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1. Introduction

The interaction between cardiovascular implants and cells
in the human body is highly influenced by the layer of blood
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Fibronectin coating increases implant biocompatibility by enhancing surface endothelialization via
integrin-mediated binding. Surface properties determine the fibronectin orientation and conformation,
dictating which ligands are presented, and therefore altering the bioactivity of an implant surface. In this
study, polyurethane was treated with oxygen plasma, which allowed for a simultaneous modification of
the surface chemistry and topography to modulate fibronectin adsorption. By varying the parameters of
the treatment, human plasma fibronectin adsorbed on the surfaces in different conformations,
orientations, and binding affinities, which was investigated by atomic force microscopy, fluorescence
microscopy, monoclonal and polyclonal antibody staining and reflectometric interference spectroscopy.
Apart from the most hydrophilic rough surfaces, the adsorbed fibronectin showed a lower binding
affinity and less conformational change on the more hydrophilic surfaces. A large amount of exposed
fibronectin—cell binding was detected on the rough treated and the smooth untreated surfaces. Primary
isolated human umbilical vein and human microvascular endothelial cells showed a significantly higher
cell adherence on the absorbed fibronectin with a low binding affinity and low conformational changes.
Significant differences in the formation of mature focal adhesions and the reorganization of F-actin were
identified on the rough treated and the smooth untreated surfaces. Our data suggest that oxygen
plasma treatment is a reliable technique for the modulation of fibronectin adsorption in order to adjust
fibronectin bioactivity and impact cell responses to implant surfaces.

proteins initially adsorbed onto the synthetic material
surfaces.! In order to trigger specific reactions in the body, an
implant material can be functionalized with bioactive sub-
stances. An attractive candidate that has been reported to
support endothelialization of the surface is fibronectin (FN), a
well-studied glycoprotein of the extracellular matrix (ECM).>™*
However, the influence of the surface properties on the
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deposition and thus bioactivity of FN is often neglected. FN
fulfils a wide range of biological functions as it interacts with
other ECM molecules and growth factors, binds to cell
surface receptors and forms fibrils through intermolecular
interactions.>® It is a 440 kDa macromolecule that is secreted
as a dimer connected by two disulfide S-S bonds at the
C-terminus. The two peptide chains consist of several repeating
domains (FNI, FNII and FNIII) that can associate with each
other, resulting in a globular folding structure of FN.” More-
over, FN is very flexible and can change its conformation
depending on the environment.® In vivo, FN is synthesized,
for example, by hepatocytes and secreted into the blood plasma
in an inactive globular conformation.’ The soluble plasma FN
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binds poorly to many cell types. In early wound-healing
responses; however, it undergoes conformational changes by
interacting with fibrin and platelets.'® During this finely tuned
unfolding process of the protein, cell- and FN-binding sides
are exposed, which leads to further stages of tissue repair."'® The
folding of FN adsorbed on biomaterial surfaces has been shown
to be influenced by surface properties such as wettability,""
surface chemistry,' and roughness.” In recent years, several
studies have investigated the influence of modified substrates
on the conformation of FN and its effect on cell behavior."*™"”
Based on this knowledge, research now aims to specifically
control cell attachment, proliferation, and differentiation
through substrate-dependent changes.'®>° Cells interact with
FN mainly via the «5p1 integrin, which binds to the RGD loop
on FNIII,, and the neighboring PHSRN sequence in FNIIL,.>' >
This interaction induces integrin clustering and the formation
of focal adhesion complexes.'® These protein complexes are
dynamic structures that form mechanical links between FN
and the cell cytoskeleton, and mediate the transduction of
signaling events, which in turn affects the growth, differentia-
tion, adhesion, and motility of the cell.” At the same time, the
cell assembles FN into a fibrillar network through an integrin-
dependent mechanism.>* All these processes are strongly influ-
enced by the conformation and the adhesive force of the
adsorbed FN, and ultimately determine cell behavior.>®

In this study, we investigated the adsorption behavior of FN
and subsequently the endothelial cell-surface interaction
through the fine-tuning of the surface wettability with oxygen
plasma treatment of polyurethane (PU). The selected material is
a commercially available PU of the Pellethane® series, which is
being currently studied in cardiovascular devices.® The effects
of oxygen plasma on the wettability of Pellethane™ was exam-
ined in a recent study over a wide range of plasma treatment
parameters.>® Using this method allows the incorporation of
oxygen-rich functional groups onto the material surface chan-
ging the chemical composition.*® Simultaneously to functiona-
lization, the competing plasma etching of low molecular
contaminations and upper polymer surface layers is modifying
the surface topography and therefore material roughness.””*®
The objective of this study was a defined modification of the
surface chemistry and roughness of PU in order to modulate
the adsorption behavior and conformation of FN, which affects
its bioactivity and subsequently influences endothelial cell
responses, potentially providing surfaces for various cardiovas-
cular applications.

2. Materials & methods

2.1 Sample preparation

2.1.1 Polyurethane spin-coating and oxygen plasma treat-
ment. The commercially available PU Pellethane 2363-55DE
(Lubrizol, Wickliffe, OH, USA) was dissolved in dimethylaceta-
mide (99+% extra pure, Acros Organics, Fair Lawn, NJ, USA)
to obtain a 5% (w/w) solution. The solution was spin-coated
(Convac 1001, Fairchild Semiconductor, Stuttgart, Germany) at
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Table 1 Plasma modification parameters of the PU samples

Sample Pressure (mbar) Time (min)
A 0.2 3.0
B 0.2 0.2
C 0.8 3.0
D 0.5 1.6
E 0.8 0.2
F* — —

¢ Sample F was not plasma treated and served as control.

2400 rpm for 40 seconds onto heated pre-cut silicon wafers
(Siegert Wafer, Aachen, Germany) and glass slides, resulting
in film thicknesses ranging between 270 and 300 nm. For
reflectometric interference spectroscopy (RIfS), the PU solution
was spin-coated onto glass substrates with a thin layer of
tantalpentoxide (1 mm glass, 10 nm Ta,0Os). Here, the spin-
coated layer of PU served as the interference layer for the
RIfS measurements. The concentration of the PU solution
was adapted to result in a 310-380 nm optical thickness of
the layer after the plasma treatment.

Plasma surface modifications of the polymer films were
performed in a FEMTO low pressure plasma system (Diener
electronic, Ebhausen, Germany) consisting of a borosilicate
glass round vacuum and a low-frequency (40 kHz) generator
using oxygen plasma. A previous study investigated the plasma
modification of PU according to a statistical experimental
design.?® Based on this study, to achieve varied modifications
with few plasma parameters, the process time and pressure
were varied between 0.2-3.0 minutes and 0.2-0.8 mbar
(Table 1). The applicable power was kept constant at 100 W.

2.1.2 DY-490 labeling of fibronectin. For covalent, fluores-
cence labeling of human FN (F1056-2MG, Sigma-Aldrich,
St. Louis, USA), Dyomics DY-490 N-Hydroxysuccinimid-Ester
(FluoroSpin 490 Protein Labeling & Purification Kit, emp
biotech, Berlin, Germany) was used according to the manufac-
turer’s instructions with a 20-fold molar excess of reactive dye
to protein molecules. The resulting concentration and the
degree of labeling (2.6 dye molecules per FN) was determined
optically, measuring the absorbance at 280 nm and 493 nm
with a NanoDrop 2000 spectrophotometer (Thermo Fisher
Scientific, Waltham, USA).

2.1.3 Fibronectin adsorption. After oxygen plasma treat-
ment, samples were disinfected with 70% ethanol for 10 min
and rinsed in phosphate buffered saline (PBS). The samples
were then incubated for 1 hour at 37 °C with 10 pg ml~" human
FN (10 pg ml™*, F1056-2MG, Sigma-Aldrich, St. Louis, USA) that
was dissolved in PBS.

2.2 Characterization of the surfaces

2.2.1 X-ray photoelectron spectroscopy. Photoelectron
spectroscopy (XPS) was carried out using a multi-chamber
ultrahigh vacuum system (base pressure 8 x 10 '° mbar)
equipped with a Phoibos 100 analyzer and a 1 d - Delay Line
detector (SPECS, Berlin, Germany). Al-Ka. radiation of a con-
ventional Al/Mg anode (XR-50 m X-ray source, hv = 1486.6 V)

This journal is © The Royal Society of Chemistry 2021
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was used for the measurements. The core-level spectra of the C
1s peaks were collected with 20 eV pass energy. The program
Unifit version 2018 (Unifit scientific software, Leipzig, Germany)
was used for spectral analysis identifying the plasma-induced
groups (Fig. S1 and Table S1, ESI¥).>

2.2.2 Contact angle measurements. Changes in wettability
were determined through static contact angle measurements at
room temperature using the sessile drop method on the CAM
200 optical angle goniometer (KSV Instruments LTD, Helsinki,
Finland). The time between the flooding of the plasma cham-
ber and the placement of the first test liquid drop of H,O was
2.5 minutes. 5 drops were placed on different areas on each
sample. The drop volume was 2 pl. The protein-coated samples
were rinsed with distilled water and dried under a cold nitrogen
stream before measurements were taken.

2.2.3 Atomic force microscopy. The surface topography of
the samples was investigated with atomic force microscopy
(AFM) using a Nanoscope III multi-mode AFM system operating
in ScanAsyst PeakForce and TappingMode (Bruker, Billerica,
MA, USA). ScanAsyst-Air-HR probes (Bruker) were selected
with a spring constant of 0.4 N m~ " and a resonance frequency
of 130 kHz for the PeakForce measurements, while the RTESPA-
150 probes (Bruker) with a 150 kHz frequency were used for
tapping mode. The open source program Gwyddion version
2.49 was used for AFM image analysis and qualitative root-
mean-squared roughness r(RMS) estimations on a 1 pm?” area.>

2.2.4 Reflectometric interference spectroscopy. RIfS, a
label-free optical method, was used to investigate the adsorp-
tion of FN onto the modified PU surfaces in a time-resolved
manner.’’ The PU films were incubated in PBS for 40 min
before the FN adsorption measurements were started. This
process was monitored by RIfS. In case of no further drift,
different concentrations of FN in PBS (1 pg ml™", 3.3 pg ml*,
6.6 ugml ™", 10 yg ml*,13.3 uyg ml ™, 16.6 pg ml~* and 20 pg ml ™)
were pumped across the PU surface (pumping speed: 0.5 pl s 7,
flow cell diameters: width: 1 mm, height: 0.1 mm) for 33 minutes
(Fig. S2, ESIf). The change in optical thickness (An-d) was
calculated from the recorded interference spectrum as
described by Kraus et al.>' The kinetic parameters, the associa-
tion rate constant k,, and the dissociation rate constant kq of
the FN adsorption onto the PU surface were evaluated from the
binding curves of FN at different concentrations according to
O’Shannessy et al.>* The application of this basic model results
in the mean k, and kq of the adsorption process over the
investigated time and different binding sites of the protein.

2.2.5 Laser scanning confocal fluorescence microscopy
of fluorescence-labeled fibronectin. Adsorption of the
fluorescence-labeled FN on glass slides with plasma-treated
PU was determined with a custom-built confocal microscope.
An oil immersion objective lens (NA = 1.46) was used to focus
laser light of 488 nm (LDH-D-C-485, PicoQuant, Berlin, Germany)
with a repetition frequency of 20 MHz and a power of 15 nW
to a diffraction limited spot. The fluorescence was detected
with the same objective and guided through a pinhole and a
long-pass filter (F76-490, AHF, Tibingen, Germany) to an
avalanche photodiode (SPCM-AQR-13, PerkinElmer, Waltham,
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USA). The fluorescence signal was collected by scanning the
sample with a piezo-electric scanning stage over a square
area of 100 pm? at several positions on three different samples
(Fig. S3, ESIY).

2.2.6 Anti-fibronectin immunofluorescence staining. After
FN adsorption, the surfaces were washed once with PBS and
blocked with 2% (w/w) goat block solution for 30 minutes.
Subsequently, the surfaces were incubated over night at 4 °C
with a polyclonal anti-FN antibody (1:500, F3648-100UL,
Sigma-Aldrich, St. Louis, USA) and a monoclonal anti-FN anti-
body, which is described to bind against the flexible linker
between the 9th and 10th type III repeat of FN** (HFN7.1,
1:200, ABIN284417, antibodies-online, Aachen, Germany).
After washing once with PBS, the samples were incubated with
goat anti-rabbit IgG-Alexa Fluor™ 546 and goat anti-mouse
IgG-Alexa FluorA 488 (both 1:250, Thermo Fisher Scientific)
for 45 minutes in the dark.>* Images were acquired by using a
Zeiss fluorescence microscope (Cell Observer, Carl Zeiss AG,
Oberkochen, Germany). The focal plane was adjusted manually
for each image.

2.3 Cell culture

For cell-material studies, human primary-isolated microvascu-
lar endothelial cells (HMVECs) were isolated from the
foreskin biopsies under the ethics approval no. 495/2018BO2
(IRB, University Hospital Tiibingen) by enzymatic digestion
with dispase and trypsin as previously described.*® Cells were
cultured in endothelial cell growth medium MV (C-22020,
PromoCell, Heidelberg, Germany) and used between passages
2 and 4. Human umbilical vein endothelial cells (HUVECs,
C-12205, PromoCell, Heidelberg, Germany) were cultured in
endothelial cell growth medium (C-22010, PromoCell) and used
between passages 4 and 6.°° For cell-material-interaction
experiments, 400 cells mm 2 were seeded on the FN-adsorbed
surfaces and incubated for 24 hours at 37 °C and 5% CO,.

2.4 Immunocytochemistry

After cell culture experiments, the cell-seeded PU samples were
washed with PBS™ and fixed with 4% (w/w) paraformaldehyde
in PBS for 10 minutes. In order to reduce nonspecific binding,
the cells were incubated with 2% (w/w) goat block solution for
30 minutes. Cells were incubated with anti-FN (1:200, ab2413,
Abcam, Cambridge, UK), anti-CD31 (PECAM-1; 1:100, sc-71872,
Santa Cruz, USA), anti-von Willebrand factor (1:200, A0082,
DAKO, Glostrup, Denmark), anti-focal adhesion kinase (FAK;
1:100, PA5-17591, Thermo Fisher scientific, Waltham, USA),
anti-VE-Cadherin (1:250, HPA004726, Sigma-Aldrich, St. Louis,
USA) and anti-vinculin (1:500, MAP3574, Milipore, Burlington,
USA) over night at 4 °C. One primary antibody of the same
species was used per sample. After washing with PBS, samples
were incubated with goat anti-mouse IgG-Alexa Fluor™ 488,
goat anti-rabbit IgG-Alexa Fluor™ 546 (both 1:250, Thermo
Fisher Scientific) and Alexa Fluor® 647 Phalloidin (1:1000,
A22283, Thermo Fisher Scientific) for 45 minutes in the dark.
Finally, nuclei were counterstained with DAPI (10236276001,
Roche, Basel, Switzerland). Images were observed by using a
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Zeiss fluorescence microscope (Cell Observer, Carl Zeiss AG,
Oberkochen, Germany).

2.5 Image analysis

Polyclonal and monoclonal anti-FN IF staining was quantified
by measuring the relative pixel intensity (RPI) of the immuno-
fluorescence images. Counting the DAPI-stained cell nuclei per
area determined the number of adherent cells. The formation
of focal adhesions was quantified by counting the vinculin and
FAK foci per cell. To assess VE-cadherin and PECAM-1 expres-
sion as well as F-actin organization, the area within a defined
fluorescence intensity threshold was measured and normalized
to the cell number. All images were analyzed using Image].*”

2.6 Statistical analysis

Results are presented as mean =+ standard deviation. For
statistical analysis, a one-way ANOVA/Fisher’s Least Significant
Difference test was performed using Origin 2018 (OriginLab,
Northampton, MA, USA). Probability values of 95%, 99% and
99.9% were used to determine significance.

3. Results

3.1 Analysis of the surface chemistry and its influence on FN
adsorption

XPS, AFM and contact angle measurements showed that
surface roughness affects the hydrophilic character of the
polymers and FN adsorption behavior (Fig. 1). According to
the XPS data (Fig. 1a, Fig. S1, ESIt), the chemical composition
of the sample surfaces was separable into plasma-incorporated
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Journal of Materials Chemistry B

functional groups and PU-specific functionalities. The plasma-
generated —OH functional groups and the polymers C-O-C
species peaks are situated on identical binding energies, and
therefore could not be adequately separated within the func-
tional group content calculations. From the XPS data analysis it
was discernible that samples A and B had a higher -COOH and
C—O0 content than all other samples, while the C, D and E
surfaces had a high content of ~-OH and C-O-C functionalities
(Fig. 1a). The untreated control surface F had no new plasma-
created species. In terms of surface roughness, the untreated
sample F showed a smooth surface that was only little impacted
by most plasma treatments (Fig. 1b). Only surface A, treated for
a longer time under low oxygen pressure, exhibited a clearly
higher surface roughness compared to the other samples.
(Fig. 1b). This effect was also seen in the water contact angle
measurements of the series (Fig. 1c). The untreated F surface
had the highest contact angle with 71.1° & 1.6°. In contrast, the
surfaces C, D and E, which were similar in chemical composi-
tion and roughness, were only slightly more hydrophilic with
similar contact angle values ranging around 50° (C: 48.2° £ 0.6°
versus D: 50.8° £ 1.7°, p < 0.05; C versus E: 54.3° £ 1.0°, p <
0.001; D versus E, p < 0.05). Since the roughness was less
impacted by these plasma treatments, the biggest contribution
to the hydrophilization of these surfaces came from the intro-
duced hydroxyl groups. While the -COOH and C=O surface
coverage of the samples A and B was very similar, the contact
angle of surface A (17.5° £ 1.9°) was half as high compared
with surface B (33.4° + 2.7°). The major contribution to this
additional lowering of the contact angle of the longer plasma-
treated sample came from the increased surface roughness,
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Fig. 1

Investigation of plasma modifications on the PU surfaces and adsorption of fibronectin. (a) XPS obtained chemical composition of plasma-

induced functional groups on the polymer surface before FN coating. (b) Qualitative roughness analysis r(RMS) of the polymer surfaces after plasma
treatment. The dash line represents the maximum roughness value. (c) Contact angle analysis of plasma-treated and untreated surfaces before (left,
"“uncoated”, one-way ANOVA, n = 3, p*** < 0.001) and after FN coating (right, “FN-coated"”, one-way ANOVA, n = 3, p*** < 0.001). (d) AFM topography

images of sample surfaces after FN coating. Scale bar equals 200 nm.
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which was twice as high as every other sample (A: 1.45 nm
versus B: 0.5 nm, C: 0.61 nm, D: 0.63 nm, E: 0.5 nm and
F: 0.39 nm).

The water contact angles and r{RMS) were also measured
after FN coating of the samples (Fig. 1c, “FN-coated”, Fig. 2a).
As with the previous contact angle series, surface F (64.2° £+ 1.1°)
was the least hydrophilic with the lowest change in the contact
angle after FN coating (Table S2, ESI). Samples C, D, and E had a
contact angle of around 57° (C: 57.2° &+ 2.3%, D: 57.4° £ 1.5° E:
58.7° + 2.1°, not significant). Unlike surface F, the A (45.0° £ 2.0°)
and B (45.3° & 2.0°) surfaces showed an increase in contact angle
with the same result at about 45°. The AFM images, recorded after
FN coating, resulted in visible topographic changes and increase
in roughness compared with their uncoated counterparts only for
the control sample F (Fig. 1d). From the height contrast images,
and extracted height profiles of the images, no difference
between the plasma treated FN-coated surfaces was visible
(Fig. 2). The protein domains and the polymer background
were indistinguishable, as was the case with phase AFM ima-
ging (Fig. S4 and S5, ESIt). Through the plasma treatment of
the samples, the FN proteins lost their material contrast with
the polymer. The untreated surface (sample F) had a noticeable
increased roughness after the protein coating, from approximately

a 4

1 2 3
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0.4 to 3.1 nm, which was due to topographical changes caused by
the protein network rather than modifications in the PU layer.
This network was partially up to 10 nm high with differently sized
pores ranging from 200 nm to 500 nm in diameter.

In order to study protein adsorption kinetics, the adsorption
of FN on the oxygen plasma-treated PU surfaces was monitored
by RIfS. An exemplary binding curve is depicted in Fig. 3a
showing the baseline (with PBS), followed by the association of
FN (with the FN solution), starting at the time point 0 s, and the
dissociation (rinsing with PBS) of FN from 2000 s to 4000 s. The
recorded binding curves (Fig. S2, ESIf) showed a different
adsorption behavior of FN on the surfaces. These differences
were evaluated by calculating the respective association rate
constant k, and dissociation rate constant kg using a basic
kinetic model (Fig. 3b and c). FN showed on all surfaces small
kq values in the magnitude of 107> s~'. On surface F, FN
exhibited the highest kq value compared to all other investi-
gated surfaces, indicating an easier desorption of FN from
surface F. The calculated k, values showed faster rates of the
forward adsorption process on surface A, E and F in compar-
ison to the surfaces B, C and D. The larger error of the fit of the
calculated rate constants on the surfaces A, E and F in respect
to the surfaces B, C and D demonstrated a larger discrepancy
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Fig. 2 Qualitative analysis of the polymer surface topography after protein coating. (a) r(RMS) results of the AFM measurements of the sample control
and plasma-treated surfaces after FN coating. The dash line represents the highest r(RMS) value of the series. (b) AFM height contrast images of the
FN-coated surfaces. The white line shows the profile extraction region. The scale bar equals 200 nm. (c) Extracted line profiles from the AFM images

showing the structure of the surface.
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Fig. 3 The adsorbed fibronectin varies in adsorption kinetics, amount and conformation on different hydrophilic surfaces. (a) Exemplary binding curve of
10 pg ml~ FN on surface F. Association (with the FN solution) of FN starting at time point 0 s and dissociation (with PBS) of FN from 2000 s to 4000 s.
Calculated association rate constants (k) (b) and calculated dissociation rate constants (kg) (c) of FN adsorption. Error bars depict the error of the fit. (d)
Fluorescence intensity of labeled FN that was coated on the different surfaces. Data is shown relative to surface F. (e) Ratio of the polyclonal anti-FN
immunofluorescence staining and the labeled FN. (f) Ratio of the monoclonal anti-FN immunofluorescence staining targeting the cell binding domain
and the labeled FN. One-way ANOVA, n = 3, **p < 0.01, ***p < 0.001; RPI = relative pixel intensity.

from the assumed first order kinetic model on the surfaces A,
E and F.

The relative amount of the total adsorbed FN on the differ-
ent plasma-treated samples was determined indirectly by com-
paring the fluorescence intensity of DY-490 labeled FN after
laser excitation (Fig. 3d). As the degree of labeling is consistent
throughout the FN molecules, the amount of fluorescence
intensity is directly linked to the amount of FN molecules on
the surface. While sample F showed the highest fluorescence
signal and therefore the highest amount of FN (1.00 £ 0.08),
sample A revealed about half of it (0.54 £ 0.06). Samples C, D
and E showed the same fluorescence intensity, which was
significantly lower than sample A (A versus C: 0.36 = 0.03,
p < 0.001; A versus D: 0.35 £ 0.02, p < 0.001; A versus E:
0.39 £ 0.04, p < 0.001), sample B (B: 0.43 £ 0.04 versus C,
p < 0.01; B versus D, p < 0.01), and sample F (F versus B,
P < 0.001; F versus C, p < 0.001; F versus D, p < 0.001), which
indicated fewer FN amounts on these surfaces.

The orientation and conformation of the adsorbed FN
was further investigated with IF staining using a polyclonal
antibody against the full-length FN (Fig. 3e and Fig. Sé6a, ESIT).
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The ratio of the anti-FN staining to the amount of adsorbed FN,
determined by the fluorescence-labeled FN, indicates confor-
mational and orientation changes of the protein. Comparing
the polyclonal anti-FN/FN labeling ratios of the different sur-
faces, a similar result was found on the surfaces C and D.
Compared to them, the ratios on the A, B, E and F surfaces were
significantly lower (A: 1.54 £ 0.05 versus C: 5.68 + 0.07, A versus
D: 6.51 + 0.01, B: 4.35 £ 0.01 versus C, Bversus D, E: 3.77 £+ 0.05
versus C, E versus D, F: 1.00 = 0.06 versus C, F versus D, all
p < 0.001). The FN coating on the A and F surfaces even
showed a significantly lower value compared with the B and E
surfaces (all p < 0.001). Additionally, the adsorbed FN was
stained with a monoclonal antibody (Fig. S6b, ESIt), whose
epitope maps to a segment between the 9th and 10th type III
repeat (HFN7.1), indicating the availability of the cell binding
domain.®® The ratio of the monoclonal antibody to the amount
of adsorbed FN showed significantly higher signals on the A
and D surfaces compared with the surfaces B, C, E and F
(A: 1.74 £ 0.01 versus B: 0.77 + 0.00, A versus C: 0.98 + 0.01,
A versus E: 0.89 + 0.01, A versus F: 1.00 + 0.03, D: 1.60 4+ 0.02
versus B, D versus C, D versus E, D versus F, all p < 0.001),
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suggesting a more exposed cell binding domain of the FN on
these surfaces (Fig. 3f).

3.2 Investigation of the endothelial cell-material-interaction
on the FN-coated surfaces

The investigation of the endothelial cell-material-interaction
on the different surfaces was of particular interest as it provides
information to predict the behavior of the cells depending
on surface properties and FN deposition. For this purpose,
HUVECs and HMVECs were utilized.

First, the number of adherent HUVECs and HMVECs was
investigated 24 hours after seeding showing a rather similar
distribution of adherent cells on the different surfaces (Fig. 4a
and b). However, on surfaces A and E, significantly less adher-
ent HUVECs and HMVECs were found when compared with the
surfaces B and D (HUVECs: A: 0.97 + 0.01 versus B: 1.16 + 0.04,
p < 0.01 and D: 1.15 £ 0.05, p < 0.05; E: 0.95 + 0.10 versus B
and D, p < 0.01; HMVECs: A: 0.87 & 0.04 versus B: 1.04 £ 0.05
and D: 1.05 + 0.07, p < 0.001; E: 0.92 + 0. 60 versus B,
p < 0.001 and D, p < 0.01, cell count was normalized to
surface F). In addition, the HUVECs showed a significantly
increased cell count on surface C compared to surface A and E
(C: 1.11 £ 0.13 versus A and E, p < 0.05). For the HUVECs,
but not for the HMVECs, significantly fewer adherent cells
were found on surface F compared to surfaces B and D
(F: 1.00 + 0.09 versus B and D, p < 0.05). Both cell types
showed no significant differences in the number of adherent
cells between the B, C and D surfaces, and between the A and E
samples.

The different surfaces did not appear to influence the size of
the two cell types, although the HUVECs tended to be smaller
on the surfaces B and C compared to the other samples, and
larger on surfaces C, D and E (Fig. S7, ESIY).

The interaction of HUVECs and HMVECs with the pre-
adsorbed FN layer led to a FN reorganization, which was
demonstrated by anti-FN IF staining (Fig. 5a and Fig. S8, ESIT).
Both cell types showed fibrillar structures on the A surface in
the area of the cells (Fig. 5a, white arrow). In addition, FN
reorganization appeared on all surfaces as dark areas around
the cells, most notably in the C and D samples (Fig. 5a, white
dotted arrow).
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The cytoskeleton was examined by using F-actin staining, as
its distribution provides information about the barrier function
of an endothelial cell.*® A distinct reorganization of the F-actin
was observed on the different surfaces (Fig. 5 and Fig. S9, ESIt).
For both cell types, peripheral ventral stress fibers were found
on the A and F surfaces with more prominent F-actin bundles
on the A surface (Fig. 5b). In contrast, in the cells on the
samples B, C, D and E, the stress fibers were distributed over
the entire cell. A semi-quantitative analysis of the F-actin-
stained areas revealed a significantly lower amount of stress
fibers in the cells cultured on the A surfaces compared with
cells grown on surfaces B, D and E for both cell types (HUVECs:
A:0.71 £ 0.06 versus B: 1.39 + 0.31, D: 1.35 £ 0.19 and E: 1.50 £+
0.50, p < 0.05; HMVECs: A: 0.60 * 0.12 versus B: 1.23 £ 0.12,
D: 1.25 + 0.15 and E: 1.36 + 0.13, p < 0.05). In addition,
the HMVECs showed a significantly lower signal on surface
A compared with surface C (A versus C: 1.10 £ 0.30, p < 0.05;
Fig. 5¢).

The integrin-mediated cell adhesion is associated with the
formation of focal adhesions.*® Vinculin, a scaffolding protein
that is involved in the mechanical regulation of focal adhe-
sions, was studied by statistically analyzing the number of
vinculin foci per cell (Fig. 6).*' Both cell types showed a
significantly higher number of vinculin foci per cells on surface
A compared with the other surfaces (HUVECs: A: 113 £ 40
versus B: 46 £+ 16, p < 0.01; A versus C: 57 £ 41, D: 51 + 10,
E: 56 + 7 and F: 53 &+ 16, p < 0.05; HMVECs: A: 51 £ 21 versus
B: 26 £ 9 and E: 27 £+ 11, p < 0.05; A versus C: 19 £+ 4 and
D: 21 + 5, p < 0.01), with the exception of surface F (49 + 8)
where a similar number of vinculin foci were counted in the
HMVECs (Fig. 6a and b). For both cell types, the average
number of foci per cell was similar for surfaces B, C, D and E.

Furthermore, the FAK, which plays a critical role in integrin-
mediated signal transduction, was examined (Fig. 6).*> For the
HUVECs, the number of FAK foci per cell tended to be higher
on the very hydrophilic surfaces (A: 40 + 10, B: 32 & 18 and C:
54 + 35) than on the less hydrophilic surfaces (D: 25 + 10, E:
27 £ 5 and F: 20 £ 7). Due to a high variation within the
experiments, statistically significant more FAK foci per cells
were only found on the C surface compared with the surface
F (C: 54 + 35 versus F: 20 =+ 7, p < 0.05) (Fig. 6¢ and d). The
HMVECs showed a slightly different behavior. They inclined to
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Fig. 4 Fibronectin coating on different hydrophilic surfaces impacts the number of adherent cells. The number of adherent (a) HUVECs and (b) HMVECs
24 h after cell seeding. Data is shown as change relative to F. One-way ANOVA, n = 3, *p < 0.05, **p < 0.01, ***p < 0.001.
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Fig. 5 Cell-fibronectin-interaction and F-actin reorganization in HUVECs and HMVEC:s. (a) Anti-FN immunofluorescence staining shows the interaction
of HUVECs and HMVECs with the adsorbed FN, which is indicated by fibrillar structures (white arrow) and dark areas (white dotted arrow). Scale bars
equal 100 pum. (b) Peripheral F-actin bundles are formed in HUVECs and HMVECs that are seeded on A and F surfaces. Scale bars equal 100 um. (c) Semi-
quantitative area analysis of F-actin distribution in HUVECs and HMVECs. Data is shown relative to F. One-way ANOVA, n = 3, *p < 0.05.

form less FAK foci on the very hydrophilic surfaces compared
with moderately hydrophilic surfaces. In detail, on surface B,
significantly fewer FAK foci per cell were found compared to
surfaces C and D (B: 12 + 12 versus C: 42 + 18 and D: 47 + 24,
P < 0.05). Both cell types tended to form few FAK foci on the
F surface; however, in the case of HMVECs the number of
FAK foci per cell was significantly lower compared to surface D
(D: 47 £ 24 versus F: 17 + 4, p < 0.05).

Cell-cell interactions were investigated by studying the
expression of the endothelial cell type-specific markers VE-
cadherin and PECAM-1 (Fig. 7). Both proteins are located on
the surface of endothelial cells and account for a large portion
of the endothelial cell-to-cell junctions that contribute to the
maintenance of the endothelial permeability barrier.** Expres-
sion levels were evaluated by the IF-stained area per cell (Fig. 7b
and d). The VE-cadherin staining showed similar expression
levels for the HUVECs on all surfaces. Significant differences
were found for the HMVECs (Fig. 7b and Fig. S10, ESI{). In
detail, a higher VE-cadherin signal was detected on the A

1654 | J Mater. Chem. B, 2021, 9, 1647-1660

surface compared with surfaces B and F (A: 1.59 + 0.24 versus
B: 1.02 £+ 0.38 and F: 1.00 £ 0.39, p < 0.05). In addition, the cells
on the C surface revealed a higher expression level compared with
the B, D, E and F surfaces (C: 1.78 + 0.52 versus D: 1.21 £ 0.28 and
E: 1.30 & 0.34, p < 0.05 and versus B and F, p < 0.01).

The PECAM-1 expression was the same for the HMVECs
on all samples (Fig. 7c and d). For the HUVECs, less PECAM-1
was expressed in the cells on surface B compared with surface A.
Interestingly, the HUVECs on surface B showed also a signifi-
cantly lower expression of the endothelial cell marker von
Willebrand factor (vWF) when compared with cells grown on
surfaces D and F (B: 0.43 + 0.12 versus D: 0.89 % 0.26 and versus
F: 1.00 + 0.57, p < 0.05; Fig. 8).

4. Discussion

In the present study, oxygen plasma surface treatment was used
to incorporate hydroxyl, carbonyl, carboxyl and other oxygen-rich

This journal is © The Royal Society of Chemistry 2021
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Fig. 6 The formation of focal adhesion complexes influenced by fibronectin coating on different hydrophilic surfaces. (a) Anti-vinculin
immunofluorescence-stained HUVECs and HMVECs on the FN-coated surfaces. Vinculin foci are indicated by white arrows. Scale bars equal
100 um. (b) Semi-quantitative analysis of the anti-vinculin staining for HUVECs (left) and HMVECs (right). Data is shown relative to surface F.
(c) FAK-stained HUVECs and HMVECs seeded on the different hydrophilic FN-coated surfaces. FAK foci are indicated by white arrows. Scale bars equal
100 pm. (d) Semi-quantitative analysis of the anti-FAK staining for HUVECs (left) and HMVECs (right). Data is shown relative to surface F. One-way

ANOVA, n = 3, *p < 0.05, **p < 0.0L.

groups onto PU surfaces in order to modify the polarity and
chemical structure of the surface.***° During the plasma treat-
ment, removal of material from the surface layer through plasma
etching processes with UV irradiation and ion bombardment
resulted in topographical changes.””*** The impact of the
plasma modification on the different surfaces was evaluated using
AFM imaging, XPS analysis and contact angle measurements.
The XPS and contact angle results showed that higher oxidized
functional groups were incorporated with low oxygen pressure
treatments, which led to a greater impact on PU surface
hydrophilicity.>® From the contact angle measurements, specifi-
cally the low standard deviations of the samples, it can be
concluded that the plasma treatment of the polymer surfaces
had a high reproducibility. AFM measurements showed that an
increased surface roughness contributed to lowering the contact
angle, demonstrating a more hydrophilic surface.® Especially
with surface A, which has a similar chemical composition to
surface B, the higher wettability can be attributed to surface
roughness effects. This roughening of the sample topography
was caused by the ablative nature of the oxygen plasma, which
had a larger effect during the longer plasma treatment of sample
A under low oxygen pressure conditions. FN-coated plasma-treated
samples were difficult to distinguish using AFM topographic
imaging; however, contact angle analysis showed differences
between the plasma-treated samples. Only on the FN-coated
control surface F, AFM images showed a fibrillar network that
may be attributed to material-driven fibrillogenesis where FN
molecules unfold and bind to each other."***

RIfS was employed to investigate the conformation and
orientation of FN on the samples. Here, the kinetic inspection

This journal is © The Royal Society of Chemistry 2021

of the binding curves revealed different rate constants for the
chemical forward and reverse process, indicating different
interaction sites on the reactants. Surface A and B had a similar
chemical composition; however, there was a pronounced dif-
ference in the calculated k, on these surfaces, which could be
attributed to the changed surface roughness and different
reaction sites on the adsorbed FN. In contrast, the increase of
k, from surface B to E was induced by the changes in the
chemical composition of the surfaces and the corresponding
different reaction sites on FN. In our study, we identified the
lowest k, values for the surfaces B, C and D, and larger k, values
for the more hydrophilic surface A as well as for the more
hydrophobic surfaces E and F. This may be explained by the
different influences of surface chemistry and surface roughness
of the investigated PU surfaces on FN adsorption. A higher
flexibility of FN on surface F in comparison to the other
surfaces was found by a large k, value and a coincidental large
kq value. Although FN appeared in a very stable fibrillary form
on surface F, it exhibited a more dynamic interaction towards
the surface. The oversimplification of the actual processes
at the surface by the applied kinetic model is reflected in
the calculated error accompanying the results.> The error
was particularly large on surface A, E and F, indicating that
the discrepancy from the Langmuir adsorption model was
pronounced on these surfaces. On surface F, the lateral inter-
actions between the adsorbed proteins in the network demon-
strated by the AFM measurements (Fig. 1 and 2) can cause the
discrepancy from the adsorption model. It is also very plausible
that FN underwent greater conformational changes on surfaces
A, E and F during adsorption when compared with surfaces B, C

J. Mater. Chem. B, 2021, 9, 1647-1660 | 1655
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Fig. 7 Endothelial cell-to—cell junction variation on the different fibronectin-coated surfaces for both HUVECs and HMVECs. (a) VE-cadherin
immunofluorescence staining of HUVECs (upper row) and HMVECs (lower row) on the different hydrophilic surfaces coated with FN. Scale bars equal
100 um. (b) Semi-quantitative analysis of the anti-VE-cadherin-stained area for HUVECs (left) and HMVECs (right). Data is shown relative to surface F. (c)
PECAM-1 immunofluorescence staining of HUVECs and HMVECs on the FN-coated surfaces. Scale bars equal 100 pm. (d) Semi-quantitative analysis of
the anti-PECAM-1-stained area for HUVECs (left) and HMVECs (right). Data is shown relative to surface F. One-way ANOVA, n = 3, *p < 0.05, **p < 0.01.

and D. To test this hypothesis, the adsorption of FN was further
examined with fluorescence-labeled FN as well as with poly-
clonal and monoclonal antibody IF staining.

The total amount of adsorbed FN was determined with
fluorescence-labeled FN. Here, the measured fluorescence
intensity of the covalently labeled FN is directly proportional
to the amount of adsorbed FN. This is, because the fluores-
cence DY-490 FN labeling took place prior to the adsorption.
Compared to the antibody staining, the fluorescence signal is
not affected by the protein adsorption and the associated
changes in protein conformation and orientation. As we had
a mean number of 2.6 dye molecules per FN, we do not expect

1656 | J Mater. Chem. B, 2021, 9, 1647-1660

that our labeling impaired the function and adsorption behavior
of FN. A study by Hoffmann et al. analyzed the influence of FITC
(a dye that is chemically related to DY-490) when covalently
binding it to FN. For three dye molecules per FN, they could
not detect significant modifications to the structure and biological
function compared with unlabeled FN.>® Especially for surface A
and F, the amount of coated FN was significantly higher when
compared with the other surfaces. While for surface A the surface
roughness probably allowed an increased FN adsorption, the
amount of adsorbed FN on surface F was influenced by the
material-driven FN fibrillogenesis, where the FN molecules were
probably adsorbed in several layers.>*>*

This journal is © The Royal Society of Chemistry 2021
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Fig. 8 von Willebrand factor (vWF) expression in HUVECs and HMVECs cultured on the FN-coated surfaces. (a) Anti-vWF immunofluorescence staining
of HUVECs and HMVECs. The scale bar equals 100 um. (b) Semi-quantitative analysis of the anti-vWF-stained cells. Data is shown relative to surface F.

One-way ANOVA, n = 3, *p < 0.05.

The ratio of the amount of bound monoclonal and poly-
clonal anti-FN antibodies to the total amount of adsorbed
fluorescence-labeled FN provides information about the con-
formation and orientation of the adsorbed protein. In our
study, the individual surfaces showed different ratios, which
indicates a varying adsorption behavior of FN on the surfaces
(Fig. 3e and f). Since the polyclonal antibody binds to many
different epitopes of FN, we hypothesize that the lower the
antibody signal, the more the conformation of the protein is
altered and thus fewer epitopes are present or accessible to the
antibody. Interestingly, there seems to be a reciprocal correla-
tion between the results of the polyclonal antibody staining and
the k, values of the RIfS measurements (Fig. 3). Since the £k,

This journal is © The Royal Society of Chemistry 2021

value indirectly indicates the strength of the interaction
between protein and surface, a greater conformational change
can be assumed with stronger FN-material interaction.>® Thus,
the results of the polyclonal antibody support the observations
of the RIfS measurements, which indicates a slight conforma-
tional change of the FN on the surfaces B, C and D, and a
stronger FN unfolding and expansion on the surfaces E and F.
This observation is consistent with the results of several studies
that have described more drastic conformational changes on
more hydrophobic surfaces.'*” Interestingly, despite their
hydrophilic properties, conformational changes of the protein
also occurred on the surface A. We assume that the surface
roughness caused by oxygen plasma treatment influenced the
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conformational change of the protein. Several studies have
already described that surface roughness can lead to a wide-
spread and rigid protein conformation.**>®

An additional indication of the conformational change of
the adsorbed FN was provided by the results of the monoclonal
HFN7.1 antibody, which binds near the cell binding domain
consisting of the PHSRN and RGD integrin binding sites.** In
literature, an increased HFN7.1 antibody binding to unfolded
FN has been described.'**® In our study, especially samples A
and D showed a high level of accessible cell binding domain
indicating an extended FN conformation. However, our data
suggest that the accessibility of the cell-binding-domain is not
necessary and is solely associated with the conformational
change, but also with the orientation of the protein. The FN
adsorbed on surface D suggested only small conformational
changes, but nevertheless showed a high availability of the cell
binding domain. In contrast, the data for surface F indicates a
more unfolded adsorbed protein, but with a low-exposed cell
binding domain (Fig. 3b, e and f). From this we can conclude
that depending on the surface properties, the adsorbed FN can
take a more or less favorable conformation and orientation
with respect to the accessibility of the cell binding domain,
which ultimately influences its bioactivity. Since the surface
chemistry and roughness of the surfaces C, D and E are similar,
the difference in FN adsorption behavior on sample D could
not be explained from the gathered information. Protein
adsorption onto biomaterial surfaces is affected by many addi-
tional factors such as the stiffness, which have not been
investigated.®® Methods such as fluorescence resonance energy
transfer could be helpful to obtain further details about the
conformation of the adsorbed FN.

Bridging these results to later applications, the key question
of how these differences influence cell behavior was studied.
For both HUVECs and HMVECs we found the same trend of
differences in the number of adherent cells on the different
surfaces. It should be noted that the cells were examined
24 hours after seeding. Thus, the cell count is not only
determined by the number of initially attached cells but
also by cell proliferation. Interestingly, our results show that
the number of adherent cells does neither correlate with the
amount of the exposed FN cell binding side nor with the
wettability or polarity of the underlying surface. Rather, a
correlation between the k, value of the RIfS measurements
and the cell count is observed (Fig. 3 and 4). We hypothesize
that due to the stronger interaction with the surface and the
resulting conformational change of the FN, certain domains are
exposed, which influence the cell cycle. In the literature it is
described that binding to the first type III repeat or the heparin
binding site of FN inhibits endothelial cell growth.®>*” It is also
possible that a phenomenon described by Podesta et al. took
place.®® In their study, the authors observed a decreased
endothelial cell proliferation due to a reorganization of the
cytoskeleton into actin filament bundles, which was induced by
an increased density of focal contacts. Reduced cell growth
associated with cytoskeletal reorganization may also be related
to the CaMKK2/AMPK signaling pathway. It is described that
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the activation of AMPK leads to the maturation of contractile
actomyosin bundles and causes cell cycle arrest.®*®® In our
study, a reduced cell number was observed for both cell types
on surfaces A and F, accompanied by the formation of actin
bundles and an increased density of vinculin foci. This cytos-
keletal organization indicates a resting endothelium, while
stress fibers, as observed on surfaces B, C, D and E, occur when
the endothelium is activated, a condition associated with cell
proliferation and migration.®”

During cell-FN interaction, which is mainly mediated by the
integrins «5B1 and avpB3, focal adhesions are formed.®® On
surfaces A and F, we think that the more unfolded conforma-
tion of FN, associated with an increased presentation of the cell
binding side, facilitates the formation of mature focal adhesions
composed of vinculin and avB3.°°”! In addition, a stronger FN-
material interaction, as found on surface A, causes proper trans-
mission of force through the actin cytoskeleton, allowing the
maturation of vinculin-associated focal adhesions.”

Probably due to the stronger adhesion of the FN to the
surface A, the cells can also form FN fibrils and develop actin
bundles.®” It should be noted that the increased surface rough-
ness of sample A to the other plasma treated samples can also
influence the cell behavior.”®

The more compact form of the FN molecule, which is
assumed to be found on surfaces B, C and D, is only available
for binding to a5B1 and not to avp3.”* Interestingly, higher
levels of FAK foci, which are linked to integrin 1, were usually
found on these surfaces.”” The higher cell count and pro-
nounced stress fibers in the cells on these surfaces can be
attributed to FAK, as it enhances cell proliferation and cell
motility by stimulating the formation of actin stress fibers and
promoting the turnover of integrin-based adhesions.”®”® In
addition, the potentially weaker FN-material interaction on
these surfaces hinder the cells to form vinculin-rich mature
focal adhesions. Instead, when the cells exert a traction force on
the FN, they detach it from the surface, which is indicated by
the dark areas on the anti-FN-stained surfaces’® (Fig. 4).

In our study, the expression of the endothelial cell markers
VWF, VE-cadherin, and PECAM-1 was confirmed for both cell
types. With regard to the formation of a functional endothe-
lium on the FN-coated surfaces, the cell-to-cell junctions that
establish the endothelial permeability barrier play an impor-
tant role.** The slightly increased VE-cadherin and PECAM-1
expression in both cell types on surface A and for the HMVECs
on surface C may indicate a more advanced formation of a
functional endothelium compared to the other samples.

5. Conclusion

In our study, we showed that oxygen plasma treatment of
PU surfaces through minor parameter changes induced large
variations in the affinity, conformation and orientation of
adsorbed FN, which in turn, significantly influenced the
endothelial cell-material and cell-cell interactions. Due to the
many simultaneous effects of plasma treatment on the surface

This journal is © The Royal Society of Chemistry 2021
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through the introduction of a variety of functional groups and
changes in surface topography, a direct link between a single
parameter to the bioactivity of adsorbed FN or on the cell
behavior could not be established; however, it was demon-
strated that oxygen plasma treatment is a reliable, fast and
reproducible technique with a high application potential in the
adjustment of FN bioactivity and subsequent endothelial cell
response.
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