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In many cell types, shape and function are intertwined. In vivo, vascular
endothelial cells (ECs) are typically elongated and aligned in the direction
of blood flow; however, near branches and bifurcations where atherosclero-
sis develops, ECs are often cuboidal and have no preferred orientation. Thus,
understanding the factors that regulate EC shape and alignment is impor-
tant. In vitro, EC morphology and orientation are exquisitely sensitive to
the composition and topography of the substrate on which the cells are
cultured; however, the underlying mechanisms remain poorly understood.
Different strategies of substrate patterning for regulating EC shape and
orientation have been reported including adhesive motifs on planar surfaces
and micro- or nano-scale gratings that provide substrate topography. Here,
we explore how ECs perceive planar bio-adhesive versus microgrooved
topographic surfaces having identical feature dimensions. We show that
while the two types of patterned surfaces are equally effective in guiding
and directing EC orientation, the cells are considerably more elongated on
the planar patterned surfaces than on the microgrooved surfaces. We also
demonstrate that the key factor that regulates cellular morphology is focal
adhesion clustering which subsequently drives cytoskeletal organization.
The present results promise to inform design strategies of novel surfaces
for the improved performance of implantable cardiovascular devices.
1. Introduction
In cells and tissues, form and function are often intricately intertwined [1–3]. In
the vascular system, the endothelial cells (ECs) lining the inner surfaces of
blood vessels are generally elongated and aligned in the direction of blood
flow, and it has been suggested that this cellular morphology and orientation
constitute a form of structural adaptation that optimizes EC function [4,5].
Interestingly, in the vicinity of branches and bifurcations where atherosclerotic
lesions preferentially develop, ECs are typically cuboidal and have no preferred
orientation [6]. Thus, understanding the factors that regulate EC shape and
alignment along with elucidating the relationships between EC shape and function
is of great interest.

EC morphology is the result of multiple physical and chemical signals of the
cell microenvironment. One physical factor that is known to regulate EC shape,
cytoskeletal arrangement and consequently cell function is the local flow field
to which the cell’s apical surface is subjected [7,8]. However, even in the absence
of external fluid shear stress, EC shape impacts cellular function, with cyto-
skeletal organization actively regulating immunogenic responses and cellular
migration profiles [9].
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More recently, cell shape and orientation have been shown
to also be modulated by lateral walls that physically constrain
cellular spreading [10,11] as well as by biophysical cues
exerted on the cell’s basal surface via substrate patterns that
impose directional bias to the cells’ focal adhesion (FA) sites
[12–15]. In their in vivo microenvironment, ECs are anchored
to the basement membrane, a specialized extracellular matrix
(ECM) whose surface exhibits nano- to micro-scale topo-
graphic features [16,17]. Mimicking this topography in vitro
has been shown to regulate EC shape and function [18–20].
The capability of controlling EC morphology and orientation
by substrate engineering, combined with an understanding
of form–function relationships, provides exciting opportunities
to optimize the design of vascular grafts and endovascular
devices to ensure improved haemocompatibility and
anti-thrombotic outcomes.

A strategy of substrate patterning for regulating EC shape
and function is the implementation of mosaics of bio-
adhesive motifs on planar surfaces [21]. As an example,
ECM protein islands of controlled size that limit cell spread-
ing have been shown to impact EC proliferation and
chromatin condensation [10,11]. Another strategy involves
anisotropic grated surfaces with feature sizes in the micro-
metre range that regulate EC function through the physical
modulation of adaptor protein recruitment and FA matu-
ration [22–24]. Beyond the in vitro setting, micropatterning
of coronary stents has been shown to favourably influence
EC function in vivo, resulting in decreased neointimal
hyperplasia in a porcine coronary injury model [25].

Despite a plethora of studies aimed at analysing which
types of patterns are most effective in controlling cellular
behaviour, it remains unclear whether or not planar and
topographic patterns of similar dimensions are perceived
similarly by the cells and thus exert their effects on cellular
morphology and function through similar mechanisms. To
address this question, we engineered planar surfaces with
anisotropic patterning in the form of alternating adhesive/
non-adhesive parallel micro-stripes as well as topographic
surfaces in the form of micro-ridges/grooves with similar
feature dimensions, and we explored the effects of these
patterned surfaces on EC elongation, orientation, FA organization
and cytoskeletal assembly.
2. Material and methods
2.1. Preparation of planar micropatterned and

topographic microgrooved substrates
Polydimethylsiloxane (PDMS) surfaces were cast using Sylgard
184 (Dow Corning, Midland, MI, USA). After thoroughly
mixing elastomer base and curing agent at a 10 : 1 weight ratio,
the solution was degassed and the mixture poured into poly-
styrene Petri dishes (Corning, NY, USA) in order to create a
smooth PMDS surface. After curing at 70°C for 1 h, the PDMS
substrates were cut into 35 mm diameter circular sections.
Planar bio-adhesive patterned substrates (µP) containing
alternating 5 µm wide adhesive and 5 µm wide non-adhesive
stripes were produced using the deep UV protein micropattern-
ing method described elsewhere [26]. Briefly, PDMS surfaces
were first activated by exposure to O2 plasma (Harrick Scientific
Products, Pleasantville, NY, USA) for 1 min and then incubated
for 1 h with 0.1 mg ml−1 poly-L-lysine-g-poly(ethyleneglycol)
(PLL(20)-g[3.5]-PEG(2); SuSoS Surface Technology, Dubendorf,
Switzerland) in 10 mM HEPES at pH 7.3 for passivation. After
washing with distilled water, the treated surface was illuminated
with deep UV light (UVO Cleaner; Jelight, Irvine, CA, USA)
through a chromium synthetic quartz photomask (Toppan
Printing, Tokyo, Japan) for 3 min to selectively burn desired
PLL-g-PEG regions.

Microgrooved patterned substrates (µG) were obtained by
replica moulding PDMS on silicon masters. The masters consisted
of a 1.5 cm2 area containing parallel and straight channels with a
groove and ridge width of 5 µm and a depth of 1 µm. Micro-
grooved substrates possessing narrower topographic features
were also produced. In particular, PDMS surfaces with 2 µm
wide ridges and grooves and a 1 µm groove depth (µG-2 µm) as
well as 0.7 µm wide ridges and grooves and a 0.25 µm groove
depth (µG-0.7 µm) were fabricated by means of replica moulding.
Unpatterned smooth PDMS substrates served as controls for all
patterned surfaces. Moreover, to produce microgrooved surfaces
with comparable chemical and mechanical properties to the
planar bio-adhesive patterned surfaces (µG*), µG substrates were
first passivated as described above and then exposed to deep
UV light for 3 min without any photomask. Fluorescent imaging
of PLL(20)-g[3.5]-PEG(2)-FITC was used to assess the effectiveness
of the burning process.

Microcontact printing was used to produce a second category
of microgrooved substrate on which fibronectin adhesive pro-
teins were selectively adsorbed onto the ridges but not onto
the grooves. This yielded a microstructured surface (µG-FnR)
with similar adhesive regions to the µP substrate. To produce
the µG-FnR substrates, a smooth PDMS stamp was immersed
for 1 h at room temperature in a solution containing rhoda-
mine-conjugated fibronectin (Cytoskeleton, Denver, CO, USA)
and bare fibronectin (final concentration of 50 µg ml−1). The
stamp was then air-dried for 10 min at room temperature
before printing fibronectin onto the microgrooved substrates. In
the meantime, the µG surface was activated in UVO Cleaner
for 7 min. The PDMS stamp was carefully placed onto the freshly
cleaned microgrooved substrates for 30 s. Z-scan confocal
microscopy (TCS SP5, Leica Microsystems, Wetzlar, Germany)
was used to confirm the effectiveness of the fibronectin stamping.
2.2. Characterization of bio-adhesive and topographic
patterned substrates

PDMS micropatterned and microgrooved replicas were charac-
terized with an atomic force microscope (AFM; NanoWizard,
JPK Instruments, Berlin, Germany). Images were acquired in con-
tact mode using a silicon nitride tip with a nominal spring
constant of approx. 0.1 N m−1 (MSCT, Bruker, Billerica, MA,
USA). The scanning area was set at 50 × 50 µm, and images
were recorded at a line-scan rate of 1 Hz in air at room tempera-
ture. At least three independent imaging scans were obtained for
each sample. The mechanical properties of µP, µG and µG* pat-
terned surfaces were measured using the same AFM but with
a tip that has a nominal spring constant of approximately
0.6 N m−1 (MSCT). For the microgrooved surfaces, the AFM
measurements were made on both the groove and ridge surfaces.
Young’s modulus (E) values were calculated from each force–
displacement curve within a force map using the data analysis
software JPKSPM Data Processing. The Hertz model was used
to calculate Young’s modulus for every force curve.

Contact angle (CA) measurements were performed to ana-
lyse wettability of all patterned and control substrates. In total,
50 µl of MilliQ water was dropped onto the substrates, and
images for all tested conditions were acquired using a Photron
Fastcam Mini UX100 camera with a 105 mm objective. For
every water drop, five images were recorded and analysed
with Fiji software [27].
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2.3. Cell culture
Bovine aortic ECs (BAECs; Cell Applications, San Diego, CA,
USA) in passages four to eight were cultured in complete
Bovine Endothelial Cell Growth Medium (Cell Applications) at
37°C in a humidified atmosphere of 95% air and 5% CO2; the cul-
ture medium was changed every 2 days. After 3 days of culture,
cells were detached with trypsin (Gibco, Thermo Fisher Scienti-
fic, Waltham, MA, USA) and seeded on all patterned and
control substrates at a density of 2 × 103 cells cm−2. Prior to cell
seeding, all patterned and control substrates were incubated for
1 h with 50 µg ml−1 fibronectin solution (Sigma-Aldrich,
St. Louis, MO, USA) at room temperature.
 /rsif
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2.4. Immunofluorescence
Cells cultured on all patterned and control substrates were fixed
at 2 and 24 h after seeding with 4% paraformaldehyde (Alfa
Aesar-Thermo Fisher, Karlsruhe, Germany) in PBS for 15 min.
The cells were then permeabilized with 0.1% Triton X-100
(Sigma Aldrich-Merck KGaA, Darmstadt, Germany) in 1× PBS
(TPBS). Samples were blocked in 3% bovine serum albumin in
PBS (Sigma-Aldrich) for 1 h to avoid non-specific binding. FAs
were labelled by incubating samples with an anti-vinculin mono-
clonal antibody (dilution 1 : 800, Sigma-Aldrich) for 1 h at 20°C.
After incubation, substrates were washed three times with
TPBS (3 min per wash) and incubated with Alexa Fluor 488-
conjugated goat anti-mouse antibody (dilution 1 : 800; Jackson
ImmunoResearch Inc., West Grove, PA, USA) for 1 h at 20°C.
Actin filaments were stained by incubating samples with Alexa
Fluor™ 594 or 633 phalloidin (dilution 1 : 250; ThermoFisher
Scientific) for 1 h at 20°C. Samples were thoroughly rinsed in
PBS and mounted on glass slides by using mounting media
(Sigma-Aldrich). Fluorescent images of FAs and actin bundles
were collected with a Leica TCS SP5 confocal microscope
(Leica Microsystems). Samples were excited at 488 nm (vinculin)
and 640 (actin), and the emissions were collected in the
500–530 nm and 660–690 nm ranges, respectively. Epifluorescent
images were acquired using a Ti-U Eclipse inverted microscope
(Nikon, Tokyo, Japan) which was equipped with an Orca Flash
4.0 camera (Hamamatsu, Shizuoka, Japan).
2.5. Image analysis
To assess cell elongation and orientation, epifluorescent images
of TRITC phalloidin-stained cells were analysed with the
MomentMacroJ v.1.3 script (hopkinsmedicine.org/fae/mmacro.
htm) run in Fiji. Briefly, the macro calculates the second
moment of area of grey scale images. For our purposes, we eval-
uated the principal moments of inertia (i.e. maximum and
minimum), and we defined the cell elongation index (E.I.) as
the ratio of the principal moments (maximum/minimum). Cell
orientation was defined as the angle that the principal axis of
inertia formed with a reference axis defined as the pattern direc-
tion for patterned substrates and the horizontal axis for control
substrates.

Morphometric analysis (area, length and orientation) of FAs
was performed in Fiji. Confocal digital images of FAs were first
processed using the ‘blur’ command by following a modified
version of the procedure proposed by Maruoka et al. [28]. Blurred
images were subtracted from the original images using the image
calculator command. The images were further processed with
the ‘threshold’ command to obtain binary images. Pixel noise
was eliminated using the ‘erode’ command and then particle
analysis was performed in order to extract the morphometric
descriptors. Only FAs whose area was above 0.5 µm2 were
included in the statistical analysis. Vinculin fluorescence inten-
sity distribution on the different substrates was calculated
using Fiji software.
2.6. Statistical analysis
Experiments were performed twice or three times at different
time points. All data were expressed as mean ± s.e.m. Statistical
comparison of EC morphology and FA features obtained on all
patterned and control substrates were performed by ANOVA
followed by the Tukey post-hoc analysis. A p-value < 0.05
was considered statistically significant. Statistical analysis
on Young’s modulus distributions was performed with the
Kruskal−Wallis test in Matlab.

3. Results and discussion
3.1. Bio-adhesive and topographic patterned surfaces

have similar effects on cellular alignment but not
on cellular elongation

Previous studies have demonstrated that EC orientation is
strongly responsive to substrate gratings, particularly in the
1–5 µm range. For instance, EC alignment is significantly
enhanced when cells are cultured on microtopographies
with 4–5 µm wide ridges/grooves and groove depths of
1–5 µm [29,30]. Here, we wish to specifically determine
whether ECs respond similarly to planar versus topographic
substrates with identical dimensions; thus, the scientific
question of interest is whether the three-dimensional
nature of a topographic patterned substrate per se leads to a
different cytoskeletal organization (and by extension cellular
elongation and alignment) from that induced by a two-
dimensional (planar) substrate with the same pattern
dimensions. In the light of the observations cited above on
the effect of pattern dimensions on EC alignment [29,30],
we opted for µP substrates consisting of 5 µm wide adhesive
stripes separated by 5 µm wide PLL-PEG non-adhesive
stripes and µG substrates possessing 5 µm wide ridge/
groove micrograted surfaces with a groove depth of 1 µm.
These dimensions ensured that the cells interacted with the
grooves of the µG substrates and thus were able to sample
the entire adhesive surface area available.

We used atomic force microscopy to verify the fidelity of
the micropatterning and replica moulding processes. The
measurements on µP surfaces demonstrated that deep UV
irradiation of PEG-coated PDMS surfaces using the appropri-
ate chrome mask was indeed effective in producing 5 µm
wide PEG anti-adhesive stripes alternating with 5 µm wide
non-functionalized stripes (figure 1a). The measurements
also revealed a height difference between fibronectin and
PLL-PEG stripes of approximately 45 nm. Since Franco et al.
reported that a minimum groove depth of 0.6 µm is needed
for ECs to exert contact guidance (in terms of elongation
and alignment) [23], it is highly unlikely that ECs on our
µP substrates were able to perceive a topographic effect due
to the fibronectin molecular monolayer. For the microgrooved
substrates, we measured groove and ridgewidths of 5.6 ± 0.1 µm
and 4.4 ± 0.1 µm, respectively, and a groove depth of 1 µm
(figure 1b). Surface coating with fibronectin was used to promote
EC-substrate adhesion. As expected, while fibronectin localized
exclusively to the adhesive stripes of the µP surfaces (figure 1c),
three-dimensional reconstruction of confocal images demon-
strated that fibronectin was present on the surfaces of both the
ridges and grooves of the µG substrates (figure 1d).

To elucidate the effect of bio-adhesive and topographic
patterns on cell morphology and orientation, ECs were cul-
tured on both the patterned surfaces and control substrates
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Figure 1. Bio-adhesive and topographic patterned surface characterization: atomic force microscopy images of (a) µP substrates and (b) µG substrates. The 5 µm
wide dark stripes represent the adhesive stripes (a) and the groove surfaces (b), while the 5 µm wide orange stripes represent the PLL-PEG anti-adhesive areas
(a, thickness 45 nm) and the ridge surfaces (b, depth = 1 µm). Scale bar is 10 µm. (c) Epifluorescent images of FITC-PLL-PEG (green) and rhodamine-fibronectin
(red) coated µP surfaces. Scale bar is 10 µm. (d ) Three-dimensional reconstruction of z-scanning confocal microscopy images of µG surface coated with rhodamine-
fibronectin (red). (Online version in colour.)

royalsocietypublishing.org/journal/rsif
J.R.Soc.Interface

16:20190263

4

for both short (2 h) and long (24 h) time periods. Figure 2a–f
depicts representative confocal microscopy images of ECs on
the various surfaces, and it shows marked differences
between ECs seeded on patterned and unpatterned (control)
substrates. More specifically, ECs on unpatterned substrates
assumed a polygonal shape with thick and randomly
oriented actin stress fibres at both 2 and 24 h after seeding.
Conversely, ECs cultured on µP substrates possessed a
spindle-like morphology with bundles of stress fibres well
aligned in the pattern direction. On µG surfaces, ECs dis-
played morphologies that were intermediate between the
µP and unpatterned cases.

To quantify how substrate patterning affected EC orien-
tation, we first determined the angle between the cell major
axis and either the pattern direction (for patterned surfaces)
or the horizontal axis for unpatterned surfaces (figure 2g).
ECs had an average angle of 43.0 ± 3.1° on unpatterned sur-
faces, consistent with randomly oriented cells as expected.
Conversely, the bio-adhesive and topographic patterns pro-
vided a clear directional cue for cell alignment with the cell
polarization axis at 2 h after seeding forming an angle relative
to the pattern direction of 6.9 ± 0.8° and 9.3 ± 1.7° for the µP
and µG substrates, respectively. The orientation did not
change significantly at longer culture times, suggesting that
EC alignment in the direction of the pattern develops rapidly.

Unlike their effect on cellular alignment, bio-adhesive and
topographic patterned surfaces modulated EC morphology
very differently (figure 2h). µP surfaces promoted marked cel-
lular elongation, as quantified by the ratio of the principal
moments of area of the cells, even after only 2 h of seeding
(E.I. = 22.3 ± 3.5). This value decreased slightly, but not signifi-
cantly, 24 h after seeding (E.I. = 18.9 ± 3.1), suggesting that µP
substrates provided a rapid and efficient signal for cellular
elongation. Conversely, ECs seeded on µG substrates exhibited
a rather polygonal shape with E.I. values that were not statisti-
cally different from those observed on control unpatterned
surfaces (E.I. = 5.8 ± 0.4 and 3.7 ± 0.4, respectively; p > 0.05).
These data indicate that while planar bio-adhesive and topo-
graphic patterned surfaces similarly induce EC alignment,
they have markedly different effects on cellular elongation.

3.2. Surface wettability and stiffness do not drive
pattern-induced EC elongation

Chemical and mechanical properties of the substrate deeply
impact cellular adhesion and spreading [31]. To determine
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Figure 2. Bio-adhesive and topographic patterned surfaces have markedly different effects on cellular elongation: actin cytoskeleton confocal images of BAECs
cultured on unpatterned control (a,d), µP (b,e) and µG (c,f ) surfaces for 2 h (a–c) or 24 h (d–f ). Scale bar is 10 µm. Cell orientation (g) and cell elongation
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whether these properties synergized with surface patterning
to drive the orientation and elongation of ECs, we first
used water contact angle (CA) measurements to characterize
the wettability of the µP and µG surfaces (electronic sup-
plementary material, figure S1). The µG and unpatterned
substrates were hydrophobic, with CA values of 92.0 ± 9.1°
and 94.0 ± 8.9°, respectively (figure 3a). Chemical patterning
(i.e. deep UV illumination) significantly reduced the hydro-
phobicity of the substrate, with the µP substrate exhibiting
a CA of 68.5 ± 2.3°. We also measured the stiffness of the var-
ious substrates using an AFM. The measurements revealed
that the µG and unpatterned substrates had significantly
lower Young’s modulus values (4.3 ± 0.9 MPa) than the µP
substrates (31.8 ± 4.5 MPa). Since plasma surface treatment
is required in order to graft PLL-PEG onto PDMS, we
explored if the difference in surface wettability and substrate
stiffness between the µP and µG substrates was attributable
to this specific phase of the micropatterning process [32]. To
this end, we produced microgrooved PDMS (µG*) and corre-
sponding unpatterned control (Un*) substrates that had
similar plasma/UV exposure to the µP substrate. FITC-PEG
was employed in order to visualize the fluorescent signal
before and after UV irradiation (electronic supplementary
material, figure S2). As shown in figure 3a,b, the µG* and
Un* substrates were more hydrophilic (CA values of 65.5 ± 7°
and 52.6 ± 3°, respectively) and stiffer (Young’s moduli of
37.1 ± 1.7 MPa and 47.3 ± 4.5 MPa, respectively) than their
untreated counterparts. These results demonstrate that the
µG* and Un* surfaces possessed comparable chemical and
mechanical properties to those of the µP substrates.

We next tested the effect of the surface chemical and
mechanical modifications induced by UV illumination on
EC orientation and elongation. ECs cultured on Un* sub-
strates were randomly oriented and had a similar E.I. to
cells on control unpatterned surfaces (figure 3c,d). Further-
more, cellular orientation and elongation on the µG*
substrate were comparable to those on the µG surface
(figure 3c,d). These results suggest that the difference
observed in cell elongation between ECs seeded on µP and
µG surfaces (figure 2h) is not due to the chemical/mechanical
surface properties but is rather attributable to other factors
that drive the cellular elongation process.
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3.3. Bio-adhesive and topographic patterned surfaces
have different effects on focal adhesion maturation
and clustering

FAs are important regulators of cell-material crosstalk [33,34].
In fact, FA plaques constitute the mechanical link between the
extracellular environment and the intracellular actin cytoskele-
ton with the adaptor protein vinculin enabling FA maturation
and assuming a pivotal role in the maintenance of monolayer
integrity [22–37]. We had previously demonstrated that topo-
graphic features in the form of nano- and micrograted
adhesive surfaces provide a directional cue for the maturation
of FAs in a specific direction, ultimately affecting cytoskeletal
assembly and global cellular orientation [13]. We hypothesized
that differences in FA clustering and maturation may explain
the observed differences in how ECs perceive the µP and µG
patterned surfaces (cf. figure 2h). To test this hypothesis, we
analysed specific geometric features of FAs at late culture
times (24 h after seeding) on all patterned and control surfaces.
Confocal images of vinculin-labelled ECs revealed marked
morphological differences between FAs on the planar
bio-adhesive surfaces and those on the topographic patterned
surfaces (figure 4). More specifically, ECs cultured on µP sub-
strates formed significantly larger and longer FAs than on
either µG or control substrates (figure 4a,b). While FAs were
randomly oriented (average angle of 40.6 ± 0.7°) on control
substrates, they were significantly more aligned in the
direction of the pattern on both the µP and µG substrates
(average angles of 20.1 ± 0.7° and 29.7 ± 0.9°, respectively;
p < 0.05; figure 4c). These data demonstrate that although the
fibronectin stripes on µP and microgrooved patterned surfaces
are sufficiently wide (5 µm) to not exert significant confine-
ment effects on FAs, they do orient FAs and guide their
growth in a specific direction.
We also analysed the spatial distribution of FAs on the
patterned and control substrates in order to elucidate the
potential effect of planar bio-adhesive and topographic
patterning on FA clustering. As expected, no particular FA
distribution was observed on unpatterned substrates
(figure 4d ). When ECs were cultured on µP substrates,
most of the mature FAs localized to the boundaries between
the adhesive and non-adhesive zones (figure 4e). Conversely,
FAs on µG substrates displayed a more heterogeneous
distribution with localization both at the edges of the ridges
and in the central regions of the grooves (figure 4f ).

To further characterize the spatial assembly of FAs, we
performed three-dimensional reconstruction of confocal
images of the grooves and ridges of µG patterned surfaces.
Although the majority of FAs were present on the ridges,
FAs on the groove surfaces were larger, longer and highly
aligned in the pattern direction (figure 5a–c). Thus, although
the 5 µm width of the grooves was sufficiently large to not
confer significant physical confinement on FAs, the grooves
appear to play an important role in promoting FA anisotropic
maturation. The cell membrane suspended on the ridge top
can thus deform sufficiently to make contact with the
groove surface. As in a 3-point bending test of an elastic
shell, the most efficient mode of deformation is by applying
a force half way down the shell span; thus, it may be that
anchoring the cell membrane at the groove centre would
cause a membrane tension sufficiently low to be resisted by
FAs. In fact, the longest FAs on the groove surface were
observed near the centre of the groove. Deviations from this
condition would require the cell membrane to display a
much higher curvature, hence exerting higher tensions. The
presence of the ridge edges reduced but did not abolish the
possibility of ECs to ‘climb up’ the ridge walls and form
FAs on the ridge surface. Altogether these data show that
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the presence of the microgroove side walls promotes the
maturation of FAs in the central region of the groove and
guides their growth preferentially along the pattern direction
(figure 5d ). By contrast, FAs on the ridges have sufficient
space to mature and to orient in a wider range of directions.

In order to determine whether the geometric features of
the topographic pattern enabled sufficient membrane defor-
mation to allow FA formation on the groove surface, we
cultured ECs on µG-2 µm (with groove depth of 1 µm) and
µG-0.7 µm (groove depth of 0.25 µm) surfaces. In these
cases, FAs were only visible on the ridges (electronic sup-
plementary material, figure S3), suggesting that the 5 µm
width of the topographic features of the µG surface was suf-
ficiently large to allow FA access to the groove surface but
that significantly narrower ridges preclude such access.
Based on these findings, we propose that the interactions
occurring inside the groove are responsible for the formation
of aligned FAs, providing a powerful stimulus for the alignment
of ECs along the microgroove direction.

3.4. Adhesive protein distribution drives cellular
elongation

The evidence reported so far suggests that the 5 µm wide
and 1 µm deep grooves enable the formation of long and
aligned FAs that further stabilize EC elongation and orien-
tation along the pattern direction. However, why ECs on
µG substrates are significantly less elongated than on µP
surfaces (cf. figure 2h) is still unclear. As already shown
(cf. figure 1d ), fibronectin adsorbed to the entire µG surface,
with the fluorescent signal detected on both the ridges and
the grooves. Thus, on µG substrates the surface area
available for the establishment of mature FAs was approxi-
mately twice that of µP substrates in which PLL-PEG lines
prevented the formation of FAs. We used micro-contact
printing to fabricate a three-dimensional topographic pat-
tern with an adhesive area comparable to that of µP
substrates, termed µG-FnR, where fibronectin was selec-
tively adsorbed on the ridge (but not the groove) as
confirmed by three-dimensional reconstruction of confocal
microscopy images (electronic supplementary material,
figure S4). ECs cultured on µG-FnR substrates were more
aligned along the pattern direction (angle of 3.8 ± 0.5°) than
those on either µP or µG surfaces (figure 6b). Importantly,
ECs on µG-FnR substrates were even more elongated than
those on µP surfaces (figure 6c).

Because the µG-FnR substrate was effective in elongating
ECs and since FAs on the µP substrate clustered at the bound-
aries between the adhesive and non-adhesive zones, we
hypothesized that FAs on the µG-FnR surface preferentially
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localize to the edges of the ridges. To test this hypothesis, we
analysed confocal microscopy images and confirmed that
FAs formed only on the ridges but not in the grooves
(figure 6a). Moreover, we observed that ECs formed longer
and larger FAs on the µG-FnR substrates than on the µG sub-
strates, with average values not statistically different from
those on µP substrates (figure 6d,e). Abolishing FA formation
in the grooves resulted in FAs on the ridges that were even
more aligned along the pattern direction (15.1 ± 0.6°) than
those in all other tested conditions (figure 6f ). These findings
strongly suggest that the FA clustering that occurs with alter-
nating adhesive and non-adhesive zones of appropriate
dimensions promotes EC elongation along a particular direc-
tion. In support of this notion, a similar FA organization was
observed when ECs were cultured on µG-2 µm substrates
and the resulting elongation index was not significantly
different from that observed on the µG-FnR surfaces
(28.0 ± 7.7 versus 33.3 ± 3.7; p > 0.05; electronic supplemen-
tary material, figure S5). These results suggest that once the
cellular interaction with the groove surface is abrogated by
engineering the adhesive properties of topographic patterned
surfaces, the maturation of FAs is tuned to accommodate the
areas available for cell adhesion and FA formation. Finally,
FAs on the µG-FnR surfaces localized preferentially along
the edges of the adhesive ridges (figure 6g), thus confirming
our hypothesis that EC morphology and orientation are
driven by the localization and clustering of FAs. To recapitu-
late, table 1 provides a general summary of the findings
of the effects of the various surfaces on EC elongation and
alignment.
3.5. Bio-adhesive and topographic patterned surfaces
impact stress fibre assembly differently

The actin cytoskeleton is a critical regulator of EC function. A
particularly interesting observation is that actin stress fibre
alignment has a protective effect on ECs challenged with a
pro-inflammatory stimulus even in the absence of external
fluid shear stress [9]. Since FAs act to organize actin stress
fibres in cells, we expect that the observed differences in FA
size and clustering between planar bio-adhesive and topo-
graphic patterned substrates would lead to differences in
stress fibre assembly and organization. We used confocal
microscopy to visualize the spatial distribution of actin fila-
ments in ECs cultured on all the different surfaces. In ECs
cultured on unpatterned substrates, stress fibres exhibited a
random spatial orientation with dense peripheral actin micro-
filament bundles (cf. figure 2a,d), typical of ECs cultured
under static (no flow) conditions [38]. As shown in figure 7a,
µP substrates provided guidance for the assembly of the actin
network. More specifically, along the EC basal plane, we
observed bundles of actin fibres running parallel to the pat-
tern direction over a large portion of the cell body. These
actin bundles were always detected in between adjacent
fibronectin stripes, bridging FAs located at the borders of
neighbouring adhesive areas. Additionally, in most of the
cases, the leading edge of the EC body protruded in the
direction of the pattern, with well-defined cortical actin per-
fectly retracing the contour of the adhesive stripes. On the
other hand, when ECs were cultured on µG surfaces, confo-
cal z-stack imaging revealed the existence of two families of
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stress fibres possessing different spatial arrangements: stress
fibres on the ridges did not exhibit any clear spatial organ-
ization, whereas stress fibres inside the grooves formed
highly packed bundles oriented in the pattern direction
(figure 7b,c). These bundles were associated with the long
and well-aligned FAs detected inside the groove, suggesting
that the groove surface provided a potent directional gui-
dance for the maturation and spatial organization of stress
fibres. When ECs were cultured on µG-FnR surfaces in
which the groove was no longer accessible for adhesion,
the actin network arrangement had several similarities to
that observed in cells on µP substrates, most notably the
presence between adjacent adhesive ridges of suspended
thick stress fibre bundles running along the cell body
(figure 7d ). These bundles connected FAs located at the
boundaries of neighbouring adhesive ridges and thus
presumably formed suspended bridges between adjacent
ridges.
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Table 1. Effects of patterned surfaces on EC alignment and elongation.

alignment elongation

µP yes yes

µG yes no

µG* yes no

µG-FnR yes yes

µG_2 µm yes yes
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A question arises as to how the interplay between FA
clustering and stress fibre assembly promotes cellular
elongation. One possibility is that the structural reinforce-
ment provided by contractile stress fibre cables that run
laterally over the non-adhesive stripes reduces the capacity
of ECs to extend orthogonal to the pattern direction. Théry
et al. suggested that stress fibre cable reinforcement over
non-adhesive zones is directly due to the transmission of
membrane tension to the stress fibres while the attachments
along the adhesive edges may reduce the inward pulling of
the membrane on the actin cables as well as provide local
relays that reduce cable tension [39]. A second possibility
resides in the dynamic nature of FAs, which can glide on
surfaces under the effect of traction forces in a sort of tread-
milling mechanism [40]. FAs lying on the very same ridge
or stripe and connected to a stress fibre may eventually
come close to each other and collapse. If FAs are separated
by a non-conducive region such as grooves or cell-repellant
stripes, the inhibition of movement of FAs in close proximity
to the adhesive region edges resists stress fibre contraction,
ultimately stabilizing FA–stress fibre assembly.

To further investigate whether the peculiar FA/stress
fibre organization described above provides a stimulus for
EC elongation in the direction of the pattern, we treated
ECs with blebbistatin (10 mM for 24 h) which inhibits cell
tail retraction and has been reported to induce dramatic
elongation of the posterior region of the cell [41]. After
treatment with blebbistatin, ECs cultured on unpatterned
substrates assumed a dendritic-like morphology with
particularly prominent F-actin staining along cell borders
(figure 8a). Stress fibres could still be observed throughout
the cytoplasm, suggesting that the concentration of blebbista-
tin used here did not completely abolish stress fibre
formation. As expected, ECs remained randomly oriented
but were more elongated relative to untreated cells (figure 8e).
Surprisingly, for ECs on the µP and µG-FnR substrates,
blebbistatin treatment had no effect on cell alignment or
elongation (figure 8b,d–f ). Even though narrow cellular
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processes appeared after blebbistatin treatment, a dense
meshwork of well-aligned fibres was still present in the
central part of the EC body. Interestingly, ECs on the µG sub-
strates were particularly sensitive to blebbistatin treatment
with a marked increase in cellular elongation following
drug treatment (E.I. values of 22.2 ± 3.1 for blebbistatin-
treated ECs versus 5.8 ± 0.4 for untreated cells; figure 8c,f ).
Furthermore, z-stack confocal imaging demonstrated that
blebbistain treatment affected FAs on the ridges differently
from those in the grooves. More specifically, even if small
FAs were still present along the extreme cell periphery and
associated with spikes and processes, mature FAs were
mostly observed along the edges of the ridges and inside
the grooves (electronic supplementary material, figure S6).
Larger and well-aligned FAs associated with thick bundles
of actin stress fibres were detected inside the groove,
suggesting a role for surface recesses in preserving FAs and
actin fibre network assembly.

4. Conclusion
In the present work, we explored how vascular ECs perceive
planar bio-adhesive and topographic patterned surfaces, and
we investigated the mechanisms by which patterned surfaces
regulate cellular elongation and alignment. These two physical
attributes have been shown to regulate immunogenic gene
expression and function and may act synergistically with
fluid shear stress to create an EC surface with reduced suscep-
tibility to inflammation [9]. We found that while µP and µG
patterned substrates are equally effective in inducing EC align-
ment, cellular elongation was considerably more prominent on
the µP substrates. We also determined that the mechanism by
which planar bio-adhesive and topographic patterned
substrates modulate cellular morphology involves the effect
of these substrates on FA clustering and subsequent cyto-
skeletal organization. More specifically, we found that on
planar bio-adhesive surfaces, FA localization to the boundaries
between the adhesive and non-adhesive zones drives ECs
elongation along the pattern direction. On the other hand,
on microgrooved topographic surfaces, the availability of the
groove surface to FA formation plays a critical role in deter-
mining EC morphology, reducing the elongation with respect
to bio-adhesive patterned surfaces. However, once the cellular
interaction with the groove surface is abrogated by engineering
the adhesive properties of the topographic patterned surface,
FAs localize preferentially along the edges of the adhesive
ridges and promote extensive EC elongation, thus confirming
our hypothesis that EC morphology and orientation are driven
by the localization and clustering of FAs. Changes in cell
morphology and orientation might not be the only cellular
characteristics affected by adhesion patterning through micro-
printing or surface topography. Complex biochemical
pathways can also be affected and/or regulated by differences
in the organization of FAs or cytoskeletal structures. In the
case of endothelia, recent literature has highlighted the inter-
play between cytoskeletal components and the dynamics of
the VEGF receptor VEGFR-2. Notably, inhibition of actin fila-
ments causes signalling disruption of the ERK1/2 pathway
[42]. Indeed, substrates that alter cytoskeletal maturation and
arrangement profoundly affect VEGFR-2 internalization and
hence ERK1/2 phosphorylation [43]. In the light of these
associations, the notion that surface pattern designs may
turn specific signalling pathways on or off certainly merits
future investigation.

Finally, the present results provide novel insight into the
effects of substrate biophysical cues on EC behaviour and
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promise to inform strategies aimed at optimizing the per-
formance of the surfaces of implantable cardiovascular
devices. We speculate that embossing or printing-specific
micropatterns on the luminal surface of an implanted endo-
vascular device might coax ECs that ultimately cover the
device to acquire an elongated and aligned morphology
that may be associated with a cellular phenotype that is
less susceptible to inflammation, thus improving the biocom-
patibility and potentially the patency of the device. In
support of this notion, recent work has described a micropat-
terned coronary stent that appears to be associated with
decreased neointimal hyperplasia in a porcine coronary
injury model [25]. It should be emphasized, however, that
the microfabrication technologies and chemical functionaliza-
tion strategies need to be carefully optimized in order to
ensure the long-term stability of adhesive patterns in the
complex in vivo environment.
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