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Abstract

Adhesion and proliferation of vascular endothelial cells are important parameters in the
endothelialization of biomedical devices for vascular applications. Endothelialization is a complex
process affected by endothelial cells and their interaction with the extracellular microenvironment.
Although numerous approaches are taken to study the influence of the external environment, a
systematic investigation of the impact of an engineered microenvironment on endothelial cell
processes is needed. This study aims to investigate the influence of topography, initial cell seeding
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density, and collagen coating on human umbilical vein endothelial cells (HUVECs). Utilizing the
MultiARChitecture (MARC) chamber, the effects of various topographies on HUVECs are
identified, and those with more prominent effects were further evaluated individually using the
MARC plate. Endothelial cell marker expression and monocyte adhesion assay are examined on
the HUVEC monolayer. HUVECSs on 1.8 um convex and concave microlens topographies
demonstrate the lowest cell adhesion and proliferation, regardless of initial cell seeding density
and collagen | coating, and the HUVEC monolayer on the microlens shows the lowest monocyte
adhesion. This property of lens topographies would potentially be a useful parameter in designing
vascular biomedical devices. The MARC chamber and MARC plate show a great potential for
faster and easy pattern identification for various cellular processes.

Keywords

microtopography; high throughput screening; endothelial cells; monocytes adhesion assay;
proliferation; extracellular matrix coating

1. Introduction

Endothelial cells make up a dynamic, heterogeneous organ that possesses vital secretory,
synthetic, metabolic, and immunologic functions [1:2]. The properties and functions of
vascular endothelial cells are influenced by the complex interactions that exist between the
cells and the extracellular matrix (ECM). These interactions involve various physical and
biochemical cues. One of the principal physical cues is the vascular ECM, also termed the
basement membrane [31: it provides critical support for the vascular endothelial cells and
consists of laminin-rich fibril-like structures [4-6]. Any geometrical changes of the basement
membrane may lead to vascular abnormalities, thereby exposing the influence that physical
cues have on vascular endothelial cells [],

Cell-matrix interactions that occur and their effect on vascular endothelial cell processes
were evaluated by the assessment of various parameters including: the influence of substrate
stiffness [8], stretching force [%], and shear stress [10-12]. Topographical cues such as pillars
[13] gratings [14-161 and fibers [17:18] appeared to influence adhesion, proliferation, cell
morphology, and alignment of vascular endothelial cells significantly. Despite the fact that
there are a large number of studies focused on the interaction between vascular endothelial
cells and their biochemical and biophysical cues, general trends on cell response towards
topographies were difficult to determine. This is due to the wide range of measurement
parameters, cell types, substrate materials, and topographical features examined [19]. Thus, a
systematic analysis was needed for verification of topographical cues influence on cellular
processes.

It is hypothesized that topographical cues influence the cell processes of single vascular
endothelial cells, and function of endothelial monolayers. The following study represents a
systematic screening of a range of topographical cues on the MultiARChitecture (MARC)
chamber, which is a variation of the MARC chip [2021] enabling easier handling and reduced
volume of cell culture reagents. The effect of extracellular matrix collagen I coating, cell
seeding density, and topographical cues demonstrated a range of positive and negative
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influences on adhesion and/or proliferation of endothelial cells. The most influential
topographies were selected and the individual patterns were scaled-up for further
investigation. A verification of adhesion and proliferation of single endothelial cells was
performed in the MARC plate, a multi-well plate with a different topographical pattern in
each well. The influence of topographical cues on endothelial cell monolayer and the
interaction with the immune cells was examined by analyzing the expression of endothelial
markers and in the monocyte adhesion assay.

2. Materials and Methods

2.1. Polydimethylsiloxane (PDMS) micro- and nano-pattern fabrication

2.1.1. Fabrication of MultiARChitecture (MARC) chip master, MARC chips and
MARC chambers—The MARC chip was fabricated as previously described [20:21], |n
short, 41 micro- and nano-sized isotropic and anisotropic topographies (Table 1, Figure 1A)
were imprinted on polycarbonate (PC) via nanoimprint lithography (NIL). Selected patterns
were cut into 2 mm x 2 mm pieces and assembled into a multi-array on a silicone substrate
with five unpatterned fields. Polydimethylsiloxane (PDMS, Sylgard 184, Corning) was used
as a binding material and the MARC chip master was surface-treated with
perfluorodecyltrichlorosilane (FTDS) prior to usage. In order to fabricate a MARC chip with
the same set of topographies, a double replication was performed. The MARC chip master
was initially replicated with PDMS (3g) in a 5:1 ratio of elastomer to crosslinking agent and
cured overnight (approximately 12 hrs) at 60°C, and demolded at room temperature. The
obtained mirror MARC chip was surface-treated with FTDS and Triton X (0.01 % solution,
Sigma-Aldrich) to be used as a master mold for the replication of the MARC chamber with
PDMS (49) in a 10:1 ratio of elastomer to crosslinking agent. Similar to the master, the
sample was cross-linked overnight (approximately 12 hrs) at 60°C, demolded at room
temperature, and stored at 60°C prior to utilization in experiments. The MARC chip was
examined with scanning electron microscopy (SEM) and atomic force microscopy (AFM).

For a robust evaluation of topographies with uniform cell density, the MARC chamber,
which is a variation of the MARC chip, was developed as a double negative replica of the
MARC chip master. The fabrication process involves the replication of the MARC chip from
the MARC chip master (Figure 1C-E). Subsequently, the MARC chip is surface-treated with
FTDS and Triton X (0.01% solution) and utilized as a master-mold for a further replication.
The replication of the MARC chip master was performed in a common 35 mm diameter
culture dish (Figure 1D). The final product after demolding, the MARC chamber, mimicked
the topographies on the MARC chip master, and it would be in a chamber form that fits
robustly in 6 well-plates or 35mm dishes (Figure 1E). The MARC chamber possesses a
number of advantages: (1) easy handling and fitting robustly into conventional cell culture
plates or dishes, (2) enabling uniform cell seeding locally on the patterned area, (3)
minimizing the volume of required reagent thus enabling economical use of media, growth
factors, antibodies and other substances, and (4) enabling the utilization of up to 6 MARC
chambers at the same time in a standard 6-well culture plate.
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2.1.2. Fabrication of MARC plates—The MARC chip and the MARC chamber have
been demonstrated to be efficient screening tools with microscopy-based analysis. The small
patterned area, the challenge in harvesting cells from each individual cell area and the
potential paracrine effects among patterns limit their use for further biological analyses. In
order to verify the MARC chip/chamber screening assay, we designed and fabricated MARC
plates. MARC plates were fabricated as bottomless well cell culture plates with attached 2
cm x 2 cm unpatterned and single-patterned PDMS replicas (Figure 1B). The single-
patterned PDMS replicas were attached by utilizing PDMS in a 5:1 ratio of elastomer to
crosslinking agent. The MARC plates were then cured overnight (approximately 12 hrs) at
60°C. The wells were washed with absolute ethanol to ensure that proper attachment of the
single PDMS replicas occurred.

2.1.3. Preparation of MARC chambers, MARC plates and PDMS single replicas
—The replicas of MARC chambers, MARC plates, and single-patterned PDMS (which will
be denoted as “single PDMS”) were washed with absolute ethanol and treated with oxygen
plasma for 1 min, 85W and 800 cc/min before UV-sterilized for 20 min. Selected MARC
chambers and MARC plates were coated with bovine collagen type I (collagen I, 2.5 g/
cm?, Gibco) in acetic acid solution (0.02 M solution) for one hour at 37°C. Excess collagen
was washed off with phosphate buffered saline (PBS).

2.1.4. Quantification of collagen binding in MARC chambers—To quantify the
collagen binding on different patterned substrates, the absorbed collagen on MARC
chambers was fixed with 4% paraformaldehyde (PFA), and then immunofluorescently
stained with Alexa Fluor®488 conjugated anti-collagen | antibody (1:200, SouthernBiotech).

2.2. Cell assays

2.2.1. Vascular endothelial cell culture—As recommended by the supplier’s protocol
at 5000 cells/cm? seeding density, the human umbilical vein endothelial cells (HUVECsS,
Lonza, passage 4-6) were cultured for approximately 3—4 days in endothelial growth media
(EGM-2, Lonza). The cells were maintained in an incubator at 37°C with stable 5% CO.
The medium was changed every other day. HUVECs were trypsinized and harvested
according to the supplier’s instructions. For the adhesion and proliferation assays in the
MARC chambers and adhesion assay in the MARC plates, the cells were cultured in EGM-2
at either 3000 or 10000 cells/cmZ. Prior to staining, cells were washed with 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffered saline solution and fixed
with 4% PFA,; this was performed at the 4 or 24-hour time point. For the single pattern study,
HUVECs were cultured in EGM-2 on the single PDMS for 2-3 days until a monolayer
formed. Human monocytes (U-937, ATCC) were cultured in a medium composed of
Rosswell Park Memorial Institute Medium (RPMI, Gibco) supplemented with 10% fetal
bovine serum (FBS, HyClone), 1% sodium pyruvate (Sigma-Aldrich), penicillin, and
streptomycin (100 U/mL ml and 100 pg/mL ml respectively, GE Health Science). The U-937
cells were cultured in suspension for 4-5 days; medium was added every other day and
harvested according to the supplier’s protocol.
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2.2.2. Adhesion, proliferation and monocyte cell assays

2.2.2.1. Adhesion and proliferation assaysin MARC chambers: For the adhesion assay
in the MARC chambers, samples were fixed with 4% PFA, washed with HEPES buffered
saline solution (HBSS), and stained with a nuclear stain 4", 6-diamidino-2 phenylindole
(DAPI, 1:3000, Life Technologies), and phalloidin 546 (1:300, Life Technologies). For the
proliferation assay in the MARC chambers, the cells were incubated for 4 hrs (prior to the
24-hour endpoint) in the EdU-kit solution (Click-iT EdU Alexa Fluor 488 HCS assay,
Invitrogen) according to the manufacturer’s instructions. Samples were fixed with 4% PFA
and stained with DAPI (1:3000).

2.2.2.2. Adhesion assay in MARC plates: For the adhesion assay in the MARC plates, the
cells were washed with HBSS, trypsinized, and neutralized to obtain a cell pellet. The cell
pellet was then snap frozen in liquid nitrogen and stored at —80°C prior to further
processing.

The CyQUANT® cell assay kit (CyQUANT® NF assay, Invitrogen) was used for the
quantification of the cellular DNA content present in each well. The assay was performed
according to the manufacturer’s protocol. The fluorescence intensity of each sample was
measured with a microplate reader (xMark™ microplate absorbance spectrophotometer, Bio-
Rad). Cell density was calculated from measured immunofluorescence values utilizing the
cell ladder with known cell densities.

2.2.2.3. Cell marker expression assay on single PDM Sreplicas: For cell marker
expression analysis, the HUVEC monolayers were washed with PBS with calcium and
magnesium, fixed with 4% PFA before blocking with 10% goat serum (Thermo Fischer
Scientific). The monolayers were stained with VE-cadherin (rabbit anti-VE-cadherin, 1:200,
Cell Signaling Technology) and ICAM-1 (mouse anti-ICAM-1, 1:200, R&D Systems) and
then secondary antibodies (Alexa Fluor™ 488 goat anti-rabbit and Alexa Fluor™ 546 goat
anti-mouse), with DAPI as counter staining for the nuclei. Images were captured from each
sample (CD31, VE-cadherin, and ICAM-1) with consistent image acquisition parameters,
processed with Image J (Image J 1.47v) and evaluated for the endothelial cell markers.

2.2.2.4. Monaocyte adhesion assay on single PDM S replicas: For the monocyte adhesion
assay, the HUVEC monolayers were activated by incubation with tumor necrosis factor a
(TNF- @, 2.5 ng/ml, Life Technologies) in EGM-2 for 5 hours at 37°C with stable 5% CO5.
Monocytes were centrifuged and labeled with cell tracker dye (CellTracker™ Green
CMFDA dye, Thermo Fisher Scientific) according to the manufacturer’s instructions. The
single PDMS samples were washed with RPMI to remove EGM-2 with TNF- a.. The
monocytes were seeded at 150000 cells/cm?2. Samples were incubated on a shaker for 45 min
and washed with phosphate buffered saline (PBS) prior staining with DAPI (1:3000) and the
fluorescently conjugated endothelial cell marker, CD31 (1:400, Miltenyi-Biotec).

2.3. MARC chamber and single PDMS pattern sample imaging

Samples were imaged with a Leica epifluorescence microscope (Leica DMi8) equipped with
a Q-imaging camera and Q-Capture Pro software and Zeiss microscope (Axio Observer Z1)
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equipped with Zen software. During the imaging process, all acquisition parameters
remained constant. Images were captured from each sample at 10x and 20x magnification
and processed with Image J (Image J 1.47v) for particle analysis. On single cells that not
engaged in any type of cell-cell interaction, cell circularity and cell area were analyzed on
evaluated patterned surface and on images with 20x magnification. Cell circularity was
calculated with a plugin built within Image J using the following equation: Circularity =4 1
(Area/Perimeter?). A circularity index value of 1.0 indicates a perfect circle and a value that
approaches 0.0 indicates an elongated polygon. Cell circularity values were normalized to
the number of analyzed cells per pattern (n = 200-400). The mean immunofluorescence
intensity of CD31, VE-cadherin and ICAM-1 on each patterned surface was measured with
Image J by taking the sum of the mean gray values of the monolayer, normalized to the total
number of cells counted. The process was repeated for all images and patterned surfaces.
Values were normalized to number of cells and presented in arbitrary units (A.U.) per cell.

2.4. Statistical analysis

3. Results

In the MARC-chamber topography screening assay, including the values for adhesion and
proliferation, the analysis of cell area and cell circularity, intensity analysis of
immunofluorescence staining of collagen I and endothelial cell markers, and the monocyte
cell density values were evaluated on outliers using Grubb’s test. The values of all data were
presented as mean values, plus or minus the calculated standard deviation. Statistical
analysis for collagen | adsorption in MARC chamber (n=30 for all surfaces), topography
screening assay for adhesion and proliferation in MARC chamber (n=20 for unpatterned and
n=4 for patterned surfaces), topography screening assay for adhesion and proliferation in
MARC plate (n=10 for all surfaces), the analysis of cell area and cell circularity assay
(n=240 for unpatterned and n=60 for patterned surfaces), the quantification of cell marker
expression (n=15 for all surfaces) and monocyte adhesion assay (n=20 for all surfaces) was
performed using an one-way ANOVA test with Tukey’s post-hoc test. Statistical tests were
considered significant when P<0.05 (noted as one asterisks), P<0.01 (noted as two asterisks),
P<0.001 (noted as three asterisks), and P<0.0001 (noted as four asterisks). All statistical
analysis was performed using QuickCalcs and GraphPad Prism through GraphPad Software.

3.1. MARC chamber and single pattern PDMS replica characterization

The fidelity of the MARC chip, MARC chamber, MARC plates, and MARC chamber
pattern replication was verified by scanning electron microscopy (SEM) (Supplementary
Figure 1) and atomic force microscopy (AFM) (Supplementary Figure 2). The fidelity of the
single pattern PDMS replicas was verified by SEM (Supplementary Figure 3).

3.2. Collagen adsorption quantification on MARC chambers

The adsorbed collagen type | on MARC chambers was quantified to assess the influence of
different topographies on collagen coating. The adsorbed collagen on different patterns was
visualized by Alexa Fluor®488 conjugated anti-collagen | antibody, and was quantified by
fluorescence intensity, as shown in Supplementary Figures 4 and Supplementary Figure 5
respectively. Though the collagen adsorption varied on different patterns, there were no
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observable variation trends, and the collagen adsorption on most patterned substrates was
not significantly different from the unpatterned surfaces. Only the amount of adsorbed
collagen on topography 19 (500 nm pillars, with 10 pm pitch, 500 nm height) appeared
significantly lower than those on unpatterned surfaces. Grating patterns (Topography 1 to 5,
Table 1) and convex lens (Topography 11) showed higher collagen binding compared with
other patterns, while micro-sized hierarchical gratings (Topography 24 and 25), and
microsized pillars (Topography 15) resulted in lower collagen adsorption.

3.3. Cell density and cell proliferation on unpatterned substrates

To evaluate the influence of ECM coating and cell seeding density on cell adhesion and
proliferation on unpatterned PDMS substrates, we compared the unpatterned substrate
samples in different conditions (Figure 2). The cell density was observed at 4 hours and 24
hours after cell seeding, while the cell proliferation was analyzed at 24 hours after cell
seeding. At the 4-hour time point, significant difference in cell density on the non-coated
and collagen | coated substrates was observed at the higher initial cell seeding density
(10000 cell/cm?, Figure 2A and 2B). At the 24-hour time points, the cell density on the
substrate with higher initial seeding density was significantly higher than the samples with
lower initial seeding density (3000 cell/cm?), regardless if the substrate was pre-coated with
collagen. Interestingly, the difference in cell density observed on the non-coated versus
collagen | coated substrates at the 24-hour time points was not significantly different.

Additionally, we evaluated the cell proliferation of HUVECs on unpatterned PDMS
substrates at the 24-hour time point with different ECM coatings and cell seeding densities.
No significant difference was observed on the cell proliferation on non-coated versus
collagen | coated unpatterned substrates at both cell seeding densities (Figure 2C).

3.4. Cell density quantification at 4-hour time point

The HUVECSs were seeded on a variety of topographies presented in the MARC chamber in
order to evaluate the interaction between the topographies and endothelial cells. To examine
the influence of ECM coating on endothelial cell adhesion, cells were seeded on either
bovine collagen | coated or non-coated topographies at two different cell seeding densities.
Representative images of the HUVECSs, which were visualized by phalloidin and DAPI
staining for F-actin and nuclei, on the various samples and topographies are shown in
Supplementary Figures 6 — 9. Overall, the cell density at 4-hour post cell seeding varied
between (1) ECM coating — collagen | pre-coated versus non-coated surfaces, (2) different
initial cell seeding densities, and (3) unpatterned versus patterned surfaces. Collagen |
coating on patterns led to two observable trends. First, the collagen coating demonstrated a
slight overall increase in cell adhesion on most of the patterns (Figure 3), regardless of
seeding density. Second, the cell adhesion on collagen | coated surfaces showed larger
variation and noise among biological replicas, in comparison to the cell adhesion values
obtained from non-collagen | coated surfaces. Statistical significantly higher cell density
(P<0.01 and P<0.001) was observed only on three patterns at 10000 cells/cm? seeding
density (Topography 33 — 500 nm U-groove, with 500 nm pitch, 200 nm height; Topography
36 - 10 um lens (square array) with 10 um pitch, 2 um height; Topography 37 - 2 um lens
(square array) with 2 pm space, 400 nm sag) when compared with the values of the
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corresponding non-coated substrates (Figure 3B—C). Although higher cell density at 4-hour
was expected on samples with higher initial cell seeding compared to samples with lower
cell seeding, significant differences in the 4-hour cell density were only observed on some of
the patterns (Supplementary Figure 10). Significant differences in cell density at 4-hour
between lower and higher initial cell seeding on patterns was observed on more number of
patterns without collagen | coating (21 patterns) than on patterns with collagen I coating (7
patterns). Moreover, micro-sized hierarchical 2 pm gratings (Topography 25 and 26) and 10
um gratings (Topography 34) with higher seeding density showed significantly higher 4-
hour cell density compared to the corresponding samples with lower seeding density,
regardless of collagen | coating. Overall, regardless of collagen I coating, the anisotropic
micro-sized patterned surfaces, such as gratings, showed higher cell adhesion in comparison
to other isotropic nano- and micro-sized patterned surfaces (such as well and pillars). A few
anisotropic micro-gratings (such as Topography 1 - 2 um lines, 2 pm space, 2 um height;
Topography 2 - 2 um lines, 1 um space, 80 nm height; Topography 30 - 2 um V-groove, 2
pum pitch, 1.5 um height) showed higher cell density at 4 hour compared to the unpatterned
surfaces. Lens topographies, characterized as curved geometry, showed a lower cell adhesion
on coated and non-coated surfaces at both cell seeding densities. However, the higher cell
density on micro-gratings and lower cell density on lens topographies were not significantly
different from unpatterned surfaces.

3.5. Cell proliferation and adhesion quantification at 24 hours after cell seeding

As the formation of the endothelial cell monolayer depends on cell adhesion and cell
proliferation, the cell density and proliferation of HUVECs at the 24-hour time point (post
cell seeding) were quantified. Similar to the cell adhesion results at the 4-hour time point,
the effects of cell density at the 24-hour time point varied between (1) ECM coating —
collagen | coated versus non-coated surfaces, (2) different initial cell seeding densities, and
(3) unpatterned versus patterned surfaces (Figure 4 and 5). Higher cell densities at 24-hour
were observed on patterns with higher initial cell seeding density when compared to
corresponding patterns with lower initial cell seeding density (Figure 4). A small difference
between patterned substrates with higher and lower cell seeding densities was observed on
collagen | coated patterns; in contrast, a close to 10-fold higher cell density was observed on
non-coated unpatterned substrates with higher initial seeding density compared to the
corresponding pattern with lower seeding density (Supplementary Figure 11). A 10-fold
increase in cell densities was observed on the non-coated patterns, whereas only two micro-
sized isotropic patterns (Topography 5 - 10 um pillars, 10 um pitch, 10 pm height;
Topography 6 - 2 um pillars, 12 um pitch, 2 pm height) demonstrated significantly higher
24-hour cell density on the samples with higher seeding density, compared to the
corresponding patterns with lower seeding density (Supplementary Figure 11A).
Topography 5 and 6 were also among the 21 non-coated patterns with higher 4-hour density
on the samples with higher initial seeding density (Supplementary Figure 10A).

In terms of cell proliferation measured by EdU assay, the cell proliferation was higher on
non-coated patterns with lower initial cell seeding density, when comparing with on patterns
with collagen | coating (Figure 5A) and patterns with higher initial cell seeding either with
or without collagen I coating (Figure 5B, Supplementary Figure 12). Moreover, regardless of
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the collagen | coating, the lens topographies (curved geometry patterns: Topography 11 - 1.8
um diameter, 2 pm pitch, 0.7 um sag convex microlens; Topography 12 - 1 um diameter, 1
pm pitch, 0.3 um sag convex microlens; Topography 22 - 1.8 pm diameter, 2 pm pitch, 0.7
um sag concave microlens; Topography 23 - 1 um diameter, 1 pm pitch, 0.3 um sag concave
microlens) exhibited lower cell density and cell proliferation in comparison to other
patterned and unpatterned substrates; however, most of the values did not exhibit any
significant difference.

3.6. Cell circularity and cell area quantification

To evaluate the interaction of vascular endothelial cells with the patterned substrates, a
morphometric analysis to quantify the cell area and cell circularity of individual HUVECs at
the 4-hour time point was performed. Based on the results observed in the cell adhesion and
cell proliferation in the above sections, the morphometric evaluation of the HUVECs was
performed on non-coated samples at the 4-hour time point. The selection rationales to
simplify the analysis were based on the following parameters:

1 Non-coated patterned substrates cell density data were selected. The HUVEC-
substrate interaction was evaluated on substrate with serum-protein, without the
influence of the pre-coated collagen I.

2. The 4 hour time point with an initial cell seeding density of 10000 cells/cm?
were selected because the cell culture would remain sub-confluent, which allow
the morphometric analysis of individual cells, while a sufficient cell density
would be present on each of the pattern on the MARC chip for data and
statistical analysis.

The HUVEC area varied greatly amongst the different patterned and unpatterned surfaces,
either with a significantly higher cell area or a significantly lower cell area (Figure 6A,
Supplementary Figure 7). In general, the HUVECs showed either more rounded cell
morphology with a smaller cell area, or larger cell morphology with numerous filopodia,
while some of the HUVECs were elongated in the direction of the underlying topography
(Topography 31 - 500 nm V-groove gratings).

Topography 16 (2 um pillars with 12 pm pitch and 350 nm height) led to a significantly
larger cell area of HUVECs. HUVECs on the gratings, pillars, and lens structures of
different sizes also led to significantly smaller cell areas, compared to HUVECs on
unpatterned substrates. However, most of the patterned surfaces did not significantly
influence the HUVEC cell area when compared to the cell area of HUVECs on the
unpatterned surface (Figure 6A, Supplementary Figure 8).

Cell circularity is another morphometric parameter that was analyzed (Figure 6B,
Supplementary Figure 8). Notably, HUVECSs on anisotropic micro-sized patterned surfaces
(Topography 1 - 2 um lines, 2 um space, 2 um height; Topography 24 - 2 um lines with
perpendicular 250 nm lines on the ridge; Topography 25 - 2 um line with parallel 250 nm
lines on the ridge) showed more elongated cell bodies, with significantly lower cell
circularity. HUVECs adherent on the nano-sized anisotropic patterned substrate, Topography
33 (500 nm U-groove with 500 nm pitch and 200 nm height), demonstrated round shaped
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cell bodies. While on round and curved isotropic nano- and micro-sized geometry such as
pillars, wells and lenses, the HUVECs tended to be less elongated and appeared rounder;
and therefore exhibited a significantly higher cell circularity index (Figure 6B).

Overall, micro-sized lens topographies influenced the endothelial cells to have rounder and
smaller cell bodies in comparison to other isotopic and anisotropic patterned substrates. The
comparison of cell adhesion, proliferation, cell area, and circularity lead to the selection of a
set of patterns for further verification on individual patterns by using the MARC plates, and
the analysis of their influence on endothelial cell monolayer. The pattern selection criteria
were as followed:

1 Selected patterned substrates should demonstrate consistent influences, either a
consistent increase or decrease compared to the unpatterned control, on the
adhesion and cell density at the 4-hour and 24-hour time points.

2. Selected patterned substrates should affect cell proliferation, either higher or
lower values of cell proliferation, when compared to the unpatterned control.

3. Selected patterned substrates should induce changes in cell morphology, either
more elongated or round cell morphology, when compared to the unpatterned
control.

4, Selected patterned substrates should affect the cell area, either larger or small cell
area, when compared to the unpatterned control.

3.7. Cell density quantification in MARC plates at 24 hours after cell seeding

To verify the data obtained in the MARC chamber-screening assay, HUVECs were seeded
on selected patterns on a MARC plate and cultured for 24 hours. Overall, cell density was
lower on the substrates with initial 3000 cells/cm? cell seeding density, in comparison to the
substrates seeded with 10000 cells/cm? (Figure 7). The 1.8 um diameter concave microlens
demonstrated a significantly lower cell density compared to the unpattern controls,
regardless of the collagen coating or initial cell seeding density. At 3000 cells/cm? seeding
density, no comparable difference between samples with and without collagen | coatings was
revealed at the 24 hour (Figure 7A). The influence of the topographies on HUVECs were
consistent. The topographies yielded a lower cell density at 24 hours after cell seeding,
regardless of the collagen coating. At a higher initial cell density, collagen | coating
enhanced the cell density on the various topographies. The cell density on the collagen-
coated 1 pm lines and 500 nm pillars were comparable to the collagen coated unpatterned
control. On the patterns without collagen | coating, cell density on 1 pm lines, 500 nm pillars
and 1.8 um concave lenses were significantly lower than the unpatterned control. Overall,
collagen | coating yielded an additive effect in enhancing endothelial cell density (Figure
7B).

3.8. Cell markers expression of endothelial cell monolayer

The expression of CD31, VE-cadherin and ICAM-1 of HUVEC monolayers formed on
selected patterned substrates were assessed to evaluate the influence of topographic factors
on endothelial cell markers expression and cell-cell junction.
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The CD31 expression of the HUVEC monolayers on selected patterned surfaces was slightly
different among the different patterns (Figure 8A). HUVEC monolayer on convex microlens
(1.8 pm diameter with 2 um pitch, and 0.7 pm sag convex microlens) and the pillar
structures (500 nm pillars with 10 um pitch and 500 nm height, 2 um pillars with 12 pm
pitch and 2 um height and 10 um pillars with 10 um pitch and 10 um height) showed a
higher CD31 expression compared to the unpatterned control. The CD31 expression of
HUVEC monolayer on concave microlens (1.8 um diameter with 2 pm pitch, and 0.7 um sag
concave microlens) samples was similar to that of unpatterned control. However, all the
differences were not statistically significant.

VE-cadherin is an important cell marker for endothelial cell-cell junction and vascular
monolayer permeability. As shown in Figure 8B, the HUVEC monolayer on all topographies
(1.8 um diameter with 2 um pitch, and 0.7 um sag convex and concave microlens, 500 nm
pillars with 10 um pitch and 500 nm height, 2 um pillars with 12 pm pitch and 2 pm height
and 10 pm pillars with 10 pm pitch and 10 pm height) exhibited higher VE-cadherin
expression, and the 10 um pillar topography revealed a statistically significant up-regulation
compared to unpatterned control.

The expression level of ICAM-1 varied a lot among different patterned substrates (Figure
8C). Micro-sized lens topographies (1.8 um diameter with 2 um pitch, and 0.7 um sag
convex and concave microlens) showed lower ICAM-1 expression compared to unpatterned
substrates, and pillar structures (500 nm pillars with 10 um pitch and 500 nm height, 2 um
pillars with 12 pm pitch and 2 pm height and 10 pm pillars with 10 pm pitch and 10 pm
height). An upward trend of ICAM-1 expression was found on pillar substrates, among
which the 10 um pillars topography exhibited the highest expression.

3.9. Evaluation of monocyte adhesion on endothelial cell monolayer

To evaluate the potential influence of underlying patterned substrates on the functions of the
vascular endothelial cell monolayer, the interaction of the vascular endothelial monolayer
with the immune system was assessed. The adhesion of activated monocyte cells by tumor
necrosis factor a (TNF- a) on the HUVEC monolayer was tested as previously described
[22-24] The monocytes revealed different adherence to the HUVEC monolayers on the
selected patterned substrates (Figure 9), and the variation trend is similar to the ICAM-1
expression results.

Micro-sized lens topographies (1.8 pm diameter with 2 um pitch, and 0.7 pm sag convex and
concave microlens) exhibited lower monocyte adhesion than other pillars structures (500 nm
pillars with 10 um pitch and 500 nm height, 2 um pillars with 12 pm pitch and 2 pm height
and 10 pm pillars with 10 pm pitch and 10 pm height) and the unpatterned surface control.
The pillar topographies showed an increasing trend of monocyte amounts adherent to the
endothelial monolayer (Figure 9B). 500 nm pillar topography was found to have comparable
monocyte adhesion to the unpatterned substrate, the 2 um pillars and the 10 pm pillar
topography demonstrated a higher monocyte adhesion in comparison to all other
topographies and the unpatterned substrate.
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4. Discussion

Numerous studies demonstrated the significance of various aspects of physical cues and
their influence on vascular endothelial cells. These physical cues include ECM [2526] shear
stress [10.11] sybstrate stiffness [8], stretching force [°] and topography [13-18]. However, the
evaluations of physical cues on endothelial cells were performed in assays evaluating one
parameter at a time, unlike high throughput studies evaluating the influence of physical cues
on other cell types [21.27-341 |n this study, we focused on exploring the high throughput
screening of the influence of topographies on endothelial cell behavior. The study was
designed to be two parts: first, single cell studies on the MARC chip, in which cell adhesion,
proliferation and morphology were assessed to investigate the influence of external
environment on the initial endothelial cell response; subsequently, the endothelial monolayer
formation and function on the selected patterns, in which cell markers expression and
monocyte adhesion were analyzed to assess the endothelialization under different external
environment.

The evaluation of topographic influence on different cells types with the MARC chip assay
was studied previously 21341, To improve the utilization of the MARC chip, it was
redesigned to a chamber which requires a smaller amount of culture medium, growth
factors, and other substances. Such a MARC chip modification increased the application
potential of the MARC assay. The MARC plate, with one pattern in each well of a multi-
well plate, was designed and fabricated for a downstream investigation of selected patterns
for various cell response assays such as adhesion and proliferation. A range of micro- and
nano-patterned PDMS substrates was utilized to form a unified multi-topographical assay,
the MARC plate. It provided a larger cell culture area per topography than the screening
device MARC chip and MARC chamber. In addition, the MARC plate could also enable
molecular biology assay in each of the individual well, which is conceptually similar to the
Integrated mechanobiology platform (IMP) [32]. In this study, the MARC chamber and
MARC plate were used for screening and downstream verification of endothelial cell
adhesion and proliferation, respectively.

The vascular endothelial cell interaction with the native extracellular matrix, or with
biomaterials of implantable device, is an increasingly important subject in studies
endothelial dysfunction and vascular tissue engineering. The cell-interaction with
biomaterials is essential in designing vascular devices. Much previous research focused on
the biochemical cue interaction with vascular endothelial cells. However, it was shown that
the physical parameters of the extracellular matrix, such as rigidity and topography, have an
impact on the vascular cell behavior as well. For instance, a previous study was conducted
identifying the influence of ECM coating on vascular endothelial cells, focusing on collagen
| coated substrates [2526], Vascular endothelial cells are capable of inducing the production
of collagen I through the reduction of autocrine and paracrine nitric oxide (NO) signaling
[35], The NO paracrine effect influences vascular endothelial cells and smooth muscle cells
on vasculogenesis [3%] which is a process that leads to de novo formation of vessels [36:371,
Although collagen I plays an important role in supporting endothelialization [38:39] and
vasculogenesis [491, other ECM proteins and the combination of other ECM proteins with
collagen I are all crucial for vascular endothelial cells. Other physical cues such as
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topography were investigated extensively, especially the influence of topographical cues on
vascular endothelial adhesion[41]. Several studies focused on either anisotropic [16:18:42-45]
or isotropic topographies [1346-48], This study demonstrated a systematic screening of
various nano- and micro-sized patterned substrates with different isotropies, with or without
collagen I coating.

Extracellular matrix serves as critical support for vascular endothelial cells, and ECM will
influence cell behaviors during the long-term cell-interaction with materials. However, the
turnover of ECM for endothelial cells usually takes hours to a day [49591. In our study of
single cell behaviors, we aimed to evaluate the initial interaction between cells and
substrates. Thus, the first 4 hours and 24 hours were investigated, during these periods, the
adsorbed ECM proteins from serum, or the collagen | coating would be more influential for
cell behaviors. The stability and the adsorption of collagen | on substrates were influenced
by micro- and nano-sized topographies due to the fibrous nature of collagen I. Therefore, not
surprisingly, the collagen binding on the MARC chip showed variations among differently
patterned substrates although the difference was not statistically significant. This observation
was similar and consistent with our previous studies demonstrating non-significant
differences of fibronectin coating adsorption quantification on nano-patterned and
unpatterned PDMS substrates [52].

In the single cell study, collagen | coating was observed to have an additive influence on
enhancing cell adhesion on patterned substrates. This observation was similar to a recent
study, in which the influence of collagen I, fibronectin, or their combination on nano-fibrous
membranes showed an additive effect on cell-cell interactions [21. However, the augmenting
influence of patterned substrates with collagen | coating was not consistent among
experimental replicas or patterns in the current study. Meanwhile, it should be noted that the
non-coated substrates would also be coated with a layer of ECM proteins such as fibronectin
adsorbed from the serum in the cell culture medium. Interestingly, a more consistent
topographical effect on cell adhesion and proliferation was observed on the substrates
without collagen I, but only with adsorbed serum protein. These results imply that the
combination of collagen I or fibronectin with topographical cues could exert different
influences on vascular endothelial cell processes.

Nano- and micro-sized patterns such as pillars, wells, and the curved structures (lens
topography), yielded a lower cell density and cell proliferation when compared to other
patterned and unpatterned substrate. Similar results of a selective influence on the cell
adhesion of vascular cells was previously observed on pillars and grooves 23], Although the
reasons for lower cell adhesion are unclear, it is speculated that the characteristics of the
pillars, wells and lens topographies could influence the cell sensing machinery. Micro- and
nano-topography influence on cell-matrix interaction such as focal adhesion (FA) formation
was demonstrated by various studies including the work of our group [48:5455] The cell
sensing machinery is potentially tuned to the characteristic lengths of FA of vascular
endothelial cells as previously described 561, Interestingly, in this study, even the quantity of
collagen | adsorbed on the various patterns was not significantly different, the topographies
and the potential differences in the conformation of ECM protein may affect the FA
formation and modulate cell behaviors. The FA interaction with specific patterns could in
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turn result in different cell morphology and cell area. It was observed that the curved and
round structures influenced the HUVECS to exhibit smaller cell area and round morphology.
Therefore, the reduction in cell density and proliferation could be affected by the reduced FA
interaction with round or curved topography.

In terms of proliferation, regardless of the ECM coating, no consistent trends of augmenting
or inhibitory influence were observed across the patterned and unpatterned substrates. This
observation could be attributed to vascular endothelial cell-cell contact that has an inhibitory
influence on cell proliferation (57591, To minimize the effect of cell-cell contact inhibition
on the proliferation studies, two different initial seeding densities were chosen. With a lower
cell seeding density, a higher cell proliferation was observed on the patterned surfaces
without collagen | coating (Supplementary Figure 12A). However, on patterns that yielded
higher cell density at 24 hour time point, the cell proliferation rate, in terms of low EdU
percentage, remained low. For example, in Figure 3 and Figure 4, pattern 41 showed a high
cell density, but not a high proliferation percentage (Figure 5, Supplementary Figure 12).
Thus, it was speculated that the cell-cell contact inhibition of the vascular endothelial cells
could affect the proliferation assessment. The assessment could be improved by analyzing
the proliferation at an earlier time-point. Using the individual pattern study setup such as in
the MARC plate could also provide a more precise control of the starting density in each of
the patterns.

Besides the substrate geometry and the ECM coating, the initial cell seeding density plays an
important role in the adhesion of vascular endothelial cells. Cell seeding density, especially
in cell therapy and tissue regeneration, is an important factor regardless of the cell type and
applications [60-621_ On all patterned substrates, including the micro-sized lens topographies
that exhibited low cell adhesion and cell proliferation, a higher initial cell seeding density
led to higher cell survival and cell adhesion of HUVECSs. Thus it was confirmed that the
initial cell seeding density is an important parameter in vascular applications [63],

The formation and function of endothelial monolayer will be important to understand
vascular endothelial cell-interaction with the underlying substrate. The MARC chamber
screening assay investigated the endothelial cell behavior of sub-confluence cell culture. As
there is no physical barrier between topographical patterns on a MARC chip, confluence
monolayer of cells on MARC chip could potential receive influences and signaling from the
nearby patterns through cell-cell signaling and paracrine signals. Thus, the topographical
influence on the vascular endothelial cell monolayer was additionally investigated using the
MARC plate.

CD31 is a cell junctional molecule that is known to have diverse vascular functions,
including inflammatory response and platelet function [84]. Various studies [65:66] have
investigated the regulation of expression of CD31 on endothelial cells. In this study, the
topographic cues didn’t significantly affect the expression of CD31. Cell-cell junction is
another important parameter and function of endothelial monolayer. VE-cadherin is an
endothelial specific adhesion molecule located between endothelial cells that regulates the
permeability of vascular cell monolayer 671, All the patterns showed a promotion of VE-
cadherin expression, whereby the most significant upregulation of VE-cadherin expression
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was found on 10 um pillar substrates. In addition to CD31 and VE-cadherin expression,
another important cellular junction molecule is ICAM-1. ICAM-1 is an intercellular
adhesion molecule that is largely related to the cell immune response. Substrates with pillar
structures showed higher expression of ICAM-1 compared to lens topographies. The most
significantly higher expression was found on 10 um pillar substrates. Such results indicated
that the 10 um pillar topography has the most significant modulation of HUVEC monolayer.

Another major function of an intact vascular endothelial cell monolayer is the interaction
with the immune system [1.2]. Various physical cues were previously studied as effectors in
the interaction between the vascular endothelial cells and the immune system [68.:69] To
investigate the influence of the underlying patterned substrate on the function of the vascular
endothelial cell monolayer, the adhesion of monocyte cells to the vascular endothelial cell
monolayer was evaluated. Lower monocyte cell adhesion was observed on vascular
endothelial cell monolayer cultured on lens topographies compared to the vascular
endothelial cells cultured on unpatterned surfaces. On the other hand, the pillar topographies
(500 nm, 2 um pillars and 10 um pillars with diameter to height 1:1 ratio) demonstrated
higher adhesion of monocytes. The results were in line with the ICAM-1 expression data,
and verified the data obtained from cell marker expression. Such results led to a speculation
that the height, diameter and spacing could be the main parameters in modulating the
function of vascular endothelial cells in terms of the interaction with monocytes.
Additionally, the curved character of the lens topography could play a crucial role in the
monocyte-vascular endothelial cells interaction too. The influence of lens topographies was
investigated in few studies. It was demonstrated that 1.8 um convex microlens can induce
differentiation of mesenchymal stem cells [34] and 10 um convex and concave micro-
structures influence the shape of human macrophages [79]. Large scale (250 — 750 pm)
convex and concave lens substrates were shown to alter the cell migration [72], adhesion and
proliferation [72] of mesenchymal stem cells. It was speculated that such curved geometry
leads to nucleus and cell membrane deformations, which influences the cellular behavior
[71.72] However, none of the lens topography studies examined the influence on cellular
behavior in terms of interaction with other cells such as monocytes. The answer for the
question of what parameters of convex and concave topographies influences the cellular
behavior could be found in paracrine substances such as cytokines and their release and
ECM modulation. It was previously shown that the spatial ratio of nanogratings and grooves
decreases the secretion of inflammatory cytokines, such as IL-1p, IL-3 and MCP-1, from
NIH3T3 fibroblasts when compared to the inflammatory cytokines release from NIH3T3
fibroblasts on unpatterned substrates [/3]. The mechanosensory complex of endothelial cells
and integrin activation were also shown to be influenced by physical cues [74]. The
decreased asP integrin binding on microlens topography without collagen | coating could
lead to a decreased interaction with the fibronectin contained in the culture medium.
Endothelial cells must be anchored to their extracellular substrate in order to transduce
mechanical signals and respond to them [75]. Therefore, a lower interaction with fibronectin
will lead to structural changes and cytoskeleton remodeling, which subsequently influences
the capability of the apical site of endothelial cells to interact with other cells [43]. Such a
reaction would result in a lower adhesion of monocytes to the endothelial cell monolayer as
observed on lens topographies. The opposite process of an increased monocyte cell adhesion
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was observed on the pillar topographies. The increase of diameter and height of pillars with
diameter to height 1:1 ratio also demonstrated an increasing trend of monocyte adhesion.
Such influence of pillar topographies with various diameters on endothelial cell adhesion
was shown previously [54]. However, to investigate these processes further, pillar
topographies with various spatial ratios and lens topographies with various diameter and
heights must be examined.

5. Conclusions

This study investigated the effects of physical cues on vascular endothelial cells including
cell adhesion, cell proliferation, cell morphology, and cell function, such as immune-
modulation.

A systematic screening of various nano- and micro-sized patterned substrates with or
without collagen | coating at two different initial cell-seeding densities was implemented.
The study was preformed using two high throughput platforms: the MARC chamber and the
MARC plate. Regardless of the ECM coating and cell seeding density, patterned substrates
demonstrated either promoting or inhibitory influence on cell adhesion and cell
proliferation. The cell morphology in the process was influenced as well. Taken together, the
data suggests the importance of topographical cue interaction with endothelial cells.

This study emphasized an effective, systematic screening process of topographies. It also
demonstrated the promoting or inhibitory effects of topographical cues on the cell marker
expression of vascular endothelial cell monolayers, and the endothelial monolayer
interaction with monocytes. Findings presented in this study emphasize the importance of
selecting specific topographical patterns for applications in vascular biomedical devices,
such as grafts and stents, where low immunomodulation is required.
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Figure 1. Schematic diagrams of MultiARChitecture (MARC) chamber and the fabrication of
MARC chip, MARC chamber and MARC plate

(A) MARC chamber topography map. Numbers indicate various topographies as shown in
Table 1, and (U) is unpatterned control in randomized position. Unpatterned control and
technical duplicates are highlighted in yellow and blue respectively. (B) Schematic diagram
of MARC plate fabrication. 1) Soft lithographic replication of single patterned PDMS, 2)
Attachment of single patterned PDMS pieces to a bottomless well-plate and 3) final product
- MARC plate. (C-E) Schematic diagram of MARC chip master soft lithography replication
into MARC chip and MARC chamber. (C) Replication process of MARC chip master into
MARC chip. (D) Replication process of silanized MARC chip into MARC chamber. (D)
Photographic images of MARC chip master, MARC chip and MARC chamber.
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Figure 2.
Comparison of cell density and cell proliferation of HUVECs on unpatterned substrates at 4

and 24 hr time point. (A) Comparison of representative immunofluorescence images of
HUVECs on non-coated or collagen | coated substrate at 3000 cells/cm? or 10000 cells/cm?
seeding density at 4 hr time point. (B) Quantification of cell density of HUVECs at 4 hr and
24 hr time point. (C) Comparison of cell proliferation of HUVECs on non-coated and
collagen | coated unpatterned substrates at 3000 and 10000/cm? cells seeding density at
24hrs time point. No significant differences were observed in cell proliferation. White bar
represents 150 um. HUVECs were stained for Phalloidin (in blue) and the nuclear marker —
DAPI (in blue). Data (n=20) were evaluated on outliers using Grubb’s test. Statistical
analysis was performed using one-way ANOVA test with Tukey’s post-hoc test. Data
represent mean+SD, *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.
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Figure 3.
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Cell adhesion evaluation at 4 hour time point on unpatterned and 41 patterned surfaces
(MARC chamber) with different ECM coatings and cell seeding densities. (A)
Representative immunofluorescence images of selected patterns on non-collagen | and
Collagen | coated surfaces at 3000 and 10000 cells/cm? initial cell seeding density. White
bar represents 150 um. HUVECSs were stained for phalloidin and the nuclear marker — DAPI.
Comparison of cell density quantification on non-coated surfaces at initial cell seeding
density 3000 cells/cm? (B) and 10000 cells/cm? (C). Geometry size, isotropy and anisotropy
are indicated. Arrows represent increase in geometry size. Mean values of non-collagen |
and collagen | coated unpatterned surfaces are represented by dashed and dotted lines
respectively. Data (n=20 for unpatterned surfaces and n=4 for patterned surfaces) were
evaluated on outliers using Grubb’s test. Statistical analysis was performed using one-way
ANOVA test with Tukey’s post-hoc test. Data represent mean+SD, *P<0.05, **P<0.01,
***pP<0.001, ****P<0.0001.
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Figure 4.
Cell adhesion evaluation at 24 hrs time point on unpatterned and 41 patterned surfaces

(MARC chamber) with different ECM coatings and cell seeding densities. (A) Comparison
of cell density quantification on non-coated surfaces at initial cell seeding density 3000
cells/cm? (A) and 10000 cells/cm? (B). Geometry size, isotropy and anisotropy are
indicated. Arrows represent increase in geometry size. Mean values of non-collagen I and
collagen | coated unpatterned surfaces are represented by dashed and dotted lines
respectively. Data (n=20 for unpatterned surfaces and n=4 for patterned surfaces) were
evaluated on outliers using Grubb’s test. Statistical analysis was performed using one-way
ANOVA test with Tukey’s post-hoc test. Data represent mean+SD, *P<0.05, **P<0.01,
***pP<0.001, ****P<0.0001.
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Figure5.
Cell proliferation evaluation at 24 hour time point on unpatterned and 41 patterned surfaces

(MARC chamber) with different ECM coatings and cell seeding densities. (A) Comparison
of cell proliferation on non-coated surfaces at initial cell seeding density 3000 cells/cm? (A)
and 10000 cells/cm? (B). Geometry size, isotropy and anisotropy are indicated. Arrows
represent increase in geometry size. Mean values of non-collagen | and collagen | coated
unpatterned surfaces are represented by dashed and dotted lines respectively. Data (n=20 for
unpatterned surfaces and n=4 for patterned surfaces) were evaluated on outliers using
Grubb’s test. Statistical analysis was performed using one-way ANOVA test with Tukey’s
post-hoc test. Data represent mean£SD. No significant differences were observed.
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Page 26

Cell area and cell circularity quantification of HUVECSs at 4 hour time point with initial
10000 cell/cm? seeding density on non-coated patterned substrates. (A) Quantification of
cell area and (B) cell circularity index of HUVECSs on unpatterned and patterned surfaces.
Geometry size, isotropy and anisotropy are indicated. Arrows represent increase in geometry
size. Dotted line represents unpatterned surface mean value. Data (n=240 for unpatterned
surfaces and n=60 for patterned surfaces) were evaluated on outliers using Grubb’s test.
Statistical analysis was performed using one-way ANOVA test with Tukey’s post-hoc test.
Data represent mean+SD, *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.
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Figure 7.
Cell density quantification post 24 hour cell seeding on MARC plates. Comparison of cell

density of HUVECs seeded on non-coated surfaces (A), collagen | coated surfaces (B), in
cell seeding density 3000 cells/cm? (A) and 10000 cells/cm? (B). Data (n=10 for all
surfaces) were evaluated on outliers using Grubb’s test. Statistical analysis was performed
using one-way ANOVA test with Tukey’s post-hoc test. Data represent mean+SD, *P<0.05,
**pP<0.01, ***P<0.001, ****P<0.0001.
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Comparison of representative immunofluorescence images and quantified values of cell

markers expression of HUVEC monolayer on selected patterned substrates. (A) CD31

expression (Red) of HUVEC monolayer on selected patterned substrates. (B) VE-cadherin
expression (Green) of HUVEC monolayer on selected patterned substrates. (C) ICAM-1
expression (Red) of HUVEC monolayer on selected patterned substrates. Due to the uneven
expression of ICAM-1 on the HUVEC monolayers, DAPI stained nuclei (Blue) was showed
with ICAM-1 to help confirm the monolayer. In all panels, white bar represents 100 um.

Data (n=15 for all surfaces) were evaluated on outliers using Grubb’s test. Statistical
analysis was performed using one-way ANOVA test with Tukey’s post-hoc test. Data

represent mean+SD, *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.
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Figure9.
Comparison of adhesion of monocytes on HUVEC monolayer on selected patterned

substrates. (A) Comparison of representative immunofluorescence images of monocytes
adhesion on HUVEC monolayer on selected patterned substrates. (B) Comparison of
guantified values of monocyte cell adhesion on HUVEC monolayer on selected patterned
substrates. White bar represents 100 um. HUVECs were stained for CD 31 (in red), nuclear
marker - DAPI (in blue) and monocytes were labeled with CellTracker dye (in green). Data
(n=20 for all surfaces) were evaluated on outliers using Grubb’s test. Statistical analysis was
performed using one-way ANOVA test with Tukey’s post-hoc test. Data represent mean
+SD, *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.
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Page 30

Table of patterns. List of 41 patterns replicated on 49 chip fields in the MultiARChitecture (MARC) chamber.

Pattern number, isotropy and size are indicated.

Dimension parameters[ Diameter or Width x Pitch (center to center) x

Position No | 1D No. Topography geometry Height or Depth]
1 U Unpattern -
2 1 Gratings 2um x4 um x 2 ym
3 2 Gratings 2 pm x 3 um x 80 nm
4 3 Gratings 1um x 3 pum x 120 nm
5 4 Gratings 250 nm x 500 nm x 250 nm
6 5 Pillars (Square array) 10 pm x 10 um x 10 ym
7 6 Pillars (Square array) 2um x 12 ym x 2 ym
8 7 Pillars (Square array) 2um x4 um x 2 ym
9 8 Pillars (Square array) 500 nm x 10 um x 500 nm
10 9 Pillars (Square array) 250 nm x 500 nm x 250 nm
11 10 Pillars (Square array) 1pum x 7.5 um x 1 um
12 11 Convex lens (Hexagonal array) 1.8 um x 2 ym x 700 nm
13 U Unpattern -
14 12 Convex lens (Square array) 800 nm x 1 ym x 300 nm
15 13 Pillars (Square array) 2 gm x 12 um x 700 nm
16 14 Pillars (Square array) 2 um x 12 ym x 500 nm
17 15 Pillars (Square array) 2 gm x 12 um x 450 nm
18 16 Pillars (Square array) 2 um x 12 ym x 350 nm
19 17 Pillars (Square array) 2 gm x 12 um x 200 nm
20 18 Pillars (Square array) 500 nm x 10 pm x 300 nm
21 19 Pillars (Square array) 500 nm x 10 um x 200 nm
22 20 Pillars (Square array) 500 nm x 10 pm x 100 nm
23 21 Pillars (Square array) 250 nm x 500 hm x 120 nm
24 22 Concave lens (Hexagonal array) 1.8 um x 2 ym x 700 nm
25 U Unpattern -
26 23 Concave lens (Square array) 800 nm x 1 ym x 300 nm
27 24 ) Hierarchical ) (Pri) 2 um x 4 pm x 2 um
Mircon gratings L nano gratings (Sec) 250 nm x 500 nm x 150 nm
28 o5 ) Hierarchical ) (Pri) 2 um x 4 ym x 2 ym
Mircon gratings // nano gratings (Sec) 250 nm x 500 nm x 150 nm
29 26 ) Hierarchical ) (Pri) 2um x 4 um x 2 ym
Mircon gratings w/ nano pillars (Sec) 250 nm x 500 nm x 250 nm
30 27 Bumps 300 nm x 300 nm x 200 nm
31 28 Cones 270 nm x 300 nm x 350 nm
32 29 Inverse cones 270 nm x 300 nm x 350 nm
33 30 V-gratings 2 pm x 2um x 1.5 pm
34 31 V-gratings 500 nm x 500 nm x 350 nm
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Dimension parameters[ Diameter or Width x Pitch (center to center) x

Position No | 1D No. Topography geometry Height or Depth]

35 32 U-gratings 2 pm x 2 um x 700 nm

36 33 U-gratings 500 nm x 500 nm x 200 nm

37 U Unpattern -

38 34 Gratings 10 pm x 20 um x 10 ym

29 24 ) Hierarchical ) (Pri) 2 um x 4 pm x 2 um
Mircon gratings L nano gratings (Sec) 250 nm x 500 nm x 150 nm

20 o5 ) Hierarchical ) (Pri) 2 um x 4 ym x 2 ym
Mircon gratings // nano gratings (Sec) 250 nm x 500 nm x 150 nm

M 26 ) Hierarchical ) (Pri) 2um x 4 um x 2 ym
Mircon gratings w/ nano pillars (Sec) 250 nm x 500 nm x 250 nm

42 35 Convex lens (Square array) 10 pm x 20 um x 200 nm

43 36 Convex lens (Square array) 10 um x 20 pm x 2 ym

44 37 Convex lens (Square array) 2 um x 4 um x 400 nm

45 38 Convex lens (Square array) 2 gm x 4 um x 800 nm

46 39 Convex hexagon lens (Square array) 10 pm x 20 um x 800 nm

47 40 Convex hexagon lens (Square array) 10 um x 20 pm x 2 ym

48 U Unpattern -

49 41 Hexgonal donut 50 um (outer), 10 pm (inner) x um x 800 nm
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