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ABSTRACT: It is great challenge to generate multifunctionality of vascular
grafts and stents to enable vascular cell selectivity and improve hemocompat-
ibility. Micro/nanopatterning of vascular implant surfaces for such multi-
functionality is a direction to be explored. We developed a novel patterned
platform featuring two typical geometries (groove and pillar) and six pattern
sizes (0.5—S0 ym) in a single substrate to evaluate the response of vascular cells
and platelets. Our results indicate that targeted multifunctionality can be indeed
instructed by rationally designed surface topography. The pillars nonselectively
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inhibited the growth of endothelial and smooth muscle cells. By contrast, the

grooves displayed selective effects: in a size-dependent manner, the grooves enhanced endothelialization but inhibited the growth
of smooth muscle cells. Moreover, our studies suggest that topographic cues can affect response of vascular cells by regulating
focal adhesion and stress fiber development, which define cytoskeleton organization and cell shape. Notably, both the grooves
and the pillars at 1 pm size drastically reduced platelet adhesion and activation. Taken together, these findings suggest that the
topographic pattern featuring 1 um grooves may be the optimal design of surface multifunctionality that favors vascular cell

selectivity and improves hemocompatibility.
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1. INTRODUCTION

Vascular stents or grafts are commonly used for treating
coronary artery disease. However, such implantations are
associated with major complications such as in-stent restenosis
caused by the proliferation of vascular smooth muscle cells
(SMCs) and thrombosis induced by inadequate re-endotheli-
alization on the surface and poor hemocompatibility of the
vascular devices. Thus, in developing next-generation vascular
devices, the aim is to favor rapid endothelialization while
concomitantly inhibiting high SMC proliferation (“vascular cell
selectivity”) and improving hemocompatibility.

Numerous factors at the cell—substrate interface are known
to affect cellular adhesion, spreading, proliferation, and other
functions." Among these factors, surface topography is a critical
parameter that directs vascular cell fates and platelet adhesion/
activation.”” Interactions of vascular cells with the topographic
features on surfaces varies with topographic geometry, feature
size and cell type; however, no general principle appears to
apply when predicting how vascular cells may respond to
surface topography. Matrix anisotropy has been shown to
potentially improve the functions of endothelial cells (ECs),
such as induce enhanced EC migration” and an athero-resistant
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phenotype,’ by generating in-vivo-like EC alignment. However,
the effect of anisotropic patterns on EC proliferation remains
debated.>®* Furthermore, matrix anisotropy restricts SMC
spreading in a single direction, which results in SMC becoming
elongated and proliferating at low rates."® Moreover, the
effects of the isotropic features of the matrix on the behavior of
vascular cells remain ambiguous: whereas certain studies have
suggested that ECs adhered and spread more efliciently on an
isotropic pillar-patterned surface than they do on a flat
surface,”'® one study demonstrated the opposite result.''
Recently, a surface featuring submicrometer pillars was reported
to reduce platelet adhesion and activation when compared with
a flat surface.'”™"* Notably, few studies have focused on
concurrently directing the behaviors of ECs, SMCs, and
platelets on surfaces featuring topographic patterns, let alone
on clearly identifying the optimal topography (geometry and
size) that endows surfaces with such multifunctionality.
Therefore, the influence of topographic features on vascular
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cell selectivity and hemocompatibility warrants further
investigation.

To attain the aforementioned goal, reliable results must be
obtained on the vascular cell selectivity and hemocompatibility
of topographic patterns over a large scale of topographic
geometries and feature sizes. However, such large-scale
screening is not feasible because the screening is expensive,
time-consuming, and experimentally unreliability. Recently,
combinatorial sample formats such as microarray polymer
libraries and orthogonal-gradient sample formats designed for
high-throughput screening of cell—surface interactions have
been developed.">™"® Incorporating high-throughput techni-
ques can facilitate rapid, large-scale screening of topographies
and their interactions with vascular cells. However, studies on
topographic effects on cells should include a sufficient size of
individual topographic motifs in a microarray to ensure that the
evaluations are highly reliable; otherwise, given the tens of
micrometers size range of cells, unequivocal visual and
statistical assessment of cell behavior would be challenging.

In this work, we developed a novel patterned platform
consisting of 12 topographic motifs (4.5 X 2.9 mm’ each)
including two typical geometries, anisotropic grooves and
isotropic pillars, and six feature sizes ranging from 0.5 to S0 ym
(spanning across the single-cell size). Using this platform, we
performed highly efficient and reliable evaluations of EC, SMC,
and platelet responses to variable topographies. This exper-
imental setup allows quick and accurate identification of
optimal topographic geometry and feature size that can
potentially endow surfaces with multifunctionality and thus
favor EC growth and concomitantly inhibit SMC proliferation
and platelet adhesion/activation.

2. EXPERIMENTAL SECTION

2.1. Fabrication of Patterned Platform. The patterned platform
was first fabricated on silicon wafers through standard photo-
lithography and deep reactive-ion etching (DRIE). We designed a
novel patterned platform in which a single substrate contains an array
of 2 X 6 motifs (4.5 X 2.9 mm? each) and each motif has a unique
arrangement of patterns that vary in topographic geometry (groove
and pillar) and feature size (0.5—50 um); we used a flat area as the
control (Figure 1A). As shown in Figure 1A, the patterned motifs are
named G (groove) or P (pillar) and the numbers shown after the
letters represent the size in micrometers; for example, G1 represents a
groove pattern that is 1 ym in size. The patterned silicon substrate was
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Figure 1. (A) Schematic of patterned platform consisting of 2 X 6
motifs (~4.5 mm X 2.9 mm each) separated by a 10 ym wide wall as
well as flat surface control, and each motif contains a unique pillar (P)
or groove (G) varying in size (width = spacing = 0.5, 1, S, 10, 20, S0
pum). (B) Top-view and (C) tilted-view (ca. 75°) of SEM images taken
from the dashed box labeled in (A) show four adjacent motifs on
patterned platform.

then coated with a thin layer of titanium by using a radio frequency
(RF) sputtering system (model Explorer 14, Denton Vacuum). A post-
sputtering heat treatment was conducted at 700 °C for 1 h under an
air flow to transfer the coating layer to the titanium oxide.

2.2. Vascular Cell Culture. Human umbilical vein endothelial cells
(HUVECs) were isolated from human umbilical vein.'® Briefly, the
human umbilical vein was filled with 0.1% collagenase II and incubated
at 37 °C for 15 min. The digestion was stopped by adding M199
medium (Hyclone) with 15% fetal bovine serum (FBS, Hyclone).
HUVECs were collected by centrifugation of the digested cell
suspension. The harvested HUVECs were cultured in 0.2%-gelatin-
coated T7S flasks with Lonza Endothelial Growth Medium (EGM)
bullet kit containing 100 U/mL penicillin and 100 U/mL streptomycin
in a humidified incubator with 95% air and 5% CO,. HUVECs
between passages 2 and 7 were used for experiments to ensure the
genetic stability of the cultures. HUVECs were plated on the patterned
platforms at a density of 7500 cells/cm” and incubated for various
periods (2 h, 1 day, or 3 days).

Human umbilical artery smooth muscle cells (HUASMCs) were
obtained through the slow outgrowth of the cells from small pieces of
umbilical artery in media, and were cultured in DMEM/F12 medium
containing 10% FBS. The culture medium was changed every 3 days.
The cells were subcultured when >80% confluent, and the cells were
used in experiments between passages 2 and 5. HUASMCs were
plated on the patterned platforms at a density of 1.5 X 10* cells/cm?*
and incubated for the same periods as the HUVECs.

2.3. HUVEC Attachment, Proliferation, and Morphology
Analysis. Cell attachment was evaluated based on cell numbers on the
patterns after 2 h incubations. Cell proliferation was determined by
measuring the increase in cell numbers from day 1 to 3 in culture. To
perform these evaluations, HUVECs cultured on the patterned
platforms were fixed with 4% paraformaldehyde (PFA; Sigma-Aldrich)
in phosphate buffered saline (PBS) for 20 min at room temperature.
The cells were then permeabilized using 0.5% Triton X-100 in PBS for
S min and blocked with 1% bovine serum albumin (BSA; Sigma-
Aldrich) in PBS for 60 min to reduce nonspecific staining.
Subsequently, to examine cytoskeletal formation, the cells were
labeled for F-actin by using phalloidin conjugated to tetramethyl
rhodamine isothiocyanate (TRITC) (2 ug/mL; Sigma-Aldrich) for 60
min at room temperature. The cells were also counter-stained with
DAPI (1 pug/mL; Sigma-Aldrich) to image nuclei. To examine the
focal adhesions (FAs) in HUVECs, the cells were first stained with
monoclonal anti-human vinculin antibodies (no. ab18058, 1:50
dilution; Abcam, Cambridge, U.K.) overnight at 4 °C. After washing
with PBS, the cells were incubated for 60 min with goat polyclonal
secondary antibodies against mouse IgG (H&L, FITC-linked; no.
ab678S, 1:500 dilution; Abcam). The samples were finally washed
three times in PBS and mounted on microscope slides for examination
using confocal laser scanning microscopy (LSM710, Zeiss, Germany).

2.4. Cell Viability of HUVECs. Cell viability of adherent HUVECs
was assessed using a cell-permeable Calcein-AM (Life Technologies,
Inc, NY) in combination with a plasma membrane-impermeable
DNA-binding dye propidium iodide (PI, Sigma-Aldrich) after 1 day of
culture. The cells were stained with a 1:1 mixture of Calcein-AM (2
ug/mL) and PI (S0 pg/mL) at 37 °C for 20 min, and then
immediately inspected in a fluorescence microscope.

2.5. Determination of HUVEC Phenotype. We used immunos-
taining to analyze the expression of two key endothelial cell markers:
platelet endothelial cell adhesion molecule (PECAM-1/CD31) and
von Willebrand factor (vWF). HUVECs were plated on the patterned
platforms at a density of 2.5 X 10* cells/cm” After 1 day incubation,
the cells were fixed with 4% PFA in PBS, permeabilized using 0.5%
Triton X-100, blocked with 1% BSA, treated with primary antibodies
overnight at 4 °C, incubated with secondary antibodies for 60 min at
room temperature, and finally counter-stained with DAPL Antibodies
were used at the following dilutions: 1:20 for monoclonal mouse anti-
human CD31 antibody (Dako, Copenhagen, Denmark), 1:200 for
polyclonal rabbit anti-human vWF antibody (Dako), and 1:500 for
FITC-linked goat polyclonal secondary antibodies against mouse IgG.
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2.6. Evaluations of HUASMCs and Platelets. HUASMCs were
identified by immunostaining with rat anti-human a-smooth muscle
actin (@-SMA) primary antibodies and FITC-labeled sheep anti-rat
IgG. The protocol used to evaluate platelet adhesion has been
described in our previous report.14 Briefly, to prepare platelet-rich
plasma (PRP), whole blood was centrifuged (200g, 15 min) and the
supernatant was collected. The PRP (S0 uL) was placed on the sample
surfaces and incubated at 37 °C for 2 h. After washing in PBS, the
samples were prepared for examination using scanning electron
microscopy (SEM).

2.7. Scanning Electron Microscopy. The morphology of cells
and platelets on the patterned platforms was examined using SEM
(JSM-6390, JEOL, Japan). After various periods in culture, the cells
were fixed with 2.5% glutaraldehyde for 1 h. The platforms were rinsed
three times with PBS and then dehydrated using an ethanol series
(30%, 50%, 75%, 90%, and 100%; 15—30 min each), and subsequently
maintained in 100% ethyl alcohol until drying. The patterned
platforms were dried overnight in a vacuum chamber and then
mounted on copper stubs and sputter-coated with gold before SEM
examination.

2.8. Image Analysis. Immunostained images were analyzed with
Image] (National Institutes of Health). Cell counts were analyzed by
using the “Analyze particles” tool in Image]. For quantitation of cell
morphology, the cell profile was manually drawn using the “Freehand
selections” tool, and an ellipse was fitted to the cell profile by using the
“Fit ellipse” options in the “Measurement” tool. The angle between the
major ellipse axis and the image y-axis, that is, the direction of groove
alignment, was measured and defined as the cell alignment angle.
Furthermore, cell shape parameters such as the projected area per cell
and the cell elongation (minor/major axis ratios) were determined by
Image]. For quantitation of the number of FAs per cell, the image was
converted to 8 bit, and threshold was adjusted automatically by
“Adjust threshold” tool. After that, the number of FAs was counted by
the “Analyze particles” tool.

2.9. Statistical Study. At least three substrates were used for each
assay, and all assays were repeated in triplicate. All data are expressed
as mean =+ standard deviation (SD). One-way analysis of variance
(ANOVA) test was used to measure differences for experiments with
multiple data sets with a post hoc Tukey multiple comparison test
performed between groups with significant differences. A value of p <
0.0S was considered statistically significant.

3. RESULTS

3.1. Fabrication of Patterned Platform. The patterned
platforms featuring an array of 2 X 6 distinct motifs of
topographic patterns on a single silicon chip were fabricated as
shown in Figure 1B and C. A fence-like structure with a 10 gm
space between two motifs was designed to minimize the
possibility of adjacent motifs affecting cell behavior. SEM
examinations revealed that all the topographic patterns
exhibited highly regular geometric features and a uniform
height of 3.5 ym. The formation of a thin film of titanium oxide
was confirmed by performing cross-sectional SEM examination
and thin-film X-ray diffraction analysis, as described by us in
detail elsewhere.'*

3.2. HUVEC Responses. 3.2.1. Attachment, Proliferation,
Morphology, and Viability. The attachment of HUVECs on
various topographic patterns was evaluated after culturing the
cells for 2 h (Figure 2A). Comparing cell densities on surfaces
featuring one specific pattern geometry (either groove or pillar)
but variable pattern sizes revealed a biphasic trend: the cell
density was proportional to pattern sizes between 0 (flat
surface) and 1 pm, but inversely proportional to pattern size
when the pattern size was S ym or larger. This trend was clearer
on the groove patterns than on the pillars. Furthermore, the cell
density was higher on grooves than on pillars of the same size,
and this disparity in cell density between the grooves and pillars
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Figure 2. Analysis of EC attachment, proliferation, and morphology
on various patterned surfaces. (A) The cell density of ECs attached
onto the surfaces after culturing cells for 2 h was analyzed from at least
12 images of each patterned motif. (B) The proliferation rate of ECs
was represented by relative increase in cell number from day 1 to 3 in
culture. (C) Projected area per cell, (D) minor/major axis ratios, and
(E) distribution of cell alignment angles measured as the angle
between cell orientation and groove direction (oriented nominally at
0°) were calculated from at least 120 cells from six different images of
each pattered motif after culturing cells for 1 day. Statistically
significant differences are marked as follows: * vs flat surface; # vs G1
for grooves or P1 for pillars; I same-sized groove vs pillar.

reached a maximal value of ~30% at a pattern size of 1 ym. We
also noted that the cell densities on three patterns, G1, GS, and
P1, were substantially higher than that on the flat surface.

The proliferation rate of HUVECs was analyzed by
determining the relative changes in cell density from day 1 to
3 in culture (Figure 2B and Supporting Information Figure S1).
For a given pattern size, proliferation rates were considerably
higher for the cells cultured on the grooves and on the flat
surface compared with those on the pillars. These proliferation
rates were more distinct on small-sized patterns (especially G1
vs P1), but the difference diminished on large-sized patterns
(ie, 20 and SO um). The proliferation rate appeared to be
independent of groove size, although these rates were slightly
higher on G1 and GS than on other groove patterns. By
contrast, the proliferation rate showed a typical biphasic
dependence of pillar size: the rate decreased 10-fold from
P10 to PS5 and reached the lowest level on P1 and then
increased by 4.5-fold on the submicrometer pillar P0.5. These
results indicated that the proliferation of HUVECs depends
intricately on both pattern geometry and size. Geometry
markedly affected proliferation only when the pattern size was
10 pm or less, and the effect maximized around 1 ym, but then
diminished at 0.5 pm. The effect of size was stronger with
pillars than with grooves.

Next, SEM studies revealed that HUVECs attached to
various surfaces in 2 h cultures exhibited distinct morphologies
(Figure 3): attached HUVECs were closely aligned and
polarized along the groove direction on the grooves, whereas
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Figure 3. Top-view, magnified top-view, and tilted-view (z-sectioning,
ca. 75°) of SEM images of ECs on the surfaces of Flat, G1, and P1
after culturing cells for 2 h.

they were small and round on the pillars and rounded and
spread out on the flat surface. Intriguingly, compared with P1,
the G1 and the flat surfaces promoted greater cell spreading,
although large numbers of cellular protrusions and filopodia
were observed on all the surfaces. Moreover, titled-views of z-
sectioned substrates showed that the cells on the flat surface
were flattened and attached to the surfaces through the entire
cell body as expected, whereas the cells on the G1 surface
attached exclusively to the top of the ridges and the cells
spanned several ridges. Notably, the cells showed similar
bridging over pillars on P1, but the cell bodies gradually sagged
from the center to cell periphery; in this case, the side-walls of
the pillars may have hindered the extension of cell protrusions
and thereby suppressed cell spreading.

To further evaluate the cellular spreading and cytoskeletal
formation in HUVECs cultured on the patterned platforms, F-
actin and nuclei were examined using fluorescence microscopy
(Figures 4 and S2). Projected area per cell was first quantified
after culturing cells for 1 day (Figure 2C). All patterned
surfaces appeared to suppress cell spreading compared with the
flat surface: P0.S and P1 inhibited cell spreading most strongly,
whereas GO0.5 and G1 displayed the weakest inhibitory effect.
Next, we quantified the time course of the change in projected
cell area on the flat surface, G1, and P1 (Figure S3B).
Interestingly, the projected cell area first increased from 2 h to
1 day in culture and then decreased sharply (by 40%—60%)
after 3 days of culture on the flat surface and G1. By contrast,
the projected cell area was smaller on P1 than on other surfaces
and it changed little over the entire culture period. These
observations suggested that the G1 and flat surfaces promoted
cell spreading and therefore cell division, whereas the P1
surface strongly suppressed cell spreading and division. This
notion was further supported by the cell area coverage being
substantially higher on the G1 and flat surfaces than on P1 after
1 day in culture (Figure S3A). Notably, cultured HUVECs
became fully confluent in 3 days on the G1 and flat surfaces, but
they were less than 10% confluent on the P1 surface (Figure 4)
and the number of cells on P1 appeared to decrease over time
(Figure 4). Importantly, in contrast to the uniformly spread-out
cells detected on the flat surface, the cells on the G1 surface
exhibited cobblestone-like patterns that resembled the
morphology of HUVECs in vivo.
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Figure 4. Morphology of ECs over time on the surfaces of Flat, G1,
and P1 revealed by immunofluorescence staining of cytoskeletal F-
actin (red) and nuclei (DAPI, blue). The arrows denote the direction
of the grooves. Scale bars: 50 pm.
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Fluorescence imaging also revealed a change in the shape of
HUVECs cultured on the various patterns. A reduction in the
minor/major axis ratio of cells on the grooves (except on the
GS0 surface) indicated cell elongation compared with that on
the flat surface, whereas an increase in this ratio on most of the
pillars reflected that the cells on this surface were more
spherical than they were on the flat surface (Figure 2D). The
distribution of cell-alignment angles is illustrated by a
polarization graph: Figure 2E shows strong cell polarization
along the direction of grooves (at 0°), in sharp contrast to the
random and uniform distribution of cell-alignment angles on
the pillars and on the flat surface. To further test the efficiency
of contact guidance in a groove-size dependent manner, the
mean values of absolute cell-alignment angles were calculated
(Figure S3C), which demonstrated that contact guidance was
significantly more efficient on middle-sized grooves (G10) than
it was on the other grooves.

In addition, HUVECs showed a good viability on all
patterned surfaces as well as on flat surfaces with minimal
signs of dead/dying cells (Figures SA and S4). More than 95%
of adherent cells were alive on all surfaces tested (Figure SB).
But the level of cell viability on the G1 surface was significantly
higher than that on the P1 surface, which might be responsible
for the sharp difference in cell proliferation on these two
surfaces.

3.2.2. Focal Adhesion Studies. FAs serve as cell
cytoskeleton—matrix connections and may mediate cell spread-
ing, differentiation, migration, and apoptosis.zo_22 FAs are
typically classified into two categories: nascent adhesions
(small, dotlike adhesions) and mature adhesions (large,
elongated adhesions).*° Figure 6A shows several mature
adhesions (arrowheads) randomly distributed in a cell cultured
on the flat surface; these mature adhesions reside at the ends of
stress fibers and follow them as the cells elongate. Furthermore,
numerous nascent adhesions (arrows) were concentrated at the
lamellipodia present on the cell’s leading edges on the flat

dx.doi.org/10.1021/am502692k | ACS Appl. Mater. Interfaces 2014, 6, 12062—12070
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Figure S. Effects of topographic patterns on EC viability. (A) Live cells
(green) and dead cells (red) on the surfaces of Flat, G1, and P1. Scale
bars: 100 ym. (B) Quantification of cell viability on various pattered
surfaces, which was analyzed from at least nine images of each
patterned motif. Statistically significant differences are marked as
follows: & same-sized groove vs pillar.
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Figure 6. Effects of topographic patterns on FA formation. (A)
Immunostaining of vinculin (green), F-actin (red), and nuclei (DAP],
blue). Scale bars: 20 pm. (B) Number of FAs per cell on various
patterned surfaces. Statistically significant differences are marked as
follows: * vs flat surface; # vs G1 for grooves or P1 for pillars; § same-
sized groove vs pillar.

surface. By contrast, FAs in cells on the GI surface were
prevalent at both the leading and trailing edges and were
predominantly elongated and aligned along the groove
direction, together with stress fibers. However, the degree of
FA elongation and alignment was greatly diminished when the
groove size was increased to S um or larger (Figure SS).
Moreover, the width of the FAs was dictated, as expected, by
the width of the ridges on the underlying substrate in the case
of small-sized grooves (GO0.S and G1), because FAs are the
interaction sites between cells and substrates (the ridges in this
case). Strikingly, on the P1 surface, FA formation was almost

eliminated and we only observed cytosolic vinculin, which was
inactive and was not recruited to FAs; however, FAs were
detected around the periphery of cells on the P0.S surface
(Figure SS). Furthermore, the number of FAs per cell was
quantified (Figure 6B). The pillars displayed a typical biphasic
dependency on pillar size, decreasing from PSO (58 FAs/cell)
to P1 (1 FA/cell) and then increasing on the P0.S surface (19
FAs/cell). By comparison, considerably more FAs were
observed on the G1 surface (53 FAs/cell) and the flat surface
(69 FAs/cell). Notably, in contrast to the absence of stress fiber
on the P1 surface, the flat surface induced numerous bundles of
stress fiber with random orientation, and the GI1 surface
induced strongly orientated stress fibers.

3.2.3. Cell Phenotype. Cells including endothelial cells may
lose tissue-specific traits when cultured in vitro.”> To determine
the phenotypes of HUVECs under our culture conditions, we
analyzed the expression of two endothelial cell markers: platelet
endothelial cell adhesion molecule (PECAM-1/CD31) and von
Willebrand factor (VWF). CD31 functions as a cell—cell
adhesion protein by mediating the homophilic binding of
endothelial cells and is therefore crucial for endothelial cell
monolayer formation and vascular integrity.** Conversely, vVWF
is a multimeric plasma glycoprotein expressed specifically by
endothelial cells and megakaryocytes, and vWF is stored in the
Weibel-Palade bodies of endothelial cells.”®

As shown in Figure 7A, CD31 was distributed on the entire
plasma membrane of HUVECs and concentrated at the
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Figure 7. Effects of topographic patterns on EC phenotype. (A)
Immunostaining of CD31 (green), VWF (red) and nuclei (DAP],
blue). Scale bars: SO um. Quantitation of relative expression of (B)
CD31 and (C) vWF (cells with positive CD31 or vWF staining/total
cell number). Statistically significant differences are marked as follows:
* vs flat surface; # vs Gl for grooves or P1 for pillars; I same-sized
groove vs pillar.

intercellular junctions of the cells cultured on the G1 surface,
. . . .26

agreeing well with previous observations.” By contrast,

substantially less CD31 was expressed in the cells on the flat

surface, CD31 was restricted to a small region of single cells,

and the cells exhibited less intercellular adhesions on the P1
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surface. The relative expression of CD31 on the various
patterned surfaces was quantified (Figure 7B): the highest
CD31 expression (~72%) was observed on the G1 and GO0.5
surfaces, and the lowest on the P1 surface (~39%). These
results suggested that the formation and maturation of stable
cell—cell contacts were promoted by the small-sized grooves
but were strongly suppressed by the small-sized pillars.

A punctate labeling of vWF was clearly detected and vWF
was widely distributed within the cytoplasm of HUVECs
cultured on the GI and the flat surfaces (Figure 7A). By
contrast, VWF was only clustered at the perinuclear region of
the cells on the P1 surface. Consistent with this result,
quantitation (Figure 7C) suggested that cells cultured on the
small-sized grooves (G1 and GO.5) showed the highest vVWF
expression, whereas those on the P1 exhibited the lowest
expression. These findings further demonstrated that the small-
sized grooves (i.e, G1 and GO.5) promoted better endothelial
phenotype of HUVECs than other topographic features did.

3.3. HUASMCs Growth. Figure 8 shows the typical growth
of HUASMCs after culturing for 1 day and 3 days. HUASMCs
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Figure 8. (A) Growth of SMCs over time on the surfaces of Flat, G1,
and P1 revealed by immunofluorescence staining with @-SMA. The
arrows denote direction of grooves. Scale bars: 100 ym. Quantitative
analysis of area coverage by SMCs on various patterned surfaces after
culturing for (B) 1 day and (C) 3 days. Statistically significant
differences are marked as follows: * vs flat surface; # vs G1 for grooves
or P1 for pillars; § same-sized groove vs pillar.

cultured on the flat surface displayed an epithelioid/rhomboid
morphology after 1 day in culture and typical hill-and-valley
growth patterns after 3 days in culture, which resembled the
proliferative phenotype of SMCs.”” By contrast, SMCs cultured
on the grooves showed an elongated, spindle-shaped
morphology and the cells aligned uniformly along the direction
of the grooves, which resembled their native morphology and
their organization in vivo (Figures 8A and S6). Most SMCs
cultured on pillars (especially small-sized pillars), however,
exhibited a less-spread, elongated morphology and were
preferentially orientated parallel to either the rows or columns

of pillars. These results suggested that the pillars nonselectively
suppressed SMC spreading, as they did in the case of HUVECs.
Figure 9 shows SEM micrographs of HUASMCs, which further

Flat

S0pum

payrugejy Mmaia-dog,

Figure 9. Top-view and magnified top-view of the SEM images of
SMCs on the surfaces of Flat, G1, and P1 after culturing for 1 day.

confirmed the results presented in Figure 8A. SMCs cultured
on the flat surface exhibited a proliferative-like phenotype
featuring a randomly spread-out morphology and well-formed
cell—cell adhesions. SMC spreading on the G1 surface appeared
to be restricted in the direction perpendicular to the grooves,
where cells were more isolated than in other places and were
mostly parallel to one another, which suggested a contractile
phenotype. SMCs exhibited orthogonal-type growth on the P1
surface, and the cell grew along two perpendicular directions,
either along the rows or the columns of pillar arrays.

We quantified the coverage by SMCs on various patterned
surfaces to measure cell growth (Figure 8B and C). After 1 day
in culture, the area covered by cells was substantially lower on
all the patterned surfaces, especially on small-sized patterns
(e.g, ~17% coverage on G1, and ~11% on P1), as compared
with the ~38% coverage on the flat surface. After 3 days in
culture, ~80% area of the flat surface was covered by SMCs,
which was 1.7-times and 3.2-times larger than that measured for
the G1 and P1 surfaces, respectively. Note that the G1 surfaces
showed higher levels of relative increase in cell area coverage
from day 1 to 3, comparing with either the flat surface or P1
surface (Figure S7). However, the G10 and P10 surfaces
showed much lower levels of increase from day 1 to 3. It is
noteworthy that the cell area coverage on the flat surface might
be underestimated as a result of multilayered growth of densely
populated SMCs, so that we conclude that both the grooves
and pillars effectively inhibited the spreading and proliferation
of SMCs compared to the flat surface.

3.4. Platelet Adhesion. Next, we analyzed platelet
adhesion and activation after culturing for 2 h (Figure 10).
The morphologies of adherent platelets are classified into five
stages from the lowest to the highest levels of activation: round,
dendritic, spread dendritic, spreading, and fully spreading, as
illustrated in Figure 10B.*® Our experiments showed that the
G1 and P1 surfaces reduced platelet adhesion and especially
platelet activation. Almost all platelets adhered on the G1 and
P1 surfaces remained spherical and separated and displayed
considerably fewer pseudopodia than they did on other
surfaces, whereas numerous platelets adhered on the flat
surface and most of them were in the fully spreading state.

Quantitative analysis indicated that the number of adherent
platelets was 26% lower on the G1 and 37% lower on the P0.5
and P1 surfaces than that on the flat surface; however, the
number of adherent platelets on patterns of other sizes was
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Activated
platelets

Figure 10. (A) SEM images of adherent platelets on various patterned
surfaces after culturing for 2 h in PRP. (B) Typical morphology of
adhernt platelets, R, round; D, dendtritic; SD, spreading dendritic; S,
spreading; FS, fully spreading. Platelets with F and FS were
charactrized as activited platelets.

comparable to that on the flat surface (Figure 11A). The
percentage of activated platelets was calculated by quantifying

®
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Figure 11. (A) Quantitative analysis of number of adherent platelets
on various surfaces, which were analyzed from at least five random
SEM images at S00X magnification. (B) Quantitative analysis of
relative quantification of activated platelets (number of platelets with
spreading or fully spreading morphology/total number of adherent
platelets) on various surfaces. Statistically significant differences are
marked as follows: * vs flat surface; # vs G1 for grooves or P1 for
pillars; F same-sized groove vs pillar.

the platelets exhibiting spreading and fully spreading
morphologies, which is the method typically used to identify
activated platelets.”*® The G1 and P1 surfaces drastically
reduced the percentage of activated platelets, to 3% and 9%,
respectively, from 61% on the flat surface (Figure 11B). With
both the groove and pillar pattern geometries, the percentage of
activated platelets showed a characteristic biphasic dependency
on pattern size: the percentage was lowest on 1 um sized
patterns, but it was markedly higher when the patterns were
either smaller or larger.

4. DISCUSSION

The quest for the ideal vascular stents has aroused great interest
in the development of multifunctional biomaterials with

capability of promoting endothelialization and concurrently
inhibiting both SMC proliferation and platelet adhesion.
Recently, a few chemical cues incorporated into biomaterials
have shown targeted multifunctionality of vascular stents.'”>"
To date, however, it has been not clear if the micro/
nanostructure of the cell adhesion substratum can be an
instructive cue selectively directing the fates of ECs, SMCs, and
platelets. To elucidate this question, we developed a novel
patterned platform featuring multimotifs of topographic
patterns, which is demonstrated to be a highly effective
protocol for studying how ECs, SMCs, and platelets responded
to various topographies. The findings argue that the topography
of the cell adhesion substratum can indeed selectively direct the
fates of ECs, SMCs, and platelets. Subtle changes in
topographic geometries and feature sizes profoundly influenced
the behaviors of vascular cells and platelets.

The experimental results suggested that grooves seemed to
induce vascular cell selectivity, whereas pillars were non-
selectively “antiproliferative”. We observed higher proliferation
rates of ECs on the 1—5 ym grooves but remarkably lower rates
on 1-5 um pillars compared with the proliferation rates on
other surfaces (Figure 2B). Moreover, the enhanced expression
of endothelial cell markers (CD31 and vWF) of the ECs
cultured on grooves reinforced the argument that grooves
provide a more favorable microenvironment for rapid
endothelialization than the pillars and the flat surface do.
Furthermore, we found both grooves and pillars did not
support SMC growth well compared with the flat surface
(Figure 8). The spindle-shaped appearance of SMCs and their
isolated cell—cell interactions might suggest contractile
phenotype induced by grooves and pillars. Overall, the results
indicate that selectively directing of vascular cell fates can
indeed be instructed by the geometry of topography in the cell
environment.

Apart from topographic geometry, the fates of vascular cells
and platelets are exquisitely sensitive to topographic size.
Identifying the optimal topography that induces desired
responses of vascular cells and platelets has been not only
fundamentally important for understanding cell—surface
interaction, but also practically important for development
multifunctional vascular stents. In this study, pattern sizes
ranging from submicrometer to tens of micrometers were used
to clearly demonstrate that a narrow window of pattern sizes
existed (0.5—S pm) within which subtle changes in the pattern
size profoundly influenced the adhesion, morphology, pro-
liferation, and FA development of ECs. Particularly, ECs were
substantially more sensitive to pattern-size change on pillars
than on grooves. Importantly, we identified a characteristic size
of around 1 ym that maximally induced the geometric effects of
the patterns, while, with either pattern size increasing or
decreasing, the topographic effects on EC faded out. Moreover,
the disparity in the responses of ECs cultured on grooves and
pillars also maximized at a size of 1 ym and gradually
diminished with either an increase or a decrease in pattern size.
Notably, the inhibitory effects of various patterns on SMCs
displayed a similar biphasic dependence on pattern sizes, but
differing from EC the 10 pm grooves and pillars seemed to
induce lower growth rate of SMCs than 1 um grooves and
pillars. This may be ascribed to 10 ym patterns providing more
severe restriction to SMC growth than 1 pym patterns, as the
size of SMC is larger than EC. In addition to the size effects
observed on vascular cells, we found that patterns also affected
platelets. Our previous study indicated that 0.5 pgm grooves
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would enhance platelet adhesion and activation compared to
either flat surface or 0.5 ym pillars,® which was consistent with
the current study. In this study, it was interesting to find that
adherent platelets on 1 um grooves or pillars exhibited
substantially lower activation levels than on other sizes of
patterns or on the flat surface. This may suggest that platelet
adhesion may be more sensitive to pattern size than to pattern
geometry that we have studied. Therefore, we propose an
optimized topography of 1 um sized groove for targeted
multifunctionality: EC growth was favored, whereas SMC
proliferation and platelet adhesion/activation were inhibited.

The further question that should be answered is this: what
are the mediators for selectively directing vascular cell and
platelet fates? It has been suggested that changes in cell shape
and cell area produce alternation of vascular cell functions and
phenotypes by regulating cytoskeletal reorganizations.6’32’33 In
this study, we indeed found that FA assembly and actin stress
fiber development, defining the cytoskeletal organization and
cell shape, were differentially regulated by various topographies.
The 1 pm grooves induced large amount of elongated FAs and
stress fibers with strong orientation in ECs, which subsequently
defines the well-organized cytoskeleton and elongated cell
shape. Similarly, the grooves also induced the strongly
elongated cell shape of SMCs. This bipolar, elongated shape
in both ECs and SMCs makes these cells resemble their in-vivo-
like states, which may be responsible for selective effects of
grooves on the growth of ECs and SMCs. By contrast, assembly
of FAs and stress fibers vanished in ECs on 1 ym pillars, which
might give rise to disorganized cytoskeleton and suppressed cell
spreading. Similarly, the pillars also suppressed the spreading
and growth of SMCs. We herein speculate that strong spatial
confinement in multiple directions of the pillars hinders cellular
growth and may account for its nonselectively “antiprolifer-
ative” effect. Furthermore, only the 1 um grooves and pillars
potently inhibited platelet adhesion and activation. This might
result from the potential reduction in effective platelet contact
area on 1 um patterns, which have a size comparable to the
diameter of platelets (1—2 pm).>'*

5. CONCLUSIONS

The patterned platform featuring 12 topographic motifs in a
single substrate enables us to efficiently assess vascular cell
selectively and hemocompatibility. Using this patterned plat-
form, we revealed that surface topography can selectively direct
the fates of vascular cells and platelets. Importantly, our study
results indicate that the 1 pm groove is the most favorable
topography for improving the endothelial cell attachment,
proliferation, and functions by regulating focal adhesion
assembly and cytoskeleton development. Furthermore, both
grooves and pillars could suppress the smooth muscle cell
spreading and growth. Notably, the grooves and pillars at 1 ym
size effectively reduce platelet adhesion and activation. The
good vascular cell selectivity and hemocompatibility induced by
topographic patterns provide a promising direction for further
research and development of vascular devices. The study also
reveals the pillar pattern’s nonselective inhibition of cell growth,
which might make it an “antiproliferative” topographic feature
for certain applications.
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