Sub-micron lateral topography affects endothelial migration by
modulation of focal adhesion dynamics
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Introduction

The endothelium lies at the blood—tissue interface of
mammalian vessels [1]. It regulates body homeostasis
by controlling transport phenomena between the
bloodstream and surrounding tissues [2], the exchange
of gas and nutrients, and transmural movement of
effector cells [3]. A differentiated endothelium is
composed by a confluent, growth-arrested monolayer
of endothelial cells (ECs) that polarize in response
to mechanical and chemical stimuli, and interact
with a topographically structured basal matrix [4,
5]. The basal matrix is organized in a highly ordered
pattern consisting of proteins bundled in quasi-
parallel micron and submicron-sized fibers [6].
The interaction between ECs and the basal matrix is
critical to endothelium functions in physiological
and pathological processes. It is regulated both by the
biochemical identity of the matrix proteins and by
the matrix physical and mechanical properties [7].
Exploiting nano- and micro-engineered substrates it is
possible to investigate the complex interaction between
the basal matrix and the endothelium [8—10]. In fact
this technological approach makes it possible to isolate
the individual substrate properties that are actively

sensed by ECs [4] such as the molecular composition of
thelocal matrix, the adhesive ligand density, the surface
substrate stiffness and topography [4,6, 11].

The cellular machinery that mediates the recogni-
tion of topographical elements in the basal matrix is
the focal adhesion. It assembles upon the local cluster-
ing of a sufficient number of integrin receptors in cor-
respondence of specific matrix ligands [12]. Integrin
binding fosters the recruitment of a number of sign-
aling and adaptor proteins, e.g. focal adhesion kinase
(FAK) and paxillin, at the cytoplasmic site of the adhe-
sion (i.e. the adhesion plaque), along with a matura-
tion process which eventually connects the adhesion
plaque to the actin cytoskeleton thus allowing force
to be exerted on the substrate via acto-myosin-medi-
ated cell contractility [13, 14]. As a consequence, the
signaling activity triggered by the adhesion assembly
regulates cell sensing, shape, and contractility both
via the interaction with the cell cytoskeleton and via
a direct modulation of gene expression. Among the
signaling molecules that are rapidly recruited at the
adhesion plaque, FAK, an essential non-receptor tyros-
ine kinase, plays pivotal roles in spreading, migratory
responses, adhesive signaling, and mechanotrasduction
[10,13,15].
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FAs are structurally exposed to the process of mat-
uration, through which they dynamically elongate in
the direction opposite to the exerted force [4, 16]. The
driving force for maturation can be externally applied
[17] or directly produced by the cell contractile activity.
Thelatter is orchestrated by the non-muscolar myosin-
IT and regulated via the Rho-ROCK pathway [18-20].
Topographical obstacles can interfere with FA matura-
tion, forcing adhesion assembly in a preferential direc-
tion or hampering adhesion maturation [16,21,22].In
this way, topographical modifications of the substrate
can be exploited to either favor or demote selected cell
activities [11] including adhesion [23], migration [9,
24] and differentiation [25, 26]. Altogether, the cellular
response to the local surface topography is identified as
contact guidance [11].

Re-establishment of a functional tissue through the
rapid coverage of target surfaces by ECs (i.e. the process
of re-endothelialization) is required in order to avoid
inflammatory or thrombogenic responses to implant
materials which are in contact with the blood flow, e.g.
stents or assisting devices [27]. Micron-sized gratings
can contribute to re-endothelialization by favoring cell
polarization and controlling their density and migra-
tion within the endothelium, thereby promoting the
process of wound healing [10]. While several specific
applications of surface texture were reported, a general
understanding of the link between geometry of surface
topography, FA maturation dynamics, and the result-
ing EC behavior is still missing. In this frame, the iden-
tification of the underlying mechanism is expected to
pave the way to the generation of libraries of surface
geometries which maximize endothelialization under
specific conditions.

In this study, we analyze how the lateral feature size
of gratings in the micron and submicron range affects
human umbilical-vein endothelial cells (HUVECs)
polarization and spreading, and controls FA matura-
tion dynamics using a total internal reflection fluores-
cence (TIRF) microscope. We believe that this study
improves the current understanding of the interaction
between ECs and textured substrates, thus providing a
useful reference for the rational engineering of surfaces
aimed at promoting the rapid and functional coverage
by endothelial cells.

Materials and methods

Substrate fabrication

The gratings were imprinted on 180 um thick untreated
cyclic olefin copolymer (COC) foils (Ibidi, Germany)
using nanoimprint lithography as previously reported
[16,19,28]. This procedure generated squared patterned
areas of 4 mm side length. Molds were fabricated with
a height of 400 nm and varying ridge and groove sizes
(table 1). The COC substrates were placed on top of
the mold and softened by raising the temperature up to
150 °C. A pressure of 50 bar was then applied for 10 min
before cooling down to 40 °C. Finally, the pressure was

Table 1. Lateral features of the different nanogratings.

Designation Ridge width Groove width
T1 0.5um 0.5um
AL5 1.0pm 0.5um
A2.0 1.5um 0.5um
T2 1.0um 1.0um
T4 2.0um 2.0 um

released and the mold was detached from the substrate
with a scalpel. Substrates were glued on the bottom
of 35 mm tissue-culture dishes using a silicon rubber
compound (RS 692-542). Glued substrates were
incubated with 1.5% gelatin (DIFCO 214340) in dH,O
for 1 hatroom temperature (RT). After removal gelatin
was fixed using 2% glutaraldehyde in dH,O for 15 min
at RT. After fixation glutaraldehyde was exchanged with
70% ethanol in PBS and incubated for 60 min at RT.
Next, gelatin-coated substrates were washed five times
with PBS and placed under PBS containing 2 mM
glycine overnight. Finally, samples were washed in

sterile PBS and stored at 4 °C till seeding of HUVECs.

Cell culture and wound healing

HUVEC:s (Invitrogen) were seeded in T25 flasks coated
with 1% gelatin, cultured in EGM-2-MV BulletKit
(Lonza, Milano, Italy) complete medium, (i.e. EBM-2
medium supplemented with 10% FBS, Hydrocortisone
0,2 ml, hFGF-B 2 ml, VEGF 0,5 ml, R3-IGF-1 0,5ml,
Ascorbic Acid 0,5ml, hEGF 0,5ml, GA-1000 0,5 ml,
Heparin 0,5ml); the cells were maintained at 37 °C
and 5% CO,. All experiments were performed using
cells with less than seven passages in vitro. To generate
confluent monolayers, cells were seeded on COC
substrates at high density (60-70 x 10* cells per cm?)
as reported by Lampugnani et al [29] and cultured for
two days. After washing with medium cells were gently
wounded by a plastic micropipette tip.

Antibodies, chemicals and constructs

Mouse anti-vinculin (V4505) and mouse anti-tubulin
(T6074) were purchased from Sigma. Phalloidin-
Alexa-647 (V22886) was purchased from Invitrogen.
Secondary goat anti-mouse Alexa-488 was purchased
from Sigma. Paxillin-EGFP was kindly provided by
Juergen Wehland (Helmholtz Centre for Infection
Research, Braunschweig, Germany).

HUVEC transfection and TIRF microscopy

For TIRF analysis, HUVECs were transfected with
paxillin-EGFP (1 ug DNA /150000 cells) using a Neon
Transfection System (Invitrogen; 1350V, 1 pulse,
30 ms) and densely seeded. 24 h after transfection,
transfected cells were analyzed using a TIRF system
(AF6000) equipped with an incubation chamber where
temperature and CO, concentration were maintained
at 37 °C and 5%, respectively. Pictures were taken
every minute for 45 min using a 63X objective and a
penetration depth of 120 nm.



Wide-field microscopy

Wide-field images were recorded using a Nikon-Ti
wide-field microscope (Nikon, Japan) equipped with an
OrcaR-2 CCD camera (Hamamatsu Photonics, Japan).
Dishes containing the topographic chip were placed
under the microscope in an incubated chamber (Life
Imaging Services, Switzerland), where temperature
and CO, concentration were maintained at 37 °C and
5%, respectively. Images were collected witha20x 0.45
NA long-distance objective (Plan Fluor, Nikon). Cell
spreading and alignment were recorded in living cells
using the DIC channel.

Confocal microscopy

Fixed and stained HUVEC monolayers were
recorded using a Leica SP2 AOBS microscope (Leica
Microsystems) equipped with a 40X (1.25-0.75NA,
Oil, HC Plan-Apo CS) objective and Ar (emission
488, detection 495-550 nm), He/Ne (emission 633,
detection 650-800 nm) and UV (emission 405,
detection 410470 nm) lasers.

Single-cell and monolayer polarization analysis

Fiji (Image]) was used to manually detect (‘Freehand
selection’ tool) single HUVEC in the DIC channel. The
options ‘Area’ and ‘Feretangle’ of the ‘Measurement’
tool provided information on cell spreading and
alignment to the underlying pattern. In particular,
cell alignment was defined as the angle between the
direction of major axis of each cell, measured as
‘Feret’s diameter’, and the one of the grating. For
monolayer alignment the option ‘Directionality’ of
Fiji was used. This function calculates a directionality
histogram by calculating the fast Fourier transform
(FFT) of the analyzed image and measuring the
intensity of the spectrum in each direction. The
histogram was then fitted with a Gaussian curve which
provided two information: the mean of the curve and
its variance (s%).

The first parameter was used to identify the direc-
tion in which the monolayer is oriented, and the second
was used to represent the homogeneity of the cell-layer
(low values of s? indicate high coherence of the mon-
olayer).

TIRF image analysis

Movies of paxillin-transfected cells were processed
using a Matlab script. For each movie image-intensity
histograms were created. These usually displayed
two peaks: a low-intensity one corresponding to the
background and a higher-intensity one relative to the
fluorescent emission. A threshold was therefore defined
between the two peaks and the pixels were divided in
two groups: background pixels and focal adhesion
pixels. The first group was excluded from the analysis,
the other one was used to calculate the oscillations of
paxillin-GFP over time by estimating the standard
deviation (SD) of the fluorescence of each pixel over
time. Furthermore, the script recorded the time

and duration in which the intensity of a pixel passed
the threshold, called appearance time and lifetime,
respectively.

Results

Influence of periodicity and duty cycle on individual
ECspreading and alignment

Thebiocompatibility of cyclic olefin copolymer (COC)
substrates interacting with HUVECs is well established
[10,16].

In order to evaluate the effect of the lateral fea-
ture size of anisotropic patterns, we generated a set
of gratings with constant groove depth (0.4 um) but
variable periodicity (1-4 um) and ridge size (0.5—
2 um, see table 1). The groove depth was chosen to
match the average of values reported in previous
studies [8-10, 16,30, 31]. Additionally, 0.4 um-deep
gratings were shown to induce effective contact
guidance on ECs [10] thus providing the best condi-
tions to isolate the effect of lateral-feature size. We
initially detected the response of individual ECs by
measuring the cell area in contact with the under-
lying substrate (i.e. the spreading) and cell-body
orientation. Figure 1(a) shows that spreading was
significantly decreased with lower-periodicity sub-
strates (T1) and reached 44.6 + 5.0% of the basal
area of cells in the case of control (FLAT) substrates.
Cell spreading on gratings with increasing ridge
width (from 0.5 to 2 um) was similarly reduced when
compared to the value measured on control sub-
strates. Maximum spreading (75.5 + 4.5% of FLAT
control) was obtained with gratings with 1.5 um
ridge width and 2 um lateral period. Interestingly,
gratings with the same lateral period but 50% duty
cycle (i.e. ridge width = groove width) (T2, table 1)
proved ideal for ECs spreading (112.7 + 13.8% of
the FLAT control). A further increase of the lateral
periodicity (T4, table 1) led to a reduction of cell
spreadingdownto 78.7 + 8.6% of the FLAT control
(figure 1(a)). In all, these results demonstrate that,
among the tested textured substrates, gratings with
lateral period of 2 ym and 1 um-wide ridges proved
best for EC spreading.

We previously reported that the effect of topography
on ECspreading and contact guidance are independent
and can be fully decoupled [10]. Thus we investigated
the effect of lateral periodicity and ridge-width also on
ECalignment to gratinglines (figure 1(b)). Fully-spread
ECs on FLAT substrates displayed random alignment,
leading to an average orientation angle (45.7 + 1.4°).
Interaction with anisotropic patterns narrowed the ori-
entation distribution, resulting in an average alignment
angleof 18.6 + 3.8° on gratings with lateral periodicity
of 1 um (T1; table 1). Alignment to gratings featuring
large ridge width and periodicity (T4) was less efficient
(24.6 = 2.5°) while, interestingly, the grating yielding
the best spreading (T2) also induced quasi-maximal
alignment (13.3 + 0.3°).
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Figure 1. HUVEC alignment and spreading on patterned surfaces. Cells were seeded at low concentration on different gratings
and analyzed by bright field microscopy. (A) Cell spreading area after 24 h. *P < 0.05 T1 versus FLAT, A1.5 versus FLAT and
##P < 0.01 T1 versus T2, A1.5 versus T2 (One-Way ANOVA, Tukey’s test). (B) Average cell alignment. *P < 0.05 A2.0 versus T4
and ***P < 0.001 each patterns versus FLAT (One-Way ANOVA, Tukey’s test). Bars represent the mean of three independent

experiments (40-50 cells each) + SEM.

Effect on ECs in a monolayer

We next examined how anisotropic patterns affect
ECs in growth-arrested endothelial monolayers.
Here, cell polarity is revealed by the orientation of
actin microfilaments and microtubules (figure 2).
In control endothelia grown on FLAT substrates,
cells showed a uniform angular distribution of
actin and tubulin filaments. Gratings were efficient
in significantly reducing the angular variance
of filamentous actin, reaching the lowest value
(corresponding to a maximum alignment; see
Materials and Methods) of s*> = 40.2 on gratings
with lateral period of 2 ym and 50% duty cycle (T2;
figure 2(a)). The alignment of microtubules showed
a similar behavior for all tested substrates albeit

with higher variance (figure 2(b)). High-resolution
images of the cell cytoskeleton revealed that
microtubules preferentially co-localized with ridges
at the cell periphery (figure S1(a)) (stacks.iop.org/
BMM/10/035010/mmedia). Actin microfibers were
generally aligned along the gratings across the whole
cell and did not show any preferred co-localization
with ridges or grooves (figure S1(b)) (stacks.iop.
org/BMM/10/035010/mmedia). In summary, the
cytoskeleton of ECs aligned along the underlying
pattern, with microfilaments being better oriented
than microtubules. Additionally, pattern T2 (table 1)
outperformed the other tested geometries in inducing
the re-modeling and re-orientation of cytoskeletal
components.
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Figure 2. Alignment of HUVEC monolayers. HUVECs were grown into a monolayer, fixed and stained for actin and tubulin.

For fluorescence images of fixed cells, a threshold was applied and analyzed by FFT for alignment, resulting in a directionality
histogram. Graphs show deviation of directionality histogram peaks from the underlying pattern for actin (A) and tubulin (B), and
representative images for T1 and FLAT. Three independent experiments were conducted (up to 15 fields of view per sample). Boxes
represent SEM and whiskers 5-95 percentile. Means were tested using homogeneity of variance and analyzed using Levene’s test.

FA stability is affected by grating periodicity

FAs act as sensors of substrate topography [ 16, 19, 32],
and topographical features are known to interfere with
the maturation of FAs [19]. The resulting dynamics
of FA assembly and disassembly was linked to cell
adhesion/migration [33, 34]. A high FA turnover is
prevalent in migrating cells whereas stable adhesion
are generally detected in fully spread, non-migrating
cells [35].

In order to testif the gratings can affect FA dynamics
in HUVECs, we visualized the paxillin-GFP signal in
transfected ECs during wound healing. We restricted
this analysis to T1, T2 (and FLAT) because they per-
formed best among the tested gratings in inducing cell
polarization and spreading. We previously established
that fluorescently-labelled paxillin correctly localized
to FAs and does not influence the migratory behavior
[19]. FA dynamics was captured using a TIRF micro-
scope. The resulting movies (a representative example
is shown in supplementary movie 1) were analyzed to
extract pixel-intensity dynamic lifetime (see Material
and methods). Figure 3 provides an example of an EC
migrating on grating T1. Here, pixels corresponding to
the GFP signal at the cell-to-substrate interface were
color-coded (figure 3(a)) to render the appearance
time (lower left panel), lifetime (lower right panel),
and dynamics (figure 3(b); see Material and meth-
ods) of the corresponding adhesions. This analysis
was extended over all wound-healing movies and the
resulting adhesion-lifetime and dynamic distribu-
tions are summarized in the scatter plots reported in
figure 3(c). We focused on high- and middle-lifetime
adhesions to avoid possible noise originating from

fluorescence fluctuations and divided each lifetime-
group according to the variation of the paxillin-GFP
signal. The SD of pixel intensity over time indicates the
molecular activity in the adhesion, and used to define
three groups of pixels with increasing paxillin dynamics
(low, medium and high SD), as shown by the scatter plot
in figure 3(c). Figure 3(d) shows the relative difference
from the values measured for ECs migrating on FLAT
controls. Importantly, the fraction of high- and middle-
lifetime adhesions was strongly reduced in cells migrat-
ingon grating T'1 as compared to FLAT (—86.7 + 6.1%
and —68.7 + 4.7%; respectively). Interestingly, the FA
lifetime in cells migrating on T2 gratings did not differ
significantly from the FLAT control.

In summary, these data indicate that FAs formed in
endothelial cells on gratings with lower periodicity (T1)
are characterized by a slower turnover and an overall
increased stability compared to ECs migrating on FLAT
substrates or on gratings with larger ridges and grooves
(T2).

Discussion

The investigation of the impact of specific
topographical substrate modifications offers two main
strategic advantages in the design and improvement
of biomedical devices. Firstly, engineered surfaces
were shown to strongly influence cell behavior
upon adhesion. In particular, textured surfaces
were successfully used to selectively populate target
substrates with endothelial cells while demoting the
adhesion and proliferation of smooth muscle cells
[23], to instruct the commitment of stem cells [36],



_

1min Appearance Time45min 1 min

SD/MEAN Intensity Plot

Lifetime

45 min

low LT middle to high LT
60000 .

1 1l

i < ; . high SD
- 50000 | i
g
©
40000
he]
[1}]
N
@© 30000+ middle SD
E
<]
z
— 20000
x .
8 .
D I
“ 10000 ‘ low SO

01— _
0
Lifetime (LT) in min
middle to high LT
40 lowSD 1 midde SD 1 highSD

__1SEMFlat

8

Percent Diff. (Pixel) to Flat

g

T
I
P<0.0001 I
i P<0.0001

Figure 3. TIRF analysis of migrating paxillin-GFP expressing HUVECs. (A) Transfected cells at the wound edge were imaged in
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to shape the function of polarized tissues [16], and/
or to guide the movement of migrating cells [9]. The
second fundamental asset involves the possibility of
improving the performance of biomedical devices
without modifying their overall macroscopic

architecture or the chemical nature of the materials
interfacing human tissues. This point is critical at
the luminal surface of cardiovascular devices since
inflammatory responses were shown to be induced by
implanted materials.



The above considerations stimulated several studies
empirically linking specific geometries and to charac-
teristic cell responses. Unfortunately, these investiga-
tions are generally difficult to compare and can hardly
lead to universal rules. A more useful approach may
consist in dissecting the molecular mechanisms behind
the recognition of surface topography and the effect of
parametric variation of topographical features on cell
machineries devoted to such processes [36]. In this
direction we demonstrated how differentiating neu-
rons can read nanoscopic variations in ridge width and
respond by tuning both neuronal polarity and neur-
ite alignment [16, 22, 37]. Similarly, we reported on
how the vertical feature size promotes the spreading
of endothelial cells [10]. In these reports we identified
focal adhesion components as key players regulating
surface recognition.

In this study, by using optically-accessible micropat-
terns, we investigated the effect of topography on focal
adhesion dynamics in endothelial cells. Our data estab-
lish a link between the dynamic assembly/disassembly
equilibrium of adhesions and the lateral feature size of
gratings.

Notably, while a strong effect on cell polarization
and alignment was evident on all tested anisotropic
topographies (figures 1(b) and 2) it did not always
translate into enhanced spreading (figure 1). Impor-
tantly, when investigating these cellular responses it is
clear that textured substrates, as compared to their bio-
chemically identical flat counterparts, generally yield a
negligible or negative effect. In particular, cell spreading
was hampered on most of the tested patterns (figure 1)
indicating that the adhesion establishment and matura-
tion are sub-optimal with such topographical features.
Only in the case of gratings with specific lateral feature
size (i.e. 1 um)and duty cycle (i.e. 50%), a strong polari-
zation of the cells is coupled with optimal spreading
(figure 1).

These observations strongly suggest that contact
guidance [38] and cell spreading [39] are not fully cor-
related cellular responses to substrate topography. Also
based on previous literature [10], we speculate that
the regulation of this outcome is determined by the
dynamic equilibrium of focal-adhesion assembly and
disassembly. While all gratings dictate the direction of
focal-adhesion maturation and thus re-shape the cell
cytoskeleton, only in cells interacting with 1 um-wide
ridges and grooves, this re-orientation yields efficient
adhesion maturation, and, as a consequence, maximal
spreading. Similarly, gratings strongly orient migra-
tion [40]. Here, the missing link between contact guid-
ance and an efficient cellular response, (spreading in
our case), appears to be linked to the improved stabil-
ity of focal adhesion that fails to acquire the dynamic
state typically characterizing migrating cells (i.e.
as it happens for T1). When such interference with
focal-adhesion dynamics is not present (i.e. on T2) the
contact-guidance effect fully unfolds its potential to
enhance endothelial function.

Conclusions

Our data demonstrate a functional link between
FA dynamics and cell polarization and spreading
on microstructured surfaces presenting variable
lateral feature size. We demonstrated that EC
mechanotransduction is maximized for specific lateral
features, namely for both ridge and groove size of
1 um. FAs formed by endothelial cells on gratings with
low periodicity (T1) were indeed afflicted by a slower
turnover and an overall increased stability compared
to EC developing on larger gratings (T2), thus possibly
inhibiting cell spreading and motility. We believe that
these results should be taken into account for the
rational design of active surfaces at the interface with the
blood stream for regenerative medicine applications.
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