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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) 6, 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 9. 2PP is mostly 
aiming at 3D fabrication with resolution beyond the 
diffraction limit 10. 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 λ/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-IIa 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 µm. 

Four sets of the structures were fabricated by 
2PP: grooves with period of 10 µm; grooves with pe-
riod of 30 µm; square gratings with period of 10 µm; 
square gratings with period of 30 µm. Structures with 
10 µm and 30 µm periodicity were fabricated with the 
use of 60 mm and 80 mm focal length achromatic 
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doublets, respectively. The 10 µm structures were 
scanned at the speed of 3 mm/s with average laser 
power of 0.5 mW. The 30 µm 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-

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. 

 
Fig 1. Fabrication of microstructured e-Shell substrates using 2PP. A. Fabrication setup. The optical beam path incorporated a combination of a 
λ/2 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 1st 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 ImageJ 
software (ImageJ 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 ImageJ 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. TaqMan 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 TaqMan 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 
significant at a value of p<0.05 that is indicated as “*”. 

Table 1. Nucleotide sequence of primers used for TaqMan 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-3’ 
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 
µm and periods of 10 and 30 µm. 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 
µm-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 

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 11. 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 ImageJ 
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). 

 
Fig 2. VSMC cultivation on microstructured substrates. A. Schematic presentation of VSMC location on grating and groove substrates. Inde-
pendently, whether 10 µm or 30 µm 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 ImageJ 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 µm grooves were used. 
We observed that cells exhibited stronger interaction 

capability when cultured on 30 µm 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 TaqMan 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 µm 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 TaqMan 
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 13, 14. Specifically, uPAR 
upregulation in VSMC supports pathophysiological 
synthetic cell phenotype, whereas uPAR deficiency 
results in transdifferentiation to physiological con-
tractile phenotype 8, 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). TaqMan 
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 16. Specifically, a pivotal 
role was attributed to a balance between maturation 
of focal adhesion structures and related cell signaling 
in these processes 17. 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 TaqMan analysis. GUSB expression was used for normalization. B. VSMC nucleofected with control siRNA or uPARsi RNA and cultivated on 
30 µm 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 ImageJ software. D. Relative 
expression of SMA and calponin in SiCo and uPARsi VSMC cultivated on 30 µm groove substrates was assessed by TaqMan analysis. GUSB expression was 
used for normalization. E. VSMC cultivated on non-structured E-Shell and 30 µm 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 ImageJ 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 µm 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 ImageJ 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 19, 20 
in cardiovascular diseases. The uPA/uPAR system 
controls functional properties of VSMC, such as mi-
gration, proliferation, and deposition of extracellular 
matrix proteins 13. Our recent studies provide evi-
dence that uPAR is an active regulator of VSMC 
phenotypic changes 15, 21 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 22. 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 23, 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 
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25-27. 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 28-31. A few number of reports 
documented similar elongated morphologies and 
lower proliferation rates for VSMC 11, 32. 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 17. 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 16, 17. 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 17. 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 16, 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) 17. MSC are considered 
as the most attractive and reliable candidate for tissue 
repair including vascular regeneration 36-38. We have 
shown earlier that uPAR is an important mediator of 
MSC differentiation to VSMC lineage 39. 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 39, 40. Arrays of 
microneedles for transdermal drug delivery were 
successfully fabricated with this technology41. Mid-
dle-ear bone replacement prosthesis was fabricated as 
an example of personalized prosthesis42. 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. 

Acknowledgment 
We thank Petra Wuebbolt-Lehmann and Birgit 

Habermeier for excellent technical assistance. This 
study was funded by the Grant P59/10//A101/10 
from Else Kroener-Fresenius-Stiftung; Grants from 
the Deutsche Forschungsgemeinschaft [DU 344/7-1 
and KI 1376/2-1]; Grant “Development and fabrica-
tion of functional micromechanical and MicroOptoE-
lectro-Mechanical Systems (MOEMS) by ultra-high 
resolution 3D multi-photo material processing of new 
polymer materials” from the Deutsche For-
schungsgemeinschaft. 

Conflict of Interests 
The authors have declared that no conflict of in-

terest exists. 

References 
1. Ross R. The pathogenesis of atherosclerosis: A perspective for the 1990s. 

Nature. 1993;362:801-809. 
2. Lusis AJ. Atherosclerosis. Nature. 2000;407:233-241. 
3. Garas SM, Huber P, Scott NA. Overview of therapies for prevention of 

restenosis after coronary interventions. Pharmacol Ther. 2001;92:165-178. 
4. Martinez E, Engel E, Planell J, Samitier J. Effects of artificial micro- ad 

nano-structured surfaces on cell behavior. Annals Anatomy. 2009;191:126-135. 
5. Curtis A, Dalby M, Gadegaard N. Cell signaling arising from 

nanotopography: Implications for nanomedical devices. Nanomedicine (Lond). 
2006;1:67-72. 

6. Owens GK, Kumar MS, Wamhoff BR. Molecular regulation of vascular 
smooth muscle cell differentiation in development and disease. Physiol Rev. 
2004;84:767-801. 

7. Rzucidlo EM, Martin KA, Powell RJ. Regulation of vascular smooth muscle 
cell differentiation. J Vasc Surg. 2007;45:25A-32A. 

8. Kiyan Y, Limbourg A, Kiyan R, Tkachuk S, Limbourg F, Ovsianikov A, 
Chichkov B, Haller H, Dumler I. Urokinase receptor associates with 
myocardin to control vascular smooth muscle cells phenotype in vascular 
disease. Arterioscler Thromb Vasc Biol. 2012;32:110-122. 

9. Ovsianikov A, Passinger S, Houbertz R, Chichkov BN. Laser ablation and its 
applications. Springer Series in Optical Sciences. 2007;129: 121-157. 

10. Li L, Fourkas JT. Multiphoton polymerization. Materials Today. 2007;10:30-37. 
11. Thakar R, Cheng Q, Patel S, Chu J, Nasir M, Liepmann D, Komvopoulos K, Li 

S. Cell-shape regulation of smooth muscle cell proliferation. Biophys J. 
2009;96:3423-3432. 

12. Song M, Yu X, Cui X, Zhu G, Zhao G, Chen J, Huang L. Blockage of connexin 
43 hemichannels reduces neointima formation after vascular injury by 
inhibiting proliferation and phenotypic modulatiopn of smooth muscle cells. 
Exp Biol Med. 2009;34:1192-1200. 

13. Binder BR, Mihaly J, Prager GW. Upar-upa-pai-1 interactions and signaling: A 
vascular biologist's view. Thromb Haemost. 2007;97:336-342. 

14. Fuhrman B. The urokinase system in the pathogenesis of atherosclerosis. 
Atherosclerosis. 2012;32:449-458. 

15. Kiyan J, Smith G, Haller H, Dumler I. Urokinase receptor-mediated 
phenotypic changes of vascular smooth muscle cells require involvement of 
membrane rafts. Biochem J. 2009;423:343-351. 

16. McNamara L, McMurray R, Biggs M, Kantawong F, Oreffo R, Dalby M. 
Nanotopographical control of stem cell differentiation. J Tissue Eng. 
2010;2010:1-13. 

17. Biggs M, Richards R, Dalby M. Nanotopographical modification: A regulator 
of cellular function through focal adhesions. Nanomedicine. 2010;6:619-633. 

18. Steins mB, Padro T, Schwaenen C, Ruiz S, Mesters RM, Berdel WE, Kienast J. 
Overexpression of urokinase receptor and cell surface urokinase-type 
plasminogen activator in the human vessel wall with different types of 
atherosclerotic lesions. Blood Coagul Fibrinolysis. 2004;15:383-391. 

19. Gu J-M, Johns A, Morser J, Dole WP, Greaves DR, Deng GG. Urokinase 
plasminogen activator receptor promotes macrophage infiltration into the 
vascular wall of apoe deficient mice. J Cell Physiol. 2005;204:73-82. 

20. Shushakova N, Eden G, Dangers M, Menne J, Gueler F, Luft FC, Haller H, 
Dumler I. The urokinase/urokinase receptor system mediates the igg immune 
complex-induced inflammation in lung. J Immunol. 2005;175:4060-4068. 

21. Kiyan J, Kusch A, Tkachuk S, Kramer J, Dietz R, Smith G, Dumler I. 
Rosuvastatin regulates vascular smooth muscle cell phenotypic modulation in 
vascular remodeling: Role for the urokinase receptor. Atheriosclerosis. 
2007;195:254-261. 

22. Dangers M, Kiyan J, Grote K, Schieffer B, Haller H, Dumler I. Mechanical 
stress modulates socs-1 expression in human vascular smooth muscle cells. J 
Vasc Res. 2010;47:432-440. 

23. Bettinger C, Langer R, Borenstein J. Engineering substrate topography at the 
micro- and nanoscale to control cell function. Angew Chem Int Ed Engl. 
2009;48:5406-5415. 

24. Guduru D, Niepel M, Vogel J, Groth T. Nanostructured material surfaces - 
preparation, effect on cellular behavior, and potential biomedical applications: 
A review. Int J Artif Organs. 2011;34:963-985. 

25. Miller D, Thapa A, Haberstroh K, Webster T. Enhanced functions of vascular 
and bladder cells on poly-lactic-co-glycolic acid polymers with nanostructured 
surfaces. IEEE Trans Nanobioscience. 2002;1:61-66. 

26. Pareta R, Reising A, Miller T, Storey D, Webster T. Increased endothelial cell 
adhesion on plasma modified nanostructured polymeric and metallic surfaces 
for vascular stent applications. Biotechnol Bioeng. 2009;103:459-471. 

27. Miller D, Haberstroh K, Webster T. Mechanism(s) of increased vascular cell 
adhesion on nanostructured poly(lactic-co-glycolic acid) films. J Biomed Mater 
Res A. 2005;73:476-484. 

28. Clark P, Connolly P, Curtis A, Dow J, Wilkinson C. Topographical control of 
cell behaviour: Ii. Multiple grooved substrata. Development. 1990;108:635-644. 

29. Meyle J, Gültig K, Nisch W. Variation in contact guidance by human cells on a 
microstructured surface. J Biomed Mater Res. 1995;29:81-88. 

30. Wójciak-Stothard B, Madeja Z, Korohoda W, Curtis A, Wilkinson C. 
Activation of macrophage-like cells by multiple grooved substrata. 
Topographical control of cell behaviour. Cell Biol Int. 1995;19:485-490. 

31. Dunn G, Brown A. Alignment of fibroblasts on grooved surfaces described by 
a simple geometric transformation. J Cell Sci. 1986;83:313-340. 

32. Mai J, Sun C, Li S, Zhang X. A microfabricated platform probing cytoskeleton 
dynamics using multidirectional topographical cues. Biomed Microdevices. 
2007;9:523-531. 

33. Romer L, Birukov K, Garcia J. Focal adhesions: Paradigm for a signaling 
nexus. Circ Res. 2006;98:606-616. 

34. Schaller M. Biochemical signals and biological responses elicited by the focal 
adhesion kinase. Biochim Biophys Acta. 2001;1540:1-21. 

35. Kirmizidis G, Birch M. Microfabricated grooved substrates influence cell-cell 
communication and osteoblast differentiation in vitro. Tissue Eng Part A. 
2009;15:1427-1436. 

36. Lee J, Fang W, Krasnodembskaya A, Howard J, Matthay M. Concise review: 
Mesenchymal stem cells for acute lung injury: Role of paracrine soluble 
factors. Stem Cells. 2011;29:913-919. 

37. Huang NF, Li S. Mesenchymal stem cells for vascular regeneration. Regen Med. 
2008;3:877-892. 

38. Williams AR, Hare JM. Mesenchymal stem cells: Biology, pathophysiology, 
translational findings, and therapeutic implications for cardiac disease. Circ 
Res. 2011;109:923-940. 

39. Doraiswamy A, Jin C, Narayan RJ, Mageswaran P, Mente P, Modi R, Auyeung 
R, Chrisey DB, Ovsianikov A, Chichkov B. Two photon induced polymeriza-
tion of organic–inorganic hybrid biomaterials for microstructured medical 
devices. Acta Biomaterialia 2. 2006;2:267-275. 

40. Schlie S, Ngezahayo A, Ovsianikov A, Fabian T, Kolb HA, Haferkamp H, 
Chichkov BN. Three-dimensional cell growth on structures fabricated from 
ormocer by two-photon polymerization technique. J Biomater Appl. 
2007;22:275-287. 

41. Ovsianikov A, Chichkov B. Two photon polymerization of polymer-ceramic 
hybrid materials for transdermal drug delivery. Int J Appl Ceram Technol. 
2007;4:22-29. 

42. Ovsianikov A, Chichkov B, Adunka O, Pillsbury H, Doraiswamy A, Narayan 
RJ. Rapid prototyping of ossicular replacement prostheses. Applied Surface 
Science (2007) 2007;253:6603-6607. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


