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Abstract
In the vascular niche, the extracellular matrix (ECM) provides a structural scaffold with a rich
ligand landscape of essential matrix proteins that supports the organization and stabilization of
endothelial cells (ECs) into functional blood vessels. Many of the physical interactions between
ECs and macromolecular components of the ECM occur at both the micron and sub-micron scale.
In addition, the elasticity of the ECM has been shown to be a critical factor in the progress of the
angiogenic cascade. Here we sought to determine the effect of substrate topography and elasticity
(stiffness) on EC behavior. Utilizing a unique SiO2 substrate with an array of micropillars, we first
demonstrate that micropillars with heights >3 μm significantly decrease EC adhesion and
spreading. Fibronectin (Fn) patterning onf 1 μm high micropillars enabled EC adhesion onto the
micropillars and promoted alignment in a single-cell chain manner. We then developed a robust
method to generate a soft micropillar substrate array made of polydimethylsiloxane (PDMS),
similar to the SiO2 substrate. Finally, we examined the kinetics of EC adhesion and spreading on
the soft PDMS substrates compared to the stiff SiO2 substrates. Cell culturing on the PDMS
substrates demonstrated an enhanced EC elongation and alignment when compared to stiff SiO2
with similar topographical features. We conclude that the elongation and alignment of ECs is co-
regulated by substrate topography and stiffness and can be harnessed to guide vascular
organization.

Introduction
The extracellular matrix (ECM) is a complex and heterogenic structure, presenting a myriad
of instructive biochemical cues throughout a rich topographical architecture to influence cell
behavior, and play an integral role in the regulation of vascular morphogenesis.1 Although
ECM is prevalent throughout the body, specific composition, function, and matrix elasticity2

of ECM components is entirely tissue dependent. A critical function of the vascular ECM is
to provide a structural scaffold with a ligand landscape of essential matrix proteins that
supports the organization and stabilization of endothelial cells (ECs) into functional blood
vessels.3 Cellular interactions with the ECM, through both physical and biochemical
signaling events, influence fundamental EC functions and regulate the process of
angiogenesis.

Many of the physical interactions between ECs and macromolecular components of the
ECM, including collagens and fibronectin, occur at the micron and sub-micron scale. As the
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most abundant ECM component, collagen monomers are within the nanoscale regime,
approximately 300 nm in width and 1.5 nm in diameter.4,5 When forming self-assembled
fibrillar structures, collagen molecules extend several micrometers in length and hundreds of
nanometers in diameter.6 Soluble fibronectin (Fn) is secreted by cells with a diameter of 2
nm and lengths of 100 nm7 and assembles into a fibrillar network.8 The ECM provides these
topographical guidance cues, which play important roles in regulating cell behavior.9-15

Cells interact with nanometer-sized ECM molecules,10,16 and adhesion to the ECM initiates
the first step of angiogenesis, regulating EC migration and proliferation.17-19

Elasticity of the ECM is a critical factor in the angiogenic cascade. Substrate stiffness has
been reported to be influential in regulating cell-cell adhesion20 and inducing morphological
changes.2,21 Alterations in matrix mechanics and biochemical signaling affect the binding
affinity of EC mechanotransducing integrins and ECM ligands,22 moderating cell adhesion
kinetics to the matrix through the formation of focal adhesion complexes23 and
rearrangement of the cytoskeleton.24 Extracellular matrix stiffness influences EC
interactions with the matrix, modulating necessary aspects of vessel formation, including
cell migration and matrix remodeling.25 Recently, matrices with a compliant elasticity have
been reported to stimulate the self-assembly of ECs into network structures in vitro,26,27

while substrates with a higher elastic modulus, or a more stiff matrix, had decreased network
formation.28,29

With advancements in micro- and nanotechnology, recent studies have fabricated micro- and
nanoscale substrates, with topographical and elasticity components to analyze adhesion,
proliferation, and migration properties of cells.30-32 Specifically, polydimethylsiloxane
(PDMS) micropillars, channels, and ridges can be fabricated to more closely mimic
physiologically-relevant mechanical properties, and be used to validate the critical
involvement of environmental elasticity on cell functions,31-32 found to occur through
micromechanical cell forces.31,33 These substrates have shown both enhanced EC
alignment,14 elongation,34 and structure formation,32 and also weak EC alignment and
migration.35 Sub-micron (<1 μm, but greater than 100 nm) scale substrates have been shown
to increase EC adhesion,34,36-38 migration,14 and orientation.39 For example, Bettinger et al.
demonstrated the response of endothelial progenitor cells (EPCs) on soft PDMS
nanotopographical substrates.32 Their results demonstrate alignment, elongation, and
enhanced migration on periodic nano grooves, and organized capillary-like structure
formation. Contrasting studies have shown that nanometer-scaled surfaces result in weak
alignment and adhesion of human artery ECs,35 but increased adhesion and proliferation of
mouse ECs.40 A study of nano-structured substrates have elicited increased proliferation41

and motile phenotype expression in bovine ECs,42 and induced differentiation of
mesenchymal stem cells to endothelial lineage.40 Furthermore, EC spreading and alignment
is enhanced on topographies with 1 μm dimensions.30 However, in all cases there is
inconclusive data demonstrating the exact dimensional and stiffness influence on endothelial
cellular behavior. Therefore, the development of combinatorial arrays to determine the
influence of topographical features on specific cellular functions has become an emergent
field of research.43-45

Our previous work demonstrated that patterning Fn in specific dimensions and spacing on
flat surfaces led to the ordered adhesion of human endothelial progenitor cells (EPCs) and
unidirectional tube formation in 3D.46 Here, we determine the combinatorial effects of
topography and elasticity (stiffness) cues on EC behavior. Utilizing a SiO2 substrate with
arrays of micropillars, we first determined the topographical features that support adhesion
of ECs. Utilizing Fn patterning, we further directed the EC attachment onto such
topographical features. We then developed a robust method to generate soft micropillar
substrates made of PDMS, with arrays of micropillars similar to the SiO2 substrate. Finally,
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we examined the kinetics of EC adhesion and spreading on the soft PDMS substrates
compared to the stiff SiO2 substrates.

Experimental
Micropillar substrate fabrication

SiO2 micropillars—A 6-μm layer of low-temperature oxide was deposited on 200 mm
standard Si wafers. After a sintering step at 455°C, standard I-line lithography was used to
define the micropillar arrays. Micropillar arrays ranged from 1-5.6 μm in diameter, with the
spacing between micropillars ranging from 0.6-15 μm. Next, a timed reactive ion etch was
performed in order to create the micropillar height. Final micropillar heights were 1, 3, 6, or
8 μm. Wafers were then diced, and the remaining resist was removed by submerging
substrates in a 3:1 (v/v) H2SO4:H2O2 solution for 15 min.

PDMS micropillars—Polydimethylsiloxane micropillar substrates were fabricated using
an established replicamolding technique.33 First, a negative of the original SiO2 micropillar
substrate was made. Polydimethylsiloxane prepolymer solution and curing agent was
prepared in a 10:2 (w/w) ratio (Sylgard, Dow Corning) and poured over a Si master of the
original micropillar structures composed of photoresist, and cured for 24 h at 25°C. Negative
PDMS substrates were submerged in acetone, and subsequently peeled apart. To make the
positive PDMS micropillar substrates, a 10:1 (w/w) ratio of PDMS prepolymer solution and
curing agent was poured over the negative PDMS substrates, cured for 24 h at 25°C, and
peeled in the presence of ethanol. Samples were stored in 100% ethanol until use.

Fn patterning on SiO2 and PDMS micropillar substrates
First, SiO2 substrates were cleaned using a solution of sulfuric acid (OM Group) and
hydrogen peroxide (Honeywell) (3:1 v/v) for 15 minutes, rinsed in 100% ethanol and de-
ionized water, and then dried with N2. Then, both SiO2 and PDMS substrates were subjected
to oxygen ozone treatment (15 min for SiO2 substrates, 30 min for PDMS substrates)
(Jelight, Irvine, CA). Following this surface treatment, substrates were immediately
immersed in a 2% (v/v) solution of 11-(triethoxysilyl)undecanal (TESU, MW 332.56,
ABCR, Karlsruhe, Germany) in 95% (v/v) ethanol with 200 μL acetic acid, and allowed to
react for 5 min. Substrates were then rinsed with 100% ethanol, dried with N2, and heated in
an oven for at least 15 min at 110°C. Thereafter, TESU-coated substrates were sterilized in
100% ethanol and introduced to a tissue culture hood. All subsequent steps were performed
under sterile conditions. Polydimethylsiloxane microcontact printing stamps, with striped
features of 40 μm widths, were rinsed with ethanol and dried with N2. A 50 μg/ml solution
of Fn in PBS was pipetted on top of the stamp for 1 min. Excess Fn solution was removed,
and the PDMS stamp was dried with N2 and immediately held in contact with the substrate
for 1 min. After stamping, patterned substrates were submerged in cyanoborohydride
(CNBH, Sigma) for 10 min, followed by ethanolamine (Sigma, 1 M in H2O, pH 8.5) for 10
min, and three rinses in PBS.

Cell culture
Expansion—Human endothelial colony forming cells (ECFCs, passages 1-10, Lonza,
Walkersville, MD) were cultured in endothelial growth medium (EGM-2, Lonza) according
to manufacturer’s instructions. Human umbilical vein endothelial cells (HUVECs, passages
1-6, Lonza) were maintained in endothelial growth medium (EGM, Lonza). Both cell types
were cultured in a humidified incubator at 37°C in an atmosphere containing 5% CO2, with
media renewal every other day. Cells were passaged every 3-4 days with 0.05% trypsin/
0.1% ethylenediaminetetraacetic acid (EDTA, Invitrogen, Carlsbad, CA).
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Culture on Fn patterned SiO2 and PDMS micropillar substrates—Human ECFCs
and HUVECs were grown to confluence, washed with PBS, and digested using 0.05%
trypsin/0.1% EDTA. Densities of 2.5-3 x 104 cells were seeded onto each micropillar
substrate, which was either entirely coated with Fn or patterned with Fn. Substrates were
cultured in 24 well plates (Nunc), with 1 substrate occupying 1 well. Cells were imaged at
the indicated time points using an inverted microscope (Bausch & Lomb). Experiments were
stopped at either 24 or 48 h.

Viability and immunofluorescent staining
We performed live/dead staining using calcein and ethidium bromide (Invitrogen). Briefly,
human ECFCs and HUVECs cultured on substrates were washed once with PBS, replaced
with EGM growth media containing calcein and ethidium bromide dye solution (both at 2
μM), and incubated for 30 min at 37°C. Substrates were then washed twice with PBS and
immediately imaged using fluorescent microscopy (Olympus BX60).

For immunofluorescence, human ECFCs and HUVECs cultured on micropillar substrates
for 1-2 days were fixed with 3.7% formaldehyde (Fisher Chemical, Fairlawn, NJ) in PBS for
20 min and washed with PBS. Substrates were submerged for 1 h in 1% BSA to prevent
non-specific binding, then incubated with mouse anti-vascular endothelial cadherin (VE-
CAD, 1:200, BD Biosciences) or mouse anti-fibronectin (1:200, Sigma), and rinsed twice
with PBS. Substrates were then incubated with goat anti-mouse 488 (1:100, Invitrogen) and/
or FITC-conjugated phalloidin (1:40, Invitrogen). To visualize the nucleus, substrates were
incubated for 5 min in propidium iodide (Invitrogen). Substrates were then mounted and
imaged using fluorescence microscopy (Olympus BX60) or confocal microscopy (LSM 5
PASCAL, Carl Zeiss Inc).

SEM
Micropillar substrates were characterized using scanning electron microscopy (SEM,
SU8000, Hitachi). After 24 h culture, HUVECs on Fn-patterned substrates were visualized
using SEM to analyze cell extensions. Samples were fixed with formalin-free fixative for 20
min and washed with PBS. Samples were postfixed with 1 % osmium tetroxide for 20 min
(Sigma, Allentown, PA), followed by dehydration in ethanol and a final submersion in
hexamethyldisilazane (HMDS, Sigma) for 10 min. Samples were coated with gold using a
sputter coater (Anatech Hummer 6.2 Sputter Coater) and visualized using a FEI Quanta 200
ESEM.

Graphs and statistics
Cell areas and perimeters were analyzed using ImageJ software (NIH) and were used to
calculate circularity, as a measure of cell elongation, as in our previous publications,46 using
the following formula: C=4πA/P2 where A is the projected area of the cell and P is the
perimeter. Cell area was determined using Image J software. Graphs for viability, cell area,
and circularity were plotted with ± standard deviation (SD). Unpaired two tailed T-tests and
parametric two-way ANOVA tests were performed where appropriate (GraphPad Prism
4.02, GraphPad Software, San Diego, CA). Significance levels were determined between
sample examined (as described in figure legends), and were set at: *p<0.05, **p<0.01, and
***p<0.001. All graphical data were reported.
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Results and Discussion
SiO2 oxide substrates

To examine the topographical and stiffness effect of sub-micron pillars on EC behavior, we
patterned Fn, known to enhance EC growth and morphogenesis,47 on SiO2 substrates. These
unique SiO2 substrates presented 150 distinct micropillar arrays ranging from 1-5.6 μm in
diameter, with heights of 1, 3, 6, or 8 μm and spacing between the pillars ranging from
0.6-15 μm. This particular design, detailed in Fig. 1, allows the unique presentation of a vast
number of topographical microenvironments on one substrate, enabling us to determine
cellular responses to a wide range of feature dimensions. Each row of the SiO2 substrate
presents a micropillar of a specific diameter. Subsequent arrays in that particular row have
increasing lateral spacing between micropillars, providing many topographically distinct
environments. Scanning electron micrographs of representative arrays (indicated by
asterisks in Fig. 1A-C) demonstrate the extensive number of topographies available on the
fabricated SiO2 substrates at distinct locations. Similar substrates with combinatorial arrays
of varying surface topographies have been developed in order to optimize the design
parameters of biomaterials45 for differentiation,44,48 and fibroblast responses.43

EC adhesion onto Fn-coated micropillar SiO2 substrates
We determined initial viability, adhesion, and spreading of ECs on SiO2 micropillar
substrates coated with Fn. Both human ECFCs and HUVECs were seeded onto these
substrates and cultured in EGM. First, we investigated the influence of the overall
micropillar height on cell viability after 24 h culture. We examined the adhesion of both
ECFCs and HUVECs onto the Fn-coated micropillar substrates with different pillar heights
of 1 μm, 3 μm, 6 μm, and 8 μm. A live/dead assay revealed that both HUVECs and ECFCs
cultured on the Fn-coated micropillar substrates showed preferential adhesion to the flat
regions of the substrate rather than to the 6 μm or 8 μm high micropillar arrays of the
substrate (Fig. 2a). Endothelial colony forming cells showed a decreased percentage of live
cells, 73% ± 6% and 53% ± 6% on 6 μm and 8 μm high micropillar arrays, respectively;
whereas the percentage of live cells on 1 μm and 3 μm micropillar arrays after 24 h was
much greater at 98% ± 2% and 89% ± 8%, respectively (Fig. 2b). Similar results were found
with the HUVEC cell culture on Fn-coated SiO2 micropillar substrates. Although the entire
substrate is coated with Fn, there is a clear effect of the topographical features, indicating
that both ECs prefer adhesion to micropillars with heights <6 μm. This corresponds with
previous studies that have highlighted the influence of topographical feature height on
certain cellular functions, including proliferation, adhesion and differentiation.19,43-44,48

More specifically, topographical dimensions between 1 and 3 μm have demonstrated the
highest biocompatibility with tissue attachment when implanted in vivo,49 which parallels
our initial findings.

Cell spreading of both cell types was also analyzed on Fn-coated micropillar substrates, and
confirmed that both ECFCs and HUVECs prefer to adhere and spread on micropillar
substrates with heights <6 μm (Fig. 2c). Furthermore, both HUVECs and ECFCs showed
visibly decreased cell areas after 24 h culture on Fn-coated micropillar regions >1 μm. At
topographical heights of 6 and 8 μm, the cells had distinctly altered cell morphologies, as
previously shown.50 Therefore, we chose to continue our study focusing on SiO2 micropillar
substrates of 1 μm height.

EC adhesion and alignment on Fn-patterned SiO2 subtrates
As shown in Fig. 2, the cell adhesion of both ECFCs and HUVECs was not exclusive to
topographical regions and was observed outside the micropillar arrays (outlined by white
boxes) on the flat regions of the substrate. To better control EC adhesion to specific regions,
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the 1 μm high micropillar substrates were patterned with Fn. Substrates were submerged in a
TESU solution, forming a self-assembled monolayer with an aldehyde functionality. The
PDMS stamp with striped features of 40 μm widths was then used to transfer Fn to the
TESU-coated substrates, forming a double bond between the TESU aldehyde and amine
groups of the Fn. The double bond was reduced with CNBH, and backfilled with
ethanolamine to provide a cell resistive region (Supp. Fig. 1A).

Both human ECFCs and HUVECs were cultured on the Fn-patterned 1 μm high micropillars
with dimensions ranging from 1-5.6 μm in diameter, and spacing between pillars ranging
from 0.6-15 μm. Human umbilical vein endothelial cells aligned on Fn patterns after 2 days
in culture. Despite the large variance in topographical feature diameter and spacing,
HUVECs aligned on Fn patterns on all micropillar arrays throughout the entire substrate, as
shown by fluorescent microscopy images of VE-CAD and SEM images (Fig. 3). However,
the density of adhesive protrusions differed based on topographical diameter and spacing.
Images of large diameter micropillars with small spacing, such as micropillars with diameter
of 2.8 μm and spacing of 0.8 μm, show few HUVEC extensions, as the small spacing
between micropillars make the substrate appear more “flat.” Whereas on smaller diameter
micropillars with larger spacing, such as 2 μm diameter micropillars with 4 μm spacing,
more pronounced adhesive protrusions are observed, as indicated by arrows. Thus, while
most micropillar arrays support cell attachment and alignment when patterned with Fn, there
is a window of optimal micropillar array dimensions that facilitates cell extension.

Although we previously demonstrated the ability to guide the ordered adhesion of human
EPCs on Fn-patterned flat substrates,46 the human ECFCs cultured on the Fn-patterned 1 μm
high micropillars did not exhibit the same robust adhesive behavior as the HUVECs. Instead
the ECFCs only aligned on patterned Fn micropillar arrays presenting topographical
parameters of 1-2μm micropillar diameters, despite our ability to effectively pattern Fn on
all arrays presented on the substrate (Supp. Fig. 1B). This may indicate that there is an
optimal topographical cue size responsible for the organization and alignment of ECFCs,
demonstrating a difference between the mature (HUVEC) and less mature (ECFC)
endothelial phenotype.

Development of PDMS micropillar substrates
In order to analyze stiffness effects and mimic a more physiological, softer
microenvironment, we created PDMS micropillar substrates similar to the SiO2 micropillar
substrates. Using the SiO2 substrate as a master, we applied replica molding33 to first
generate a PDMS “negative” of the SiO2 micropillar substrates. Then, we were able to
create a “positive” PDMS substrate from our “negative” mold to create a PDMS substrate
with a similar micropillar design (Fig. 4). In this way, we were able to generate substrates
presenting “softer” topographical cues. Scanning electron microscopy confirmed that our
process created PDMS topographical micropillars with heights of ~1-2 μm (Fig. 5).
However, our technique was unsuccessful in replicating PDMS micropillars of every array
on the substrate. Micropillar arrays that had an extremely small distance in between pillars
were difficult to distinguish, and pillars with a relative high spacing distance compared to
pillar diameter were not able to withstand the separation process of the “positive” PDMS
substrate from the “negative”(Supp Fig 2).

EC elongation of PDMS micropillar substrates
To achieve Fn-patterns on our soft PDMS micropillar substrates, we used the same protocol
developed for the “stiff” SiO2 micropillar substrates, as PDMS is a crosslinked silicone and
thus the same surface chemistry is applicable. Both HUVECs and ECFCs were seeded onto
Fn-patterned PDMS micropillar substrates. Light microscope images demonstrate
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preferential adhesion of the HUVECs to the patterned PDMS micropillars, specifically in the
micropillar array with dimensions: diameter 1.6-2.4 μm and spacing >5 μm. (Fig. 6). Human
umbilical vein endothelial cells remain restricted to Fn patterns and demonstrate an
elongated morphology after only 24 hours of culture on the soft PDMS substrates. Indeed,
HUVEC and ECFC culture on Fn patterned PDMS micropillar substrates achieved much
more elongated morphologies than when cultured on either Fn-patterned flat substrates or
Fn-patterned stiff micropillared substrates. This suggests that soft substrates, when
compared to stiff substrates with the same topographical features, direct aligned adhesion
and enhanced elongation of ECs.

Conclusions
Here we demonstrate the use of novel micropillar substrate arrays presenting a wide range of
dimensions (1-5.6 μm in diameter and heights of 1, 3, 6, or 8 μm) and spacing (0.6-15 μm)
to investigate the effects of substrate topography and stiffness on EC behavior. Results
demonstrated that stiff SiO2 micropillar substrates with heights >3 μm significantly
decreased EC adhesion and spreading. Fibronectin patterning of 1 μm high micropillar
substrates enabled the restricted EC adhesion onto the micropillar arrays and promoted
alignment in a single-cell chain manner. Micropillar substrates fabricated of PDMS were
achieved using replica-molding to create soft substrates with a similar design to SiO2
substrates. Cell culture on PDMS substrates demonstrated an enhanced EC elongation and
alignment when compared to stiff SiO2with similar topographical features. We conclude that
the elongation and alignment of ECs is co-regulated by substrate topography and stiffness
and can be harnessed to guide vascular organization.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. SiO2 micropillar substrates
(A) Light microscope image of representative SiO2 micropillar substrate. SiO2 micropillar
substrates were fabricated using I-line lithography followed by a timed reactive ion etch to
create a unique substrate design presenting micropillar diameters ranging from 1-5.6 μm,
with spacing between pillars ranging from 0.6-15 μm. (B) SEM images of various locations
of the SiO2 micropillar substrate (indicated by stars), demonstrating wide array of design.
(C) SEM images of SiO2 substrate of 1 μm, 3 μm, 6 μm, and 8 μm micropillar heights. Scale
bar is 1 mm in (A), 5 μm in (B), and 2 μm in (C).
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Figure 2. EC adhesion onto Fn-coated micropillared SiO2 substrates
(A) HUVEC (upper panel) and ECFC (lower panel) adhesion onto Fn-coated micropillar
SiO2 substrates with topographical feature heights ranging from 1-8 μm, cells stained with
calcein (green-live staining). For clarification, some micropillar regions are outlined with a
white box. (B) Quantification of percent of HUVEC (left) and ECFC (right) live cells on
micropillar regions for each of the feature heights shows marked decreased percentage of
live cells on substrates with topographical features with >3 μm heights. (C) HUVEC (upper
panel) and ECFC (lower panel) expressing endothelial surface marker CD31 (red) have
decreased cell spreading on substrates with topographical feature heights >1 μm as
demonstrated by fluorescence microscope imaging (i) and cell spreading quantification (ii).
Values shown are means ± SD. Scale bar is 1 mm in (A) and 100 μm in (C). Image analyses
were performed on triplicate samples (n = 3).
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Figure 3. EC adhesion and alignment on Fn-patterned SiO2 subtrates
(A) ECs align on Fn patterns substrates after 2 days in culture. Despite large variances in
topographical feature diameter and spacing, HUVECs align on Fn patterns throughout entire
SiO2 substrate as shown by fluorescence microscope imaging of VECAD (green),
propidium iodide (red) (i), and remain restricted to Fn patterns (Fn = green, phalloidin = red)
(ii). SEM images show the density of HUVEC adhesive protrusions (indicated by an arrow)
differs based on topographical diameter and spacing (iii). (B) ECFCs also align on Fn
patterns, however adhesion and alignment is limited to topographical features with
diameters ≤ 2.0 μm as shown by fluorescent micropscope imaging of VECAD (green),
propidium iodide (red). Scale bar is 1 mm in (Ai), 100 μm in (Aii), and 1 mm, 100 μm, and
10 μm in (Aiii). Scale bar is 1 mm in (B).
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Figure 4. Development of PDMS micropillar substrates
Schematic describing the fabrication of PDMS “soft” micropillar substrates.
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Figure 5. Characterization of PDMS micropillar substrates
SEM images of fabricated PDMS micropillar substrates. Scale bar = 5 μm.
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Figure 6. EC elongation of PDMS micropillar substrates
(A) Light microscope images of HUVECs (i) and ECFCs(ii) demonstrate aligned and
elongated morphologies after 24 h. (B) Flourescence microscope imaging of HUVECs
stained with phalloidin (green) demonstrate successful patterning of PDMS micropillar
substrates (Fn=red) and the preferential adhesion of HUVECs to Fn patterned regions. (C)
Quantification of cell shape indicates significant HUVEC and ECFC elongation (a measure
of circularity) on Fn-patterned SiO2 and PDMS micropillars compared to cells cultured on
flat substrates. Significance levels were set at: *p < 0.05, **p < 0.01, and ***p < 0.001.
Values shown are means ± SD.
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