamellipodia
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1 Introduction

Cells are generally capable of being oriented and directed, both
in vivo and in vitro, by the micro- and nanotopography of their
substrate in a complex feedback process known as contact
guidance.'™ This phenomenon has been observed in a wide
variety of settings, including organ and tissue generation and
regeneration,® wound healing,”® and axon pathfinding.*>"°
Contact guidance is also an important parameter in the design
of medical implant surfaces, as tailored topography can provide
a level of cellular control in vivo.'""

First observed in 1908," it is now known that contact
guidance is conserved across many cell types,®'**° and can
be observed both during cell spreading®®?! and after cells have
completely spread.>®'*?>2> A number of studies have given
insight into the cellular mechanisms underlying contact guidance,
with several reporting that the development of internal cell tension
is important®?°?*24 while others posit that actin polymerization is
the driving force.”"?®?” Both cell tension and actin dynamics
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driven, as no bias in filopodia extension was observed on micron-scale grooves.

play a role in the generation of cellular protrusions, which
include filopodia at the nanoscale and lamellipodia at the
microscale.>”*® While filopodia have been observed orientating
along,>** across,** or without correlation®* to nano- and micro-
structures, lamellipodia inhibition has been shown to induce
cells to ignore their surface structural cues.”>*® Focal adhesion
dynamics also are also affected by microstructures, with higher
levels of aligned mature adhesions observed along micro-
grooves, %! suggesting that contact guidance may be an
adhesion-dependent, and thus contractility-dependent, process.’
One particular aspect of contact guidance that remains
unclear is the role of actomyosin contractility during initial cell
spreading. To address this, we have investigated the morphology
and orientation of human endothelial cells (ECs) on microstruc-
tured poly(dimethylsiloxane) (PDMS) substrates consisting of
parallel microgrooves. ECs are vascular cells lining the lumen
of blood vessels, forming the so-called endothelium. After injury
or damage (e.g. stent insertion), ECs undergo the process of
endothelialization, in which cells migrate to the injured area and
proliferate in order to heal the damage. However, this process is
not always effective and can lead to fatal consequences.*®*” One
possible method for improving the endothelialization process is
microstructuring implant surfaces that come into contact with
the vessel, with the goal of enhancing directional cell migration
towards the injured area and controlling cell proliferation. In
addition, specific surface topographies can favor cell polariza-
tion, an important aspect of healthy endothelium function.*®
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During the cell spreading process, the cytoskeleton was
perturbed both with the myosin II inhibitor blebbistatin and
by culturing cells upside down. These tests revealed that early
stages of contact guidance are not dependent upon contractility,
but later stages of contact guidance, ie. once the cell is fully
spread, do rely on myosin-based traction. However, filopodia were
mostly oriented across the grooves than along them, with similar
filopodia length in both cases, suggesting a not important role in
topography detection at the micron scale. Taken together, these
results contribute to a more complete understanding of the role of
the cellular contractility in cell spreading and contact guidance.

2 Materials and methods
2.1 Substrate fabrication and preparation

Silicon wafers (Siegert Wafer GmbH, Germany) were used to
create arrays of microgrooves of different dimensions. The
lateral size of these grooves was controlled via photolithography
while the height was controlled by physical vapor deposition
(PVD). Briefly, after baking the wafers for 30 minutes at 200 °C to
remove adsorbed water, a layer of HMDS (hexamethyldisilazane,
Sigma-Aldrich, USA) was applied to improve photoresist adhe-
sion. The positive photoresist ma-P1210 (Micro resist technology
GmbH, Germany) was then coated onto the wafers at a thickness
of 1.0-1.2 um, followed by a one-minute bake at 100 °C. Coated
wafers were aligned (MJB4, Stiss MicroTech GmbH, Germany) to
a chromium photomask (ML&C GmbH, Germany) and exposed
to UV light (1 = 405 nm) from a mercury lamp source (HBO 350 W,
Osram, Germany), solubilizing the exposed regions. After develop-
ment (ma-D 531, Micro resist technology GmbH, Germany) of
exposed photoresist, a chromium layer of desired thickness was
deposited via PVD. Remaining photoresist was removed by
sonicating the wafers for 5 minutes in developer (mr-Rem
660, Micro resist technology GmbH, Germany).

Silicon wafers with chromium microgrooves were used as
templates for replica molding with Sylgard 184 PDMS (Dow Corning,
USA). PDMS was mixed at 10: 1 ratio (elastomer to curing agent) and
incubated at 65 °C for 24 hours. PDMS substrates were characterized
with a scanning electron microscope (Zeiss, Germany) and with an
atomic force microscope (AFM) (JPK Instruments, Germany) (Fig. S1,
ESIT). The different groove depths (d) used in this work were 200,
350, and 650 nm, and the different widths (w) were 2 and 10 pm.
Flat surfaces were used as control samples.

Prior to cell experiments, PDMS substrates were sterilized
with 70% ethanol and coated first with 40 pg mL~" PLL (poly-L-
lysine) (Sigma-Aldrich, USA) and then 10 pg mL™~' human
fibronectin (hFN). Fibronectin was isolated from donor serum
provided by Katharinenhospital in Stuttgart, Germany.

2.2 Cell culture

Human coronary artery endothelial cells (HCAECs) (Promocell,
Germany), in this work abbreviated as ECs, were cultured in
Endothelial Cell Growth Medium supplemented with Supple-
ment Mix (Promocell, Germany) and 1% penicillin/streptomycin
(Life Technologies, Germany). Cells below passage 7 were used
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to avoid dedifferentiation. Cells were maintained in an incubator
(Binder GmbH, Germany) at 37 °C, 5% CO,, and high humidity
(>90%). Subculturing was performed with trypsin/EDTA (0.04%/
0.03%) (Promocell, Germany) before reaching 100% confluence.
For inhibitor experiments, trypsinized cells were mixed with
20 UM blebbistatin (Sigma-Aldrich, USA), or DMSO as a control,
and kept in suspension at 37 °C for 1 hour prior to cell seeding.
Cell media contained the same concentration of blebbistatin for
the duration of the experiment.

2.3 Cell seeding

In all experiments ECs were seeded at a density of 40 cells per
mm?®. To avoid differences in spread area due to heterogeneous
attachment and spreading, non-attached cells were removed by
exchanging media five minutes after plating. Cells were fixed at
10, 20, 30, 60 and 120 minutes. For experiments with ECs grown
upside down, substrates with cells were inverted 5 minutes
after cell seeding. Upside down substrates were attached at the
corners onto a ~0.5 cm high PDMS spacer. Cells cultured
upside down were fixed 48 hours after seeding. For filopodia
visualization and aspect ratio evaluation ECs were also fixed
48 hours after cell seeding.

2.4 Immunocytochemistry

Cells were fixed in 4% paraformaldehyde (PFA) (Serva Electro-
phoresis GmbH, Germany) for 15 minutes at 37 °C. Fixed cells
were permeabilized in 0.1% w/v Triton-X 100 solution (Fluka,
USA) for 3 minutes at room temperature. To block nonspecific
antibody interactions, cells were incubated with 1% w/v bovine
serum albumin (BSA) (Serva Electrophoresis GmbH, Germany)
in ddH,O for 30 minutes. A 1:300 rabbit anti-Paxillin [Y113]
primary antibody solution (Abcam, UK) was incubated with the
cells for 1 hour in a humid chamber. Afterwards, cells were
incubated with a 1:400 Alexa Fluor 568 goat anti-rabbit
secondary antibody (Thermo Fisher Scientific, USA), 1:60 Alexa
Fluor 488 Phalloidin (Thermo Fisher Scientific, USA), and
1:1000 DAPI (4',6'-diamidin-2-phenylindol) (Serva Electrophoresis
GmbH, Germany) PBS solution for 30 minutes in a humid
chamber protected from light.

2.5 Scanning electron microscopy

In order to eliminate water from cell samples for scanning
electron microscopy (SEM) (Zeiss, Germany), samples with fixed
cells were incubated for 10 minutes with increasing concentra-
tions of ethanol, from 50% to 100%, diluted in ddH,O. Critical
point drying (CPD030, Bal-Tec (now Leica Microsystems),
Germany) allowed for the exchange between ethanol and liquid
CO,. After liquid CO, vaporization, cells on PDMS substrates
were sputtered with gold from all 4 sides to coat all regions of
the cells and surface structures.

2.6 Image acquisition

Phase contrast images were acquired with an inverted micro-
scope (Observer Z1, Zeiss, Germany) with a 20x objective (EC
Plan-Neofluar N.A. = 0.5, Carl Zeiss, Germany). Fluorescent
images were acquired with an upright microscope (Imager Z1,
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Carl Zeiss, Germany) and 20x (Achroplan N.A. = 0.5) and
40x (Achroplan N.A. = 0.8) water immersion objectives (Zeiss,
Germany).

2.7 Data analysis

Cell outlines were drawn manually and cell morphological
parameters (area, elongation and orientation) were calculated
in Image]. For all experiments, time point 0 corresponds to the
same spreading phase, but not necessarily the same time point,
as cells did not start spreading at the same time. Cell protrusions
and filopodia were manually marked with straight segments in
Image], and their length and orientation were analyzed with a
custom macro.

For cell spreading experiments, 150 cells were analyzed for
each substrate condition and time point. Actin stress fibers
were analyzed from 30 cells per substrate condition (flat and
350 nm deep, 2 pm and 10 um wide grooves) and time point
(60 and 120 minutes). More than 200 blebbistatin-treated pro-
trusions from a total of 50 cells on 350 nm deep, 2 um width
grooved substrates were analyzed after 30, 60 and 120 minutes.
For filopodia analysis, at least 120 filopodia were analyzed by
averaging between 7 and 37 filopodia per cell from a total of at
least 10 different cells per substrate structure (flat and 650 nm
deep/2 pm wide grooves). The cell aspect ratio was assessed for
50 cells on flat and 650 nm deep/2 um wide grooves. Data from
spreading experiments and actin fiber were obtained from 3
independent experiments. For experiments with cells grown
upside down, at least 100 cells grown upright and upside down,
from 2 independent experiments, were analyzed for each sub-
strate condition (flat substrate, 200 nm deep/2 um wide, and
650 nm deep/2 pm wide grooves).

Cell elongation (E) was calculated with the following
formula:

Amaj - Amin

E =2y Tmin
Amaj + Amin

)

Amaj and Ay, are the lengths of the major and minor axes,
respectively, of a fitted ellipse on the marked cell. £ = 0
corresponds to cells that are a perfect circle and E = 1 to those
that are a perfect line.

In order to measure cell orientation with respect to micro-
groove direction, the angle between the major axis of the fitted
ellipse and microgrooves was determined. For cells on flat
substrates, a parallel line to the X-axis (angle = 0°) was used
as reference. The non-polar orientation parameter (S) used
to quantify cell orientation®® was calculated in the following
way:

S = (cos(2a)) (2)

“o” represents the angle in radians between the major axis
of the fitted ellipse and the grooves (or the desired reference).
When S = 1 cells are oriented parallel to groove direction, when
S = 0 cells are oriented randomly, and when S = —1 cells are
oriented perpendicular to groove direction.
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2.8 Actin stress fibers orientation analysis

Actin stress fiber orientation was analyzed with a custom macro
in Image] as previously described*®*" and illustrated in Fig. S2
(ESIY). Briefly, a Fast Fourier Transformation (FFT) was per-
formed for each 48 x 48 pixel square comprising the whole
image in a mosaic-like way (Fig. S2C, ESIt). An ellipse was then
automatically fitted to the resultant Fourier power spectra and
the major axis was determined (Fig. S2D, ESIt), indicating the
direction in which most frequencies are required to build the
texture in the original image. This direction is identical to
the average normal direction perpendicular to the actin fiber
texture. The angle between the major axis and the reference
angle was rotated 90° to determine the orientation of actin
stress fibers in each square (Fig. S2E, ESIT).

2.9 Statistical analysis

Average data was expressed as mean + standard error of the
mean (S.E.M.). For significance analysis a paired Student’s
t-test was performed in all cases except for comparing filopodia
length across multiple angles, where one-way ANOVA was used.
Two groups of data were considered to be significantly different
ifp < 0.05(¥),p < 0.01 (*), p < 0.001 (**) and if p < 0.0001
(****), and not significantly different if p > 0.05 (n.s.).

3 Results

3.1 Microgrooved substrates induce width-dependent
increases in elongation, alignment, and alignment dynamics in
endothelial cells

Fig. 1 shows representative time courses of ECs spreading on a
flat control surface (Fig. 1A and B) and on microgrooved
(350 nm deep, 2 and 10 pm wide (Fig. 1C, D, E and F,
respectively)) surfaces. Even at early time points, contact
guidance was observed in the periphery of the cells, as portions
of the membrane preferentially aligned along the grooves
(Fig. 1 zoom C1-E1). Over time, ECs increased their spread
area and elongated until reaching an equilibrium area (Fig. 2A).
While cell spread area was not dependent on the presence of
microgrooves (Fig. 2A and Fig. S3A, ESIY), cell elongation was
significantly higher on microgrooved substrates (Fig. 2B and
Fig. S3B, ESIt). Additionally, elongation was enhanced on 2 pm
grooves compared to 10 um grooves, suggesting that groove
width plays an important role in EC elongation (Fig. 2B and
Fig. S3B, ESIY).

While elongation measured the average aspect ratio of
individual cells, the orientation parameter S was used to
compare the average alignment of cell populations on different
substrates with respect to the substrate pattern. On flat surfaces, S
remained at approximately 0, indicating random orientation of the
cell population (Fig. 2C). On microgrooved substrates, cells started
orienting along narrower grooves as early as 10 minutes after
seeding, with S significantly higher on 2 pm grooves (S = 0.63) than
on 10 um grooves (S = 0.05) at early time points (Fig. S3C, ESIt).
Equilibrium values for S were also achieved earlier on 2 um grooves
than on 10 um grooves (30 minutes vs. 60 minutes, respectively)

This journal is © The Royal Society of Chemistry 2017
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T=10 min
T=20 min
T=30 min

Fig. 1 Contact guidance occurs prior to stress fiber development. (A and B) On flat surfaces, both Blebbistatin-treated and non-treated ECs oriented
randomly as no external signal was present. Untreated cells were able to start orienting along microgroove direction before actin stress fibers were
observed (t < 30 minutes) on (C1 and C2) 10 pm and (E1 and E2) 2 um wide grooved substrates. (Zoom C1 and E1) Cell protrusions were hindered when
crossing microgrooves and microridges, promoting thus the elongation along groove direction. (D1-D5, F1-F5) Blebbistatin-treated cells with blocked
actomyosin system formed characteristic protrusions that (F5) were able to follow groove direction. In all the images, fixed cells were fluorescently
stained for F-actin (green) and nuclei (blue). Contrast and brightness were modified for a better visualization. In the images C3, D1-D5 and E1-ES5 light
stripes are grooves and dark ones are ridges, whereas in the images C1 and C2, C4 and C5 and F1-F5 light stripes are ridges and dark ones are grooves.
Scale bars = 20 um. Scale bars insets = 4 pm.

4243 1 order to better understand the influence

(Fig. 2C). These observations indicate groove width-dependence of
both cell orientation and orientation dynamics, as well as provide
evidence that contact guidance mechanisms are at work in the cell
as early as 10 minutes after initial cell attachment.

3.2 Stress fiber orientation is time-dependent

As cell morphology is a consequence of cytoskeleton behavior,
individual actin stress fiber dynamics play an important role in

This journal is © The Royal Society of Chemistry 2017

contact guidance.
of microgrooves on actin stress fiber adaptation, the actin
cytoskeleton was stained and imaged at different time points
following cell seeding. Stress fibers initially appeared approxi-
mately 30 minutes after cell seeding on both grooved (Fig. 2G)
and flat substrates (Fig. 2H), after which they became increas-
ingly prominent. Thus, the appearance of stress fibers correlates
with the increase in elongation, which also begins to increase

Soft Matter, 2017, 13, 5158-5167 | 5161


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6sm02685k

Open Access Article. Published on 16 June 2017. Downloaded on 11/1/2025 8:10:23 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Soft Matter

—=— Flat (non-treated) -
——d: 350 nm w: 2 um (non-treated) - <
d: 350 nm w: 10 um (non-treated)

- Flat (Blebbistatin)

View Article Online

Paper

- d: 350 nm w: 2 um (Blebbistatin)
d: 350 nm w: 10 pm (Blebbistatin)

A B L Orientation (5)=0.93 Orientation (S)=1
04 Elongation=0.05_ Elongation=0.4.
[ rane
% 5 3 ==
= S =5 -
< 2 03 o
E ) =z
S 5 .-
© & 02 2"
Q2 @ -2
© ©
= (&) ®
8 0,1 T=120 min
1
00
10 20 30 60 120 10 20 30 60 120 d: 350.nm
" " - 5 Wi 2 pm
Time (min) Time (min)
ns ns ns 08
C NS e ns g 160 min Lt D
101 Nsns s I 120 min
—~ ' nos
@4 08 Ef Ok
g S LEL]
S 06 = 04 .
5 -
*
§ 04 g ”
So2 2 '
o =
O 00 N e & 004
-0.2
02
10:20: 30 % Lo Flat d:350nm  d:350 nm
Time (min) w: 10 um w:2um

Fig. 2 Quantification of cell morphological parameters of non-treated vs. Blebbistatin-treated endothelial cells at different stages of cell spreading.
(A) Average EC area was reduced after treatment with Blebbistatin. (B) Average cell elongation was not much affected by Blebbistatin, but (C) cell body
orientation along the grooves was worse for Blebbistatin-treated cells than for those non-treated. However, treated-cells still experienced contact
guidance. (D) Actin stress fibers orientation along the grooves occurred earlier on narrower grooves than on wider ones. Phase contrast picture E is an
example of EC starting to spread, with a low elongation value but oriented along groove direction, while in picture F the same cell is already spread, with a
higher elongation value and keeping its orientation along grooves. In these images, bright stripes are grooves and dark ones are ridges. Cell outlines were
marked with a black line for a better distinction. Red ellipse corresponds to the fitted ellipse, and light purple and dark purple segments correspond to the
minor and major axis of the fitted ellipse, respectively. Cell orientation is calculated from the angle between the major axis and the grooves. Actin stress
fibers appeared at minute 30 on both (G) microstructured and (H) flat surfaces. In image G light stripes are grooves and dark stripes are ridges. Statistical
comparison was made between non-treated and blebbistatin-treated cells, each color corresponding to each condition. In cell morphology study, a total
of 150 cells (Nceus = 150) from 3 experiments (Ney, = 3) were analyzed. In actin orientation assessment, actin fibers were analyzed from a total of 30 cells
(Neeus = 30) from 3 experiments (Neyp = 3). Scale bars = 20 um. Scale bars of insets from G and H = 4 pm.

after 30 minutes (Fig. 2B), but occurs after the earliest signs of
contact guidance at 10 minutes.

The average orientation of actin stress fibers within the
region of interest, was assessed with the orientation parameter
S. At early time points (¢ < 30 minutes), actin stress fibers were
either absent or their signal too weak to be analyzed, so only 60
and 120 minutes time points were analyzed. Stress fibers in
cells on control substrates were randomly aligned, while those
in cells on 2 or 10 pm grooved substrates were observed to
preferentially align parallel to the groove direction (Fig. 2D). On
2 pm grooves, stress fibers achieved an equilibrium alignment
(S = ~0.45) after 60 minutes, while cells on 10 um grooves
exhibited increasing levels of actin alignment from 60 to
120 minutes (Fig. 2D). This suggests that narrower grooves
encourage cells to reach equilibrium levels of stress fiber
alignment faster than wider grooves. Furthermore, the fact that
early signs of contact guidance appeared before stress fiber
formation means that initial substrate sensing could be stress
fiber-independent.

3.3
contractility is necessary for later phases of contact guidance

Initial contact guidance is stress fiber-independent but

The fact that ECs started elongating and orienting to micro-
groove direction prior to stress fiber formation led us to

5162 | Soft Matter, 2017, 13, 5158-5167

consider the possibility that other mechanisms regulate early-
stage contact guidance. To decouple substrate sensing from
actomyosin contractility and subsequent stress fiber formation,
the non-muscle myosin II ATPase inhibitor blebbistatin was
used. Blebbistatin treatment resulted in significant decreases
in cell spread area at all but the earliest time points (Fig. 2A).
However, the inhibitor did not affect the ability of cells to
elongate, suggesting that cell elongation is driven by processes
distinct from contractility (Fig. 2B).

While cell elongation was relatively undisturbed by abrogat-
ing contractility, cell alignment along the grooves was altered
(Fig. 2C). Interestingly, cell alignment was equivalent for
treated and untreated populations on microgrooved substrates
at very early time points, but at time points beyond 20 minutes,
the samples diverged. Whereas the untreated cells converged to
a common saturation alignment value, the blebbistatin-treated
cells on narrower grooves exhibited a similar alignment after
two hours that they had after 10 minutes (Fig. 2C and Fig. S3F,
ESIt). This suggests that the contact guidance machinery at work
in the first 10 minutes is contractility-independent, while later
enhancement of this effect requires actomyosin traction force.

Blebbistatin-treated cells developed characteristic small
protrusions on both micropatterned and control substrates
(Fig. 1A-C, right columns), with many of these protrusions

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Contact guidance takes place in the leading edge. (A) An example of protrusions segmentation is depicted, showing how the first (in blue) and
second (in orange) segments were chosen. (B) The second segments of the characteristic protrusions resulting from the treatment with Blebbistatin

oriented more along groove direction than the first segments, showing that

cell machinery required for contact guidance is found at the edges of cell

protrusions. Average orientation values in each condition, were calculated from more than 200 protrusions (Ngrotrusion > 200) from 50 cells (Neeys = 50)
corresponding to one experiment (Nex, = 1). In image B, the fluorescent cell was stained for F-actin (green) and nucleus (blue). Contrast and brightness

were modified for a better visualization. Scale bar = 20 pm.

aligning parallel to the microgroove direction (Fig. 3A). These
protrusions can be split into 1st (proximal) and 2nd (distal)
segments (Fig. 3A), with each segment analyzed separately. In
general, the more distal 2nd segments aligned with micro-
grooves more efficiently than the more proximal 1st segments,
after 120 minutes, although both increased their alignhment
over time (Fig. 3B). Thus, the processes required for contact
guidance are fully constituted in these distal projections and
are independent of long range contractility.

3.4 Cells plated upside down exhibit a decrease in contact
guidance

To present a stimulus to the cytoskeleton that did not involve
the off-target effects of a chemical inhibitor, cells were grown
upside down on control and grooved substrates (Fig. S4, ESIt).
By plating cells upside down, the force of gravity will pull cell
internal structures slightly away from the substrate since they
are denser than the cytosol®* (Fig. S4, ESIT). As 2 um grooved
substrates were the most efficient at inducing contact guidance,
the groove width was held constant and the groove depth varied
from 200 nm to 650 nm.

In cells grown upside down, the actin cytoskeleton displayed
an interesting phenotype that we have termed ‘fraying”
(Fig. 4D-F). These frays were especially apparent at the periphery
of the cell. Furthermore, cells plated upside down on grooved
substrates (Fig. 4E and F) exhibited higher levels of fraying than
those on control substrates (Fig. 4D). Upside down cells (Fig. 4D-F)
also developed fewer mature stress fibers than those grown upright
(Fig. 4A-C). Despite these changes in the actin cytoskeleton, focal
adhesion patterns were similar in cells grown both upside
down and upright, with adhesions observed primarily on the

This journal is © The Royal Society of Chemistry 2017

ridges (Fig. 4B, C, E and F), suggesting that contractility had not
been altered.

Cells grown upside down exhibited a number of morpho-
logical differences compared to those grown upright. For all
substrate conditions, upright culture encouraged higher levels
of cell elongation (Fig. 4H). Striking differences in cell area
and cell alignment were observed in cells grown upside down
on microgrooves, suggesting that contact guidance is
enhanced on cells cultured upright (Fig. 4G and I). The use
of deeper 650 nm grooves also caused an increase in contact
guidance-driven cell alignment (Fig. 4I). Together, this data
illustrates the complex interplay between forces generated
within the cell (actin polymerization and contraction) and
those acting upon the cell, both of which are capable of
enhancing contact guidance.

3.5 EC filopodia orient in all directions and are shorter on
microgrooved substrates

Filopodia are thin extensions of cell membrane involved in
sensing substrate features like topography®*° and rigidity.** As
their generation is independent of actomyosin contractility,
they were analyzed in the context of early contact guidance
events. Using the substrates found earlier to induce contact
guidance most efficiently (2 pm spacing, 650 nm depth), cells
were fixed and imaged with scanning electron microscopy.
In cells grown on control substrates, filopodia were randomly
oriented (Fig. 5A), while on those grown on grooves, filopodia
were observed both parallel and perpendicular to the structures
(Fig. 5B). When filopodia angles were plotted in reference to the
grooves, a plurality (13.2%) were found oriented in the 80-90°
(perpendicular) range, while only 6.6% were found in the
most parallel (0-10°) range (Fig. 5C). Nevertheless, since the
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5164 | Soft Matter, 2017, 13, 5158-5167 This journal is © The Royal Society of Chemistry 2017


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6sm02685k

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 16 June 2017. Downloaded on 11/1/2025 8:10:23 AM.

(cc)

View Article Online

Paper Soft Matter

Flat (control)

—_ C u u
=
=)
> 124
2
o W
g ——n L %2,8 ok Kk D
o 104 u 2 ‘
e 5 ,
= © 2,44
o o
> 7}
£ 81 204
° 2 "
x O1p
Flat Struct.
6
15 E
m o
5 _ ° F
124 |[&§ *
o 2 &
— = o 34 F
S 5 @
3 o < .
== 5
= -
% °1 |z ot
g Flat Struct.
© n.s
=) | 2z
S 6 N . .
o
g ¢ - - #
[ . . .
»
< I IR IR FEC IR I S + & | 2 ’
+
. S do | 26| o
* - . % . *" N - .: o
. s s .
0

0 10 20 30 40 50 60 70 80 90

Parallel Angle filopodia (degrees) Perpendicular

Fig. 5 Filopodia of endothelial cells on flat surfaces are longer than those of cells on microgrooved substrates. (A) Filopodia of ECs on flat surfaces were
arranged randomly (inset, orange arrows), while (B) filopodia of those cells on microgrooved (650 nm deep and 2 pm wide) substrates extended
preferentially across them (blue arrows) than along them (green arrows). (C) Plot showing quantitatively a higher percentage of ECs filopodia crossing
microgrooves than aligning along them. (D) The high aspect ratio of ECs on microgrooved substrates could explain the fact that more filopodia are found
across the structures, since ~2.6 times more cell body perimeter lies parallel to the grooves than perpendicular to them. (E) No relation between
orientation angle of filopodia and their length was found neither on structured nor on flat surfaces. (F) However, filopodia of ECs on flat surfaces were in
average longer than those of ECs on microgrooved substrates. In image B, bright stripes are ridges and dark ones are grooves. At least 120 filopodia
(Nfiopodia = 120) were analyzed from a total of 10 or more cells (Nceys > 10). The aspect ratio from a total of 50 cells (Nceys = 50) from one experiment
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Scale bar = 10 um. Scale bar inset A = 5 um.

perpendicular-facing cell perimeter is ~2.6 times longer than
the parallel-facing cell perimeter (AR ~ 2.6) (Fig. 5D) and
there is only 2 times more perpendicular oriented than
parallel oriented filopodia, in relative terms more filopodia
grow parallel to the grooves. Filopodia length was also

This journal is © The Royal Society of Chemistry 2017

calculated as a function of both surface topography and
orientation angle, and while no patterns were identified
between length and angle (Fig. 5E), filopodia produced by
cells on flat substrates were over 50% longer than those on
grooved substrates (Fig. 5F).
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4 Discussion

In this work, a systematic study of cell spreading dynamics
using endothelial cells on microgrooved substrates with different
groove sizes was carried out in order to gain new insights into
contact guidance. While actin polymerization and actomyosin-
generated cytoskeletal tension have been proposed to play a role
in this process,”*®*” the contribution of each is not yet fully clear.
We have observed preferential lamellipodia growth parallel to
microgroove direction during the spreading process, before the
formation of stress fibers. This indicated that cells can detect
microtopography without developing actomyosin contraction
and resultant cytoskeletal tension. In order to confirm this,
cytoskeletal dynamics were altered with both a chemical
method by inhibiting actomyosin contractility with the drug
blebbistatin*® and a non-invasive physical method by culturing
cells upside down. In both cases, contact guidance was still
observed, although to a limited extent compared to untreated
cells. Importantly, contact guidance was not affected at early
timepoints in the blebbistatin-treated cells. This supports
previously established hypotheses suggesting that actin polymeri-
zation, but not actomyosin contraction, drives initial contact
guidance events.”***** However, later-stage contact guidance
decreased in response to loss of actomyosin contractility. It is
likely that early contact guidance is ‘passive’, meaning it does
not require complex mechanosensitive pathways and feedback
to proceed, but rather simple cellular machinery like actin
polymerization. Later contact guidance is thus ‘active’, requiring
contractility and mechanotransduction to further adapt to the
substrate. Prior to this study, no quantitative analysis of cell
morphology in response to substrate topography across multiple
time scales had confirmed this, especially in the context of the
cytoskeletal perturbations we explored.

The fact that culturing cells upside down greatly reduced
contact guidance provides further evidence for the importance
of cytoskeletal dynamics. ‘Frayed’ actin structures resulting
from upside down culture were correlated with a lower degree
of cell elongation and alignment. It follows that when cultured
upright, the resulting small force ‘pulls’ polymerizing actin
fibers towards the surface. This force would likely lead to an
increase in fibers following the linear template provided by the
grooved substrate, leading to an enhancement in cell-substrate
alignment. In cells cultured upside down, the resulting force
could pull cell internal structures, together with actin cytoskeleton,
slightly away from the substrate allowing fibers to polymerize more
randomly without favoring a specific direction.**~>> Moreover, cells
upside down could experience a small pulling force since it could
represent a 2-3% of the adhesion force, assuming an adhesion
force of ~40 nN> (we assume an adhesion force in the lower
range since we observed a worse adhesion on PDMS than on glass
substrates) and considering a net pulling force of ~1 nN.

Finally, as both filopodia and lamellipodia play a role in cell
spreading and topography detection, we investigated filopodia
extension and orientation in response to substrate topographical
cues. We observed that filopodia were significantly longer on flat
control substrates compared to grooved substrates. However, no
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statistical differences were found between filopodia length
perpendicular and parallel to the grooves, suggesting that the
grooves were not an actual physical barrier for filopodia extension
as observed in previous research with other cell types.>*”°
Although we found a higher percentage of filopodia crossing
grooves than aligned to them, the relative amount of filopodia
along the grooves was higher. Previous studies have found that
blocking filopodia formation did not affect contact guidance.>® It
is also important to note that nanoscale features seem to alter
filopodia dynamics more than the microscale features used in this
study.>®* This is likely because filopodia, which have diameters
ranging from 60-200 nanometers, are better entrained in nano-
scale features, whereas lamellipodia is more favorable to entrain
in microscale features.

5 Conclusions

This work provides new insight into contact guidance in
human endothelial cells on microgrooved PDMS substrates by
systematically assessing cell and actin morphology during the
spreading process. By altering the cytoskeleton with blebbistatin
treatment or by culturing cells upside down, we have revealed
that early contact guidance events constitute a ‘passive’ phase
independent of cellular contractility and aided by the gravity-
dependent cell sedimentation. These findings are in agreement
with the hypothesis that actin polymerization machinery plays a
primary role in early substrate sensing events. As cell spreading
proceeds, the balance of contact guidance control shifts to
contractility-induced mechanisms, as was observed by changes
in cell alignment at later time points for blebbistatin-treated
cells. As cells gain a great deal of information from their
surroundings through mechanotransduction, we infer that
actomyosin contraction is necessary for the second, ‘active’
contact guidance phase. Finally, we did not observe any bias
in filopodia directionality in response to microtopographical
cues, supporting the hypothesis that filopodia are ‘blind’ to
micron-scale topography and that lamellipodia formed follow-
ing filopodia anchorage is the primary element that reacts to
substrate microstructures.
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