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Abstract

Current treatments for human coronary artery disease necessitate the development of the next
generations of vascular bioimplants. Recent reports provide evidence that controlling cell orien-
tation and morphology through topographical patterning might be beneficial for bioimplants and
tissue engineering scaffolds. However, a concise understanding of cellular events underlying
cell-biomaterial interaction remains missing. In this study, applying methods of laser material
processing, we aimed to obtain useful markers to guide in the choice of better vascular bio-
materials. Our data show that topographically treated human primary vascular smooth muscle
cells (VSMC) have a distinct differentiation profile. In particular, cultivation of VSMC on the mi-
crogrooved biocompatible polymer E-shell induces VSMC modulation from synthetic to con-
tractile phenotype and directs formation and maintaining of cell-cell communication and adhesion
structures. We show that the urokinase receptor (UPAR) interferes with VSMC behavior on
microstructured surfaces and serves as a critical regulator of VSMC functional fate. Our findings
suggest that microtopography of the E-shell polymer could be important in determining VSMC
phenotype and cytoskeleton organization. They further suggest uPAR as a useful target in the
development of predictive models for clinical VSMC phenotyping on functional advanced bio-
materials.

Key words: urokinase receptor, focal adhesion, vascular smooth muscle cell, vascular injury, mi-
crostructured biomaterial.

Introduction

Cardiovascular disease is the leading cause of
death in industrial countries. Negative vascular re-
modeling resulting in accumulation of new tissue
within blood vessel wall plays a principal role in the
pathogenesis of cardiovascular diseases such as ath-
erosclerosis, in-stent restenosis, and graft vasculopa-

thy 1 2. Although much effort has been devoted to
understanding the underlying molecular mechanisms
of these processes, the pathogenesis remains largely
unknown and, consequently, effective therapy has not
yet been established 3. Current invasive treatment
strategies are based on usage of either autologous
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vein grafts or vascular bioimplants to bypass occlud-
ed arteries. Increasing body of evidence suggests that
biomaterial surface topography independently of its
biochemical and biomechanical properties signifi-
cantly affects biological response, such as cell mor-
phology, proliferation, migration, adhesion, endocy-
tosis, and gene expression pointing to importance of
the topographical cues for bioimplants 4 Conse-
quently, novel classes of the next generation of bio-
materials have been designed by means of micro- and
nanofabrication techniques and examined for affect-
ing functional properties of different cell types 5. Data
from this research contributed significantly to under-
standing of topography-mediated cell fate determina-
tion. However, cellular and molecular events initiated
by surface pattering and related controlling mecha-
nisms remain sparsely explored. Even less is known
regarding specific functional behavior and underlying
mechanisms for vascular cells. It is not clear what type
of proteins may mediate and affect the mechanism
vascular cells utilize to recognize and response to
topographically modified surfaces.

In propagation of occlusive cardiovascular dis-
ease, the main role is attributed to vascular smooth
muscle cells (VSCM) migrating into intima, where
they proliferate and produce extracellular matrix
(ECM) & 7. In “healthy” contractile state, the main
function of VSMC is to maintain vascular tone via cell
contraction/relaxation. However, in response to in-
jury VSMC change from their physiological contrac-
tile to the pathophysiological synthetic phenotype
and acquire ability to migrate, proliferate and pro-
duce ECM. Multiple factors influencing phenotypic
modulation of VSMC have been identified. Among
them are soluble factors such as cytokines and growth
factors, mechanical stress, ECM composition. We have
recently demonstrated that the urokinase receptor
uPAR is one of the key regulators of VSMC transdif-
ferentiation contributing to development of negative
vascular remodeling in in vitro and in vivo models 8.

The aim of this study was to analyze VSMC
properties and physiological responses by applying
topographic features of the biocompatible polymer
E-shell. One further objective was to elucidate a
probable role for uPAR in these processes.

To address these aims, polymer structures in
form of grooves and gratings were fabricated on glass
substrates by two-photon polymerization (2PP). 2PP
is technology based on photo-polymerization of pho-
to-curable resin induced by two-photon absorption of
light by molecules of photo-starter °. 2PP is mostly
aiming at 3D fabrication with resolution beyond the
diffraction limit 0. Nevertheless, applications of 2PP
technique are of a much broader range. If more

standard 2D polymer structures have to be fabricated,
2PP can be an alternative to commonly used UV li-
thography. Advantage of 2PP technique is its high
flexibility. On the contrary to standard UV lithogra-
phy, no mask is needed for 2PP fabrication. The
structures parameters can be flexibly modified. Since
small feature size is not required, in order to speed up
the fabrication large voxel size formed by low nu-
merical aperture focusing optics was used in combi-
nation with the high energy femtosecond laser pulses.
That allowed rapid fabrication of large structures ap-
propriate for performing cell culture study.

Material and Methods

Substrate fabrication

Structures used in this research were fabricated
with a setup, based on femtosecond laser system with
regenerative amplification (Spitfire Pro 35F-XP from
Spectra-Physics). The laser system is capable to de-
liver up to 3.5 mJ pulses at 1 kHz with pulse duration
of 50 fs. Detail arrangement of the fabrication setup is
presented in Fig. 1A. The optical beam path incorpo-
rated a combination of a A/2 waveplate and a polar-
izer cube for the pulse energy adjustment. The beam
was focused by the achromatic doublet lens. Struc-
tures were obtained after scanning a layer of pho-
to-curable resin on a glass substrate in the lens focal
plane. Scanning of the horizontally oriented sample
was done by a PC-controlled x-y translation stages
(M-511.DG, Physik Instrumente GmbH, Germany).
Vertically sample was positioned by Physik Instru-
mente M-451.1DG PC-controlled translation stage.
Fabrication process was observed in real time with
use of video camera.

Round glass cover slips (12 mm diameter) were
used as substrates for the biocompatible pho-
to-curable acrylate resin e-Shell 300 from envisionTEC
GmbH, Germany (CE certified and Class-Ila biocom-
patible according to ISO 10993). Adhesion of the resin
to the substrates was improved through silanization
of the glass surface by 3-methacryloxypro-
pyltrimethoxysilane (Polysciences, Inc., USA). The
resin was spin-coated on the cleaned and dried sub-
strates. Samples were pre-baked on a hot plate at 60°C
for 15 min and degassed in vacuum prior to structur-
ing. Resulting thickness of the e-Schell resin layer was
of about 20 pm.

Four sets of the structures were fabricated by
2PP: grooves with period of 10 pm; grooves with pe-
riod of 30 um; square gratings with period of 10 pm;
square gratings with period of 30 pm. Structures with
10 pm and 30 um periodicity were fabricated with the
use of 60 mm and 80 mm focal length achromatic
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doublets, respectively. The 10 pm structures were
scanned at the speed of 3 mm/s with average laser
power of 0.5 mW. The 30 um structures were fabri-
cated at 4 mm/s scan speed with 0.78 mW average
laser power. Each line in the structures was scanned
four times. After laser processing samples were de-
veloped in isopropanol in order to remove nonpol-
ymerized resin.

The resulting polymer structures spans over
6 mm x 6 mm area and has a rectangular shape ap-
proximately centered on the glass coverslip. Dimen-

A

Laser Beam from
Ti:Sapphire fs-System

Polarizing cube

sions of the structures were estimated with use of
scanning electron microscope (SEM) imaging. An
SEM images of example structures are shown in
Fig. 1B.

Several samples were illuminated by UV lamp
instead of laser processing so that uniform polymer
film is formed on the glass substrate. These samples
were used in control experiments. Control samples
also were cleaned in isopropanol after UV polymeri-
zation.

Video Camera

A2-waveplate

V4

Dichroic Mirror
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Fig |. Fabrication of microstructured e-Shell substrates using 2PP. A. Fabrication setup. The optical beam path incorporated a combination of a
N2 waveplate and a polarizer cube for the pulse energy adjustment. The beam was focused by the achromatic doublet lens. Structures were obtained after
scanning a layer of photo-curable resin on a glass substrate in the lens focal plane. Scanning of the horizontally oriented sample was done by a PC-controlled
x-y translation stages. Vertically sample was positioned by the PC-controlled translation stage. Fabrication process is observed in real time with use of video
camera. B. SEM images of example structures.
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Cell culture and cell nucleofection

Human VSMC were isolated from umbilical ar-
teries using explant technique in VascuLife SMC cell
culture medium (CellSystems® Biotechnologie Ver-
trieb GmbH). VSMC were used between passages 4-6.
After 1%t passage, fibroblasts were removed from the
culture by cell separation using monoclonal an-
ti-fibroblasts antibodies (anti-CD90, Dianova) and
magnetic Dynabeads® Goat anti-Mouse IgG (Invi-
trogen). Primary VSMC were transfected using
Amaxa Nucleofector I (Lonza Group Ltd) and Human
Primary Smooth Muscle Cells Basic Nucleofection Kit
accordingly to manufacturer’s instructions. Control
and uPAR siRNA duplexes were purchased from
Santa Cruz Biotechnology, Inc. VSMC were seeded on
UV-sterilized e-Shell structured substrates and culti-
vated for 3-5 days. 16 hrs before fixation, cells were
starved in serum-free medium.

Immunocytocheminstry

For immunocytochemical staining, VSMC were
fixed by addition of 37% PFA to culture medium to
give final PFA concentration of 2%. After 10 min fixa-
tion at room temperature cells were washed with PBS,
permeabilized with 0.1% triton X100/PBS for 10 min
at room temperature, blocked with 3% BSA/PBS
overnight at 4°C. Labelling with primary antibody (2
hrs) and fluorescent secondary antibodies (1 h) was
performed in the dark at room temperature. Mono-
clonal anti-SMA and anti-Calponin antibody was
from Sigma; anti-Connexin 43 antibody was from Cell
Signaling; monoclonal anti-uPAR (3937) antibody was
from American Diagnostica; polyclonal anti-focal
adhesion kinase antibody was from Santa Cruz Bio-
technology, Inc.; anti-phospho (Tyr397) focal adhe-
sion kinase antibody was from Transduction Labora-
tories. Fluorescently labelled secondary antibody was

from Molecular Probes (Invitrogen). As DNA stain
DraQ5 (Biostatus Limited) was used. Coverslips were
mounted using Aqua PolyMount medium (Pol-
ysciences).

The fluorescence cell images were captured us-
ing a Leica TCS-SP2 AOBS confocal microscope (Leica
Microsystems). All the cell images were taken with
oil-immersed x63 objective, NA = 1.4. All the images
were acquired with a resolution of 1024 x 1024 pixels.

The cells shape with respect of their elongation
was characterized using Circularity plugin of Image]J
software (Image] 1.42, http://rsbweb.nih.gov/ij/
download.html; http://rsbweb.nih.gov/ij/plugins/
circularity.html). A circularity value of 1 indicates a
perfect circle. As the value approaches 0, it indicates
an increasingly elongated shape. Images intensity
profiles along the lines indicated on the figure were
created using Image] software.

Quantitative real-time polymerase chain re-
action analysis

Total RNA was isolated from UASMC using
QIAGEN QiaSpin miniprep kit (QIAGEN) according
to the manufacturer’s protocol. TagMan analysis was
performed on a LightCycler 480 Real-Time PCR Sys-
tem using LightCycler® 480 RNA Master Hydrolysis
probes (Roche Applied Sciences). Nucleotide se-
quence of primers used for TagMan RT-PCR is given
in Table 1. Beta-glucuronidase (GUSB) expression was
used for normalization.

Statistical analysis

Data were analyzed for statistical significance
using the two-tailed Student’s t test for independent
samples (OriginPro 8 SRO). Data are presented as
mean + SEM. Differences were considered statistically

"grr

significant at a value of p<0.05 that is indicated as “*”.

Table 1. Nucleotide sequence of primers used for TagMan RT-PCR.

Name Primer Sequence
GUSB Sense 5-GTGGTGCTGAGGATTGGCA-3

Antisense 5’-TAGCGTGTCGACCCCATTC-3’

Probe 6-FAM-TGCCCATTCCTATGCCATCGTGTG- TAMRA
SMA Sense 5-CAAGTGATCACCATCGGAAATG-3’

Antisense 5-GACTCCATCCCGATGAAGGA-3’

Probe 6-FAM-CGTTTCCGCTGCCCAGAGACCC-TAMRA
Calponin Sense 5-GCCAACGACCTGTTTGAGAAC-3’

Antisense 5-GCCATGCTGGCCAAAGC-3’

Probe 6-FAM-CCAACCATACACAGGTGCAGTCCACC-TAMRA
uPAR Sense 5-ACCACCAAATGCAACGAGG-3’

Antisense 5-GTAACACTGGCGGCCATTCT-3'

Probe 6-FAM-CAATCCTGGAGCTTGAAAATCTGCCG-TAMRA
Cx 43 Sense 5-GGTGACTGGAGCGCCTTAG-3’

Antisense 5-CAGCAGGATTCGGAAAATGAAAAG-¥

Probe 6-FAM-ACAGCCACACCTTCCCTCCAGCAGT-TAMRA
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Results

VSMC on topographically modified E-shell
substrates

Microgrooved and micrograting substrates were
fabricated on E-shell polymer with similar depth of 20
pm and periods of 10 and 30 um. The quality, repro-
ducibility, and fidelity of fabrication process were
analyzed using light and electron microscopy (Fig.
1B).

VSMC were seeded on structured substrates and
cultured for 3-5 days; non-structured flat E-shell sur-
faces served as controls. To examine whether and how
VSMC phenotypic behavior might be affected by
substrate microtopography, cells were immunofluo-
rescently stained for specific contractile marker pro-
teins, such as SMA and calponin, and analyzed by
confocal microscopy (Fig. 2B). We observed that
VSMC cultured on structured substrates revealed
clearly different morphology than those on the
non-structured controls. When placed on grooved
substrates, VSMC lied inside the grooves and acquire
elongated morphology. Even when placed on 10
um-wide grooves, VSMC were located inside the
grooves that lead to extreme cell and nucleus elonga-
tion. Interestingly, when placed on grating structure
of the same height, the cells elongate on the top of the
grating without contacting the bottom of the wells
(schematically shown in Fig. 2A). VSMC morphology

Gratings

Non-structured

Gratings

Calponin/

Grooves

changes from elongated spindle-like shape towards
spread-out epithelioid/rhomboid cell shape accom-
pany VSMC phenotypic modulation and may reflect
and control proliferative properties of cells ™. Our
observations indicate that on micro-structured sub-
strates VSMC reveal elongated morphology and ex-
hibit a very strong alignment along the direction of
the grooves (Fig. 2B). Expression of both SMA and
calponin in VSMC cultured on the grooves was up-
regulated confirming a contractile phenotype of these
cells. Quantification of these data shown in Fig. 3A
demonstrates that the percentage of cells in the con-
tractile state increased on the structured substrates
especially on grooved surface. We next performed
quantitative analysis of cell morphology changes and
calculated circularity of VSMC cultivated on struc-
tured substrates as described in above using Image]
software analysis. The perfect circle has the circularity
parameter equal to 1. Decrease of circularity value
reflects more elongated cell shape. As shown in Fig.
3B, circularity of cells on structured substrates was
dramatically decreased that illustrates VSMC mor-
phological changes towards more functional elon-
gated spindle phenotype. Taq Man analysis con-
firmed elevated expression of SMA in VSMC culti-
vated on structured surface (Fig. 3C). On the contrary,
expression of uPAR and its ligand urokinase-type
plasminogen activator (uPA) is decreased (Fig. 3D, E).

Grooves

30 pm

Calponin/ 7Ca|p0_n|n/_____‘,

Fig 2. VSMC cultivation on microstructured substrates. A. Schematic presentation of VSMC location on grating and groove substrates. Inde-
pendently, whether 10 um or 30 pm period grating was used, VSMC elongate on the top edge of the gratings (Left panel). On the contrary, on grooved
substrate VSMC were located inside the grooves (Right panel). B. VSMC cultured on non-structured and structured as indicated e-Shell were fixed and

stained for SMA(Cy3), Calponin (Alexa 488) and DraQ5 as nuclear stain.
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Fig 3. VSMC on structured substrate acquire contractile phenotype. A. Quantification of percentage of cells containing SMA-positive contractile
fibrils after VSMC cultivation of non-structured and structured substrates. B. Morphology of VSMC cultivated on non-structured and structured substrates
was characterized by calculating cells circularity using Image] software. Expression of SMA (C), uPAR(D), and uPA (E) in VSMC cultivated on plane and
structured substrate was assessed by TaqMan RT-PCR. GUSB expression was used for normalization.

Substrate microtopography affects formation
of intercellular contact structures

Formation of a functional layer of interconnect-
ing VSMC is a prerequisite for neovascularization and
a fundamental part of the vascular repair. Specifically,
connexin 43 (Cx43), which is the major component of
gap junctions expressed in VSMC is supposed to play
a key role in neointima formation after vascular injury
in vivo 12. Therefore, we next analyzed cell-cell inter-
actions and localization of Cx43 in VSMC cultured on
grooved surfaces (Fig. 4A). 30 pm grooves were used.
We observed that cells exhibited stronger interaction

capability when cultured on 30 pm grooves compared
with non-structured controls. Specifically, cells
formed intercellular contacts when aligned according
to the grooves. Cx43 was randomly distributed over
the cell body in control samples. However, in re-
sponse to topographical modification Cx43 under-
went a relocalization to clearly formed junctional
plaques at intercellular boundaries within the
grooves. Cx43 expression was also upregulated in
VSMC cultivated on structured substrates as was
shown by TagMan RT-PCR (Fig. 4B).
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Fig 4. VSMC on grooves but not on non-structured e-Shell de-
velop Cx43-containing cell-cell contacts. A. VSMC cultivated on
non-structured e-Shell and on 30 pym groove substrates were fixed and
stained for Cx43 (Alexa 594), SMA (Alexa 488) and DraQ5 as nuclear
stain. Arrows indicate single randomly distributed cell-cell junctions on
control substrate and highly organized functional junctions between cells
cultivated on grooves. B. Cx43 expression was assessed by TagMan
analysis. GUSB expression was used for normalization.

uPAR counteracts effects of structured sub-
strates on VSMC morphology and phenotype

The multifunctional cell surface receptor uPAR
has been recognized as one of the key regulators of
VSMC functional responses 1% 14, Specifically, uPAR
upregulation in VSMC supports pathophysiological
synthetic cell phenotype, whereas uPAR deficiency
results in transdifferentiation to physiological con-
tractile phenotype & 15. To explore whether uPAR

might interfere with effects induced by changes in
surface microtopography, we used VSMC with uPAR
downregulation that was effectively achieved by
means of small interfering RNA. Since VSMC func-
tional behavior was strongly affected by surface to-
pography and microgrooves induced a phenotypic
switch to contractile phenotype, we did not expect
that uPAR deficiency could affect VSMC any further.
Interestingly, we observed, however, that uPAR
downregulation (Fig. 5A) resulted in significantly
pronounced further cell elongation as judged by
measurement of cells circularity (Fig. 5B, C) thus
pointing to uPAR indispensability in regulation of
VSMC functions. Control VSMC cultured on micro-
grooves, though being phenotypically modified, still
retained a clear cell polarization pattern that reflects
their migratory capacity. In uPARsi VSMC, cell po-
larization was completely abolished (Fig. 5B). TagMan
analysis confirmed that expression of contractile pro-
teins, namely SMA and calponin is further upregu-
lated after uPARsi in comparison to SiCo VSMC (Fig.
5D).

uPAR stabilizes focal adhesion complexes in
VSMC on microgrooves

Focal adhesions, the specific structures provid-
ing cell attachment to the substrate, are implicated as
important regulators in cellular responses to surface
topographical modification '°. Specifically, a pivotal
role was attributed to a balance between maturation
of focal adhesion structures and related cell signaling
in these processes 7. To address this issue in the next
experimental settings, immunocytochemical analysis
of VSMC cultured on structured and control surfaces
and stained for focal adhesion kinase (FAK) and
uPAR was performed. As shown in Fig. 5E, cells cul-
tured on microgrooves, but not on control surfaces,
exhibited formation of clearly mature focal adhesions
where both uPAR and FAK were colocalized. Image
intencity profiles shown in Fig. 5F confirm colocaliza-
tion of proteins. We further analyzed the morphology
of focal adhesions of control and uPARsi VSMC cul-
tivated in microgrooves. As shown in Fig. 6 A, B, focal
adhesions in uPARsi cells were less developed, as
measured by average circularity and length of focal
adhesions. Circularity of focal adhesions in uPARsi
cells was higher, whereas their length was shorter.
That points to impaired maturation and formation of
active focal adhesions in VSMC with uPARsi provid-
ing thus evidence for uPAR involvement in this pro-
cess.
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Fig 5. uPAR counteracts substrate topography-induced VSMC morphological changes. A. Efficiency of uPAR expression downregulation was
assessed by TagMan analysis. GUSB expression was used for normalization. B. VSMC nucleofected with control siRNA or uPARsi RNA and cultivated on
30 um groove substrates were fixed and stained for SMA (Alexa 488) and DraQ5 as nuclear stain. Arrows in the left panel indicate cells with clearly
developed leading edge. C. More elongated morphology of uPARsi VSMC was characterized by calculating cells circularity using Image] software. D. Relative
expression of SMA and calponin in SiCo and uPARsi VSMC cultivated on 30 pm groove substrates was assessed by TagMan analysis. GUSB expression was
used for normalization. E. VSMC cultivated on non-structured E-Shell and 30 pym groove substrate were fixed and stained for uPAR (Alexa 594) and FAK
(Alexa 488) to reveal focal adhesions. F. The panels show indicated area of the right upper panel. The right panel shows image intensity profiles obtained
using Image]) software. The position of the image used for image intencity profile is shown by arrows.
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Fig 6. uPAR stabilizes focal adhesion complexes in VSMC on microgrooves. A. VSMC nucleofected with control siRNA or uPARsi RNA and
cultivated on 30 pm groove substrates were fixed and stained for Phospho-FAK (Alexab 594), FAK (Alexa 488) and DraQ5 as nuclear stain. B. Mor-
phological features of FA of SiCo and uPARsi-nucleofected VSMC were quantified using Image] software. The left panel shows average FA circularity, the

left panel shows average FA length.

Discussion

The multifunctional receptor uPAR plays a piv-
otal role in vascular remodeling acting either together
with its natural ligand, uPA, or in an
uPA-independent fashion. Both, uPA and uPAR are
upregulated in vascular tissue upon re-
sponse-to-injury process and promote vascular re-
modeling 18 and remodeling-related inflammation 1% 20
in cardiovascular diseases. The uPA/uPAR system
controls functional properties of VSMC, such as mi-
gration, proliferation, and deposition of extracellular
matrix proteins 3. Our recent studies provide evi-
dence that uPAR is an active regulator of VSMC
phenotypic changes 52! and dissect the complex cas-
cade of uPAR-directed molecular events leading to
VSMC transition from their physiological contractile
to the pathophysiological synthetic phenotype 8. Our
further research points to uPAR involvement in
propagation and transmission of mechanical stimuli

in VSMC 2. In this study, we aimed at translation of
these collective findings into the clinical arena. We
show that surface topographical microstructuring
influences the VSMC phenotype in a manner that
could be relevant for the next generation biomaterials
used for vascular applications. Our data further indi-
cate that uPAR actively interferes with VSMC func-
tional behavior on structured substrates and suggest
uPAR targeting as a promising tool to control tis-
sue-bioimplantable device response.

Accumulating evidence indicates that substrate
topography regulates main cellular functions 25 24,
Ability to control cell properties and physiological
responses by artificially created surface topography is
of great importance for the development of biomedi-
cal implants, since performance of many implantable
medical devices is dependent on the desired de-
vice-tissue response. However, the effects of surface
topography on vascular cells and, in particular, on
human VSMC functional behavior are less examined

http://lwww.thno.org



Theranostics 2013, Vol. 3, Issue 7

525

2527, Studies on cell orientation and morphology using
micro- and nanostructured surfaces have shown that
grooved topographies induce elongation and nuclear
polarization in a very wide range of cell types, such as
macrophages, fibroblasts, osteoblasts, nerve cells and
mesenchymal stem cells 2831, A few number of reports
documented similar elongated morphologies and
lower proliferation rates for VSMC 1132, These studies
support our observations that E-shell fabricated mi-
crogrooves induce VSMC alignment to the long axis
of the grooves, cell elongation, and reorganization of
the cytoskeleton. However, there is not a common
trend for changes in cell morphology regarding
grooves depths and widths that could be related to
properties of material used for grooves fabrication.
Our results show that beyond changes in cell mor-
phology, microgrooved E-shell surfaces affected gene
expression and resulted in upregulated expression of
contractile marker proteins and in a switch to con-
tractile VSMC phenotype. We also found that micro-
grooves promoted intercellular contacts and for-
mation of junctional complexes enriched in Cx43.

We were interested to know whether uPAR,
which is an important modulator of VSMC functions,
may affect changes in cell properties on microstruc-
tured surfaces. We observed that uPAR expressing
VSMC exhibited a contractile phenotype when cul-
tured on microgrooves. Since uPAR generally sup-
ports VSMC synthetic phenotype, these data may
imply that effects of surface topography could over-
come or bypass those of uPAR. However, experiments
on VSMC with downregulated uPAR provide evi-
dence that uPAR actively counteracts with topogra-
phy directed cell changes. Specifically, uPAR defi-
ciency lead to further significant increase in VSMC
elongation, loss of cell polarization, and changes in
maturation of focal adhesion structures.

Focal adhesions are dynamic structures playing
a pivotal role in cellular response to surface topogra-
phy V. Beyond mediating adhesive functions, focal
adhesions mediate bidirectional signaling between
the cell and its environment recruiting diverse sig-
naling molecules. This chain of signaling events
promotes posttranslational modification of critical
proteins culminating in changes of transcriptional
regulation and gene expression ¢ 77. In vascular wall,
focal adhesion structures serve as mechanosensors
translating mechanical signals, such as hemodynamic
forces or vascular topography, to biochemical events
33, Recent studies provide evidence that topographical
properties of biomaterials affect focal adhesion for-
mation and related cellular functions, though the ob-
served effects varied significantly depending on cell
type and parameters of surface fabrication 7. We ob-

served that VSMC culturing on E-shell microgrooves
correlated with formation of mature elongated focal
adhesion plaques. We further found that uPAR was
colocalized in these structures with FAK, which is one
of the main proteins acting at the crossroads of sig-
naling pathways within the focal adhesion complexes
34 Obviously, uPAR was required for maturation of
focal adhesion structures, because uPAR silencing
strongly impaired their size, shape and cellular dis-
tribution. These data further imply that these proper-
ties of adhesion complexes may be involved in con-
trolling VSMC transcriptional activity leading to
phenotypic changes initiated by substrate topography
and counteracted by uPAR.

Accumulating evidence demonstrates that sub-
strate micro- and nanotopography is a powerful tool
to modify differentiation of stem cells 1 35 It was
suggested that focal adhesion formation, in particular
their maturation and elongation, may be critical for
related signaling machinery and differentiation of
mesenchymal stem cells (MSC) 7. MSC are considered
as the most attractive and reliable candidate for tissue
repair including vascular regeneration 3¢-3. We have
shown earlier that uPAR is an important mediator of
MSC differentiation to VSMC lineage %. Whether and
how uPAR may interfere with MSC differentiation
and cell fate on microstructured bioimplants remains
an intriguing topic for the future research with a big
potential for clinical translation. One further question
to be addressed in the future studies are the mecha-
nisms, both gap junction-dependent und independ-
ent, mediating the revealed intercellular communica-
tions on microgrooves and uPAR participation in
these processes.

In the last decades, integration of new physical
methods in biological science, has led to developing of
new materials and tools. 2PP is a very promising
technology for fabrication of micrometer scale bio-
medical devices, patient-specific medical prosthesis
and scaffolds for tissue engineering 3 40. Arrays of
microneedles for transdermal drug delivery were
successfully fabricated with this technology#. Mid-
dle-ear bone replacement prosthesis was fabricated as
an example of personalized prosthesis®2. Our data
provide evidence that artificially created surface mi-
crotopography using biocompatible E-shell polymer
possesses the ability to control VSMC properties and
physiological responses. These findings serve as a
reliable basis for application of this topographycally
treated biopolymer for vascular prosthesis, such as
vascular stents. For more clinical relevance, in vivo
studies should be performed, to examine how sub-
strate topography of the biocompatible polymer
E-shell used as a stent may affect VSMC functional
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behavior under blood circulation. Our data inspirit
further research on uPAR as an attractive target for
vascular tissue repair and new therapeutic strategies
for vascular diseases.
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