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Vascular engineering remains a key thrust in advancing the field of tissue engineering of highly
vascularized, complex, metabolic organs. A wide variety of strategies have been employed to
control the formation of organized vascular structures in vitro and in vivo. Some of these
methods include, but are not limited to, controlled growth factor delivery,[1] filamentous
scaffold geometry,[2] protein micropatterning,[3] and enhanced scaffold biomaterials.[4]
Many of these approaches are motivated by biomimicry of the in vivo microenvironment.
Extracellular matrix (ECM) proteins, both in vitro and in vivo, provide mammalian cells with
biophysical cues including specific surface chemistry and rich three-dimensional surface
topography[5] with features on the nanometer length scale.[6] ECM substrates provide
chemical and physical external cues that dictate a variety of cell responses. Therefore, it is not
only the milieu of soluble, diffusible factors, but also the adhesive, mechanical interactions
with scaffolding materials, both natural and synthetic, that control select cell functions
including cell attachment, migration, proliferation, differentiation, and regulation of genes.
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[7-9] We hypothesized that physical features on nanofabricated substrates could promote the
organization of endothelial cell lineages into well-defined vascular structures in vitro by
inducing the contact guidance phenomenon, which is known to affect the morphology of
endothelial cells.[10-12]We found that endothelial progenitor cells (EPCs) responded to ridge-
groove grating of 1200 nm in period and 600 nm in depth through alignment, elongation,
reduced proliferation, and enhanced migration. Although endothelial- specific markers were
not significantly altered, EPCs cultured on substrate nanotopography formed supercellular
band structures after 6 d. Furthermore, an in vitro Matrigel assay led to enhanced capillary tube
formation and organization.

Feature geometry and dimensions of nanotopographic PDMS substrates were verified by
scanning electron microscopy (SEM; Supporting Information Fig. 1). The 600 nm width for
ridge and groove features was chosen to promote optimal contact guidance effects in EPCs by
minimizing feature masking from the collagen coating and maximizing cell alignment through
sub-micrometer features.[10,13,14] The EPCs seeded as individual cells on nanotopographic
substrates and responded to linear nanotopography by alteration in morphology as observed
by increased alignment and elongation (Fig. 1). These alterations were quantified by reduced
average angle of alignment and circularity at 2 and 4 d. SEM imaging confirms that the EPCs
were aligned an elongated in direction of substrate features. Furthermore, the morphological
alterations were maintained throughout long-term culture on nanotopographic substrates for
up to 6 d. EPCs cultured on nanotopographic substrates also exhibited reduced proliferation
as measured by BrdU assay (Fig. 1, Supporting Information Fig. 2) and reduced cell growth
kinetics as determined by cell density compared to EPCs cultured on flat substrates. The
observed doubling time was (16.2 = 0.8) to (20.9 £ 1.9) h for cells grown on flat and
nanotopographic substrates, respectively. A third component of the contact guidance response
that was observed in EPCs was enhanced migration. EPCs on nanotopographic substrates
exhibited a higher overall migration velocity as well as enhanced directed migration, as
measured by effective migration distance (Experimental). The average velocity of EPCs on
nanotopographic and flat substrates was (0.80 + 0.45) and (0.54 + 0.27) um min™1 (*** p <
0.001), respectively, while the effective displacement due to migration was (23.6 + 12.1) and
(15.6 £ 10.1) Im (*** p < 0.001), respectively (Supporting Information Fig 3).

Linear nanotopographic substrates organized populations of EPCs into band structures at 6 d
consisting of hundreds of cells and extending for millimeters in length. The supercellular bands
contained a well-defined edge that paralleled the feature grating. This edge was identified by
EPCs with highly elongated, constrained morphology. These bandlike structures were distinct
from each other and did not merge to form confluent monolayers of cells. These gross
morphological changes were observed for up to 6 d. The morphology of EPCs cultured on
nanotopography lies in stark contrast to EPCs cultured on flat substrates, which did not form
supercellular structures and instead produced confluent monolayers of EPCs after 6 d. Despite
the marked alterations in morphology, proliferation, and migration states, the level of
proteinlevel expression of selected markers was observed to be similar across substrates, as
assessed by immunohistochemistry at 6 d. These markers included CD31 (platelet/endothelial
cell adhesion molecule-1; PECAM-1), vascular endothelial cadherin (VEcad), and a-smooth
muscle actin (a-SMA, negative staining; Fig. 2). Additional markers that were similarly
expressed in cells cultured on both substrates include von Willebrand factor, vascular
endothelial growth factor-2 (VEGF-2; KDR), and lectin receptor (Supporting Information Fig.
4). The effects of nanotopography on morphology and endothelial-cell specific marker
expression were observed to be independent. The addition of Matrigel induced capillary tube
formation in EPCs cultured on both substrates in less than 4 h as assessed by light microscopy.
EPCs cultured on flat substrates formed short, randomly oriented capillaries while EPCs
cultured on nanotopography formed well-defined capillary tubes with increased length (Fig.
3). Furthermore, capillary tubes on nanotopographic substrates exhibited enhanced alignment
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and organization. The fraction of EPCs recruited into capillary tubes was also increased
dramatically in cultures with substrate nanotopography. This observation contrasted with the
observed tube formation in EPCs culture on flat substrates, which was characterized by a high
density of tubes with short lengths oriented in random directions. Furthermore, only a small
fraction of cells cultured on flat substrates participated in capillary tube formation. Although
the three-dimensional morphology of cells was not explicitly studied in this work, others have
shown that the culture of endothelial cells in the presence of Matrigel induces the formation
of three-dimensional capillary tubes with lumens.[15,16]

The observed cell response of EPCs to linear substrate nanotopography in this study is in
concert with previous work on a variety of substrate materials and cell types. Alignment of
cells to linear micrometer and sub-micrometer scale features is a well-characterized response
that occurs in many different cells types including endothelial cells.[10,14,17-20] Reduced
proliferation has also been observed in a variety of cell types including smooth muscle cells
and human embryonic stem cells.[19,21] The increased migration velocity of EPCs on substrate
nanotopography is also in agreement with previous work of various mammalian cell types
including corneal epithelial cells.[22] This collective response is a principle element in the in
vitro contact guidance with substratum cues. One result of note regarding this aspect of EPC
responses to nanotopography is that the morphological changes were maintained for long-term
culture. Oftentimes the elongated morphology becomes affected as cell growth leads to
impingement of protrusions. The maintenance of this morphological aspect can be attributed
to the formation of aligned bands of cells which enabled preservation of the elongated
morphology.

Cells have been shown to respond to substrate nanotopography at the protein level as well.
[23] While it is likely that nanotopography impacts the genetic profile of EPCs, the expression
profile of selected markers was similar in EPCs cultured on both substrates, which implies that
surface nanotopography has no significant impact on the protein level of endothelial-specific
markers. Despite this observation, the impact of nanotopography on the overall organization
of EPCs and the enhanced in vitro capillary tube formation was maintained. The
nanotopographic features were hypothesized to play a governing role in this observation via
the enhanced formation of band structures primarily through two means. First, linear
nanotopographic features align and elongate individual EPCs which ultimately form clusters
of EPCs. This clustering is hypothesized to promote cell—cell interactions, which ultimately
lead to the formation of the observed band structures. Second, the reduction in proliferation
prevents the growth of EPCs into confluent monolayers of cells on nanotopographic substrates.
The unoccupied surface area is hypothesized to enable the rapid formation of capillary tubes
in vitro. Conversely, the formation of confluent layers, as observed in cells cultured on flat
substrates, possibly retards the formation of capillary tubes because of the spatial constraint of
EPCs interfering with each other.

The observations in this study further suggest the continued application and integration of
nanotopographic features in tissue engineering systems. For example, biodegradable polymers
amenable to soft-lithography could be used in future studies.[13,20,24] Furthermore, other
vascular progenitor cells and co-culture systems could also be employed to explore the use of
systems with physical surface cues for therapeutic applications.[25] This system could also be
directly used to study the mechanisms of vascular genesis by investigating the cellular
pathways involved in the observed enhanced capillary tube formation. The introduction of co-
cultures could potentially serve as a platform to elucidate the underlying homotypic and
heterotypic cellular processes that are biologically relevant to blood vessel formation in vitro
and in vivo.[26]
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Experimental

Fabrication and Preparation of Nanotopographic Substrates

100 mm silicon wafers were coated with Shipley SPR220-3 photoresist, exposed using a GCA
AS200 stepper, and post-baked. Wafers were etched using a silicon inductively coupled plasma
(ICP) etch process using SFg/argon in a VLR-700, plasma ashed, and cleaned for preparation
in replica-molding (MEMS Exchange, Reston, VA) using poly(dimethylsiloxane) (PDMS,
Dow Sylgard 184, Essex Chemical, Clifton, NJ (Supporting Information Fig. 1). PDMS was
chosen for ease of fabrication and optical clarity to facilitate characterization. Owing to the
hydrophobic nature of PDMS, which typically leads to low adhesion of cells to surfaces,
collagen was adsorbed onto the surface to promote adhesion and attachment of EPCs. Briefly,
substrates were plasma cleaned (PDC-001, Harrick Scientific Co) for 300 s at 80 W RF power
with atmospheric gas at 250 mTorr (1 Torr = 1.333 x 102 Pa). A 25 ug mL~1 solution of collagen
| from rat tail in phosphate buffer solution (PBS; Sigma, St. Louis, MO) was immediately
adsorbed onto the surface and incubated for 3 h at 37 °C.

Human Endothelial Progenitor Cell Culture

EPCs (commercially available from NDRI, Philadelphia PA) were purified from cord blood
with 99.2 % CD31+/CD45-purity according to manufacturer specifications. EPCs were grown
on type | collagen-coated tissue culture polystyrene in Clonetics Endothelial Basal Medium-2
(EBM-2) (Cambrex Corporation, East Rutherford, NJ) with 0.1 % VEGF in addition to
manufacturer-supplied SingleQuots growth supplements. Cells were incubated at 37 °C with
5 % CO, and passaged every 3—-4 d. EPCs were seeded onto substrates at 15000 cells per
cm? and maintained in EBM-2 medium.

Proliferation and Metabolism Studies

EPC proliferation on nanotopographic and flat substrates was studied with BrdU incorporation
assays using the BrdU Staining Kit (Invitrogen Corporation). EPCs received BrdU labeling
reagent (1:100) 2 d and 4 d after being plated upon patterned and flat substrates. Cells were
incubated for 24 h with the reagent, then washed twice with PBS (Invitrogen Corporation) and
fixed with 70 % ethanol for 20 min in 4 °C. Micrographs of cells were taken at 2 d and 4 d to
examine cell density kinetics

Cell Morphology Imaging and Characterization

SEM and phase micrographs of cells taken at 10x magnification were used to characterize
morphological parameters for each sample analyzed. The circularity [27-29] and alignment
angle of the cell were calculated using perimeter and area measurements by using Axiovision
software (Zeiss). Alignment angle was calculated by fitting an ellipse to the cell body,
measuring the normalized angle between the major axis and the feature orientation. The
circularity C was calculated using the following formula:

T pr ()

where A is the projected area of the cell and P is the perimeter of the cell. Circularity was used
as a metric of cell elongation; average angle was used as an index cell alignment.

Scanning Electron Microscopy

Cells were fixed with Accustain formalin-free fixative (Sigma) for 20 min at room temperature,
washed three times with DPBS, and post-fixed with 1 % (w/w) OsOy4 in water for 20 min. A
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graded ethanol series was implemented for dehydration of the cells (25 %, 50 %, 75 %, and 90
% v/v ethanol in ddH,0), 5 min per step. The samples were then immersed for 10 min in 100
% ethanol followed by HMDS (Sigma), and dried for 24 h at 24 °C. Samples were sputter-
coated using a Cressington 108 Auto sputter coater (Cressington Scientific Instruments Inc,
Cranberry Twp, PA). Scanning electron microscopy images were taken using a Hitachi
S-3500N at 5 kV to assess three-dimensional morphology.

Immunohistochemistry and Fluorescent Microscopy

EPCs were fixed with Accustain (Sigma), incubated with 0.1 % triton X-100 in PBS (v/v), and
stained for cytoskeleton proteins and endothelial markers. The primary antibodies used were:
anti-o smooth muscle actin (Sigma), anti-CD31 (R&D Systems, Minneapolis, MN), anti-von
Willebrand Factor (Dako, Carpinteria, CA), anti-VEGF receptor-2 or KDR (Cell Signaling,
Danvers, MA), and anti-vascular endothelial cadherin (Chemicon/Millipore, Billerica, MA).
Cells were washed twice with PBS and incubated with Cyanine3 (Cy3)-conjugated secondary
antibodies (Sigma) followed by fluorescein isothiocyanate (FITC)-conjugated lectin (Sigma).
Cells with anti-KDR were stained according to manufacturer’s instructions. Cells were
counterstained with 4’,6-diamidino-2-phenylindole (DAPI) for 2 min, mounted, and viewed
using a Zeiss microscope equipped with OpenLab software. Exposure times were kept constant
when comparing immunohistochemistry across substrates for each specific marker.

Cell Migration Studies

EPCs on both nanotopographic and flat substrates were imaged at 48 h. Time-lapse images
were taken every 3 min for 90 min for a total of 31 images. Cell migration was quantified by
manually tracking the spatial coordinates about the nucleus of 100 migrating cells using
AxioVision software. Average migration velocity Vmig was calculated by the following
equation:

n
Z \/(xi — i)+ = yir1)’
i-1
n
2
-1

Vmig =

(2)

The effective displacement due to migration Dpjg eff Was calculated from the difference in
spatial coordinates by the following equation:

D eff= \/(Xﬁn - x0)2+(.))ﬁn - .)’0)2 3)

where the initial and final coordinates are given by (X, Yo) and (Xfin, Yiin), respectively.

In Vitro Capillary Tube Formation Assay

Capillary tubes were formed in vitro using BD Matrigel Matrix (BD Biosciences, Franklin
Lakes, NJ). Culturing cells with endothelial phenotype on Matrigel substrates has been shown
to produce capillary tube structures [30-32]. After 6 d of culture on specified substrates,
medium was aspirated from the cells, and 500 pL of 4 °C Matrigel was added and incubated
for 60 min at 37 °C followed by the addition of 500 pL of EBM-2 medium. Capillary tube
formation was assessed 24 h after Matrigel deposition using light microscopy.
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All observations of morphology and proliferation were based on three populations of n > 100
for each experiment across two experiments (n = 6). Assays were performed in triplicate for

€a

ch experiment (n = 3). All graphical and tabulated data displayed as mean + S.D. Significance

tests were calculated using unpaired, two-tailed Student’s t-Test with unequal variance
(Microsoft Excel, Redmond, WA). Significance levels were set at * p < 0.05, ** p <0.01, and
**%*p < 0.001.
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Figure 1.

EPCs respond to substrate nanotopography. a) EPCs cultured on nanotopography exhibited
morphological alterations when cultured on substrates with topographical featuresat 2 d. EPCs
are aligned and elongated as measured by b) reduced circularity (*** p < 0.001) and reduced
average angle of the major axis (*** p < 0.001) at 2 and 4 d. These morphological changes
were observed after 4 h and stable throughout 6 d as well. ¢) Substrate nanotopography also
reduces the proliferation of EPCs. Growth rates were reduced in EPCs cultured on
nanotopography when compared to those cultured on flat surfaces. The doubling time was
increased from 16.2 to 20.9 h. The reduced proliferation was verified by reduced frequency of
cells in S-phase as determined by a BrdU incorporation assay at 2 and 4 d (*** p < 0.001). The
direction of the linear nanotopographic features is indicated by the arrow. Scale bars in (a-
phase) and (a-SEM) are 100 and 5 pum, respectively.
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Figure 2.

Nanotopography induces the formation of supercellular band structures in long-term EPC
culture. EPCs cultured on flat substrates simply began forming confluent layers of cells after
6 d of culture. This lies in stark contrast to EPCs cultured on nanotopography, which did not
form confluent layers of cells. Rather, EPCs began to form supercellular band structures aligned
in the direction of the features after 6 d of culture. These morphological differences are evident
through staining of PECAM-1 and VEcad. The absence of a-SMA suggests that these cells
maintain their endothelial cell phenotype. The protein-level expression of these endothelial-
specific markers is similar in cells cultured on both nanotopographic and flat substrates. The
direction of the linear nanotopographic features is indicated by the arrow. Scale bars are 50

pm.
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Figure 3.

In vitro capillary tube formation assay. Capillary tube formation was induced by that addition
of Matrigel after 6 d. a) EPCs cultured on flat substrates (i) formed a low density of unorganized
capillary tubes while EPCs cultured on nanotopographic substrates (ii) formed extensive
networks of organized structures, b,c) which had longer average lengths when compared to
EPCs cultured on flat substrates (*** p < 0.001). Furthermore, the vast majority of EPCs on
nanotopographic substrates were recruited into capillary tubes, which was far greater than that
of EPCs on flat substrates. Image was rotated demonstrate the length of observed tubules. The
direction of the linear nanotopographic features is indicated by the arrow. Scale bars are 200
pm..
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