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Abstract 

Background: The formation of a functionally-confluent endothelial cell (EC) monolayer 
affords proliferation of EC, which only happens in case of appropriate migratory activity. 
Aim of the study: The migratory pathway of human umbilical endothelial cells (HUVEC) was 
investigated on different polymeric substrates. 
Material and Methods: Surface characterization of the polymers was performed by contact 
angle measurements and atomic force microscopy under wet conditions. 30,000 HUVEC per 
well were seeded on polytetrafluoroethylene PTFE (adv = 119° ± 2°), on low-attachment plate 
LAP (adv = 28° ± 2°) and on polystyrene based tissue culture plates (TCP, adv = 22° ± 1°). 
HUVEC tracks (trajectories) were recorded by time lapse microscopy and the euclidean 
distance (straight line between starting and end point), the total distance and the velocity of 
HUVEC not leaving the vision field were determined.  
Results: On PTFE, 42 HUVEC were in the vision field directly after seeding. The mean length 
of single migration steps (SML) was 6.1 ± 5.2 µm, the mean velocity (MV) 0.40 ± 0.3 µmꞏmin-

1 and the complete length of the trajectory (LT) was 710 ± 440 µm. On TCP 82 HUVEC were 
in the vision field subsequently after seeding. The LT was 840 ± 550 µm, the SML 6.1 ± 5.2 
µm and the MV 0.44 ± 0.3 µmꞏmin-1. The trajectories on LAP differed significantly in respect 
to SML (2.4 ± 3.9 µm, p < 0.05), the MV (0.16 ± 0.3 µmꞏmin-1, p < 0.05) and the LT (410 ± 
300 µm, p < 0.05), compared to PTFE and TCP. Solely on TCP, a nearly confluent EC 
monolayer developed after three days. While on TCP diffuse signals of vinculin were found 
over the whole basal cell surface organizing the binding of the cells by focal adhesions, on 
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PTFE vinculin was merely arranged at the cell rims, and on the hydrophilic material (LAP) no 
focal adhesions were found.  
Conclusion: The study revealed that the wettability of polymers affected not only the initial 
adherence but also the migration of EC, which is of importance for the proliferation and 
ultimately the endothelialization of polymer-based biomaterials. 
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1. Introduction 
 

Coronary or peripheral artery disease and related revascularization procedures are still 

increasing due to the aging of the population and the growing incidence of somatic 

cardiovascular risk factors like diabetes mellitus [1,2]. Up to now, autologous saphenous veins 

are the vessels of choice for arterial by-passes [3]. Synthetic vascular grafts like poly(ethylene 

terephthalate) and expanded polytetrafluoroethylene (ePTFE) are used if vein access cannot be 

obtained. These synthetic grafts are successfully used to replace large diameter vessels, but they 

fail in small diameters (<6 mm) [4,5]. It is widely accepted that this occurs due to thrombotic 

occlusion and intimal hyperplasia [6]. 

Therefore, different strategies were applied to improve the patency of such grafts. Among those, 

coatings with molecules to render body foreign surfaces haemocompatible [7-9] or to support 

the formation of a functionally-confluent layer of endothelial cells (EC) [10-12] were reported. 

EC seeding on synthetic vascular grafts was introduced in the 1980s, and it was proven to reduce 

the thrombogenicity of implanted prosthetic grafts [13] and to enhance their patency 

significantly [14-16]. 

After seeding of EC on a substrate, endothelialization starts with cell migration, which is 

described as a three step cycle: first, a membrane protrusion at the leading edge, then adhesion 

to the substrate and thirdly, the contraction of the cell body [17], which propels the nucleus 

forward [18] leading to a flow of cytoplasm into the front membrane protrusion [19]. The last 

step results in a net cell displacement owing to traction on focal adhesions [20]. Step by step 

EC execute persistent random locomotion until nidation with subsequent spreading and 

possibly proliferation [21]. If a cell becomes surrounded by other cells, it will stop growing, so 

that finally in a static culture a “cobblestone” monolayer of polygonal cells at a confluence is 

created. As a result of these contact-inhibition phenomena, only a fraction of the adherent cells 

will continue to grow and divide after the initial stages of this process thereby increasing the 

EC density. This fraction decreases with increasing cell density and depends strongly on cell 
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motility and substrate characteristics [22]. Therefore, the establishment of an EC monolayer on 

graft surfaces needs migration, adhesion and spreading of the cells; without migration the EC 

will not develop a confluent EC monolayer [23]. 

While there are a lot of studies reporting adherence and EC monolayer formation [24-31], fewer 

reports are known about their migration, particularly their dependence on the type of the 

polymeric substrate. Specifically the surface wettability of polymers has been shown to have 

profound effects upon cell/protein/substrate interactions, with cell adhesion generally 

preferring surfaces that are less hydrophobic in character [32-36]. As polymer-based substrates 

hydrophobic ePTFE, a hydrophilic, hydrogel-functionalized polystyrene with ultra-low binding 

surface (LAP) and corona discharged treated polystyrene (TCP) were explored. 

The aim of this study was to investigate whether the migration depends on the 

hydrophilicity/hydrophobicity of different application-relevant polymeric substrates and if the 

release of chemokines and cytokines are involved in the process of locomotion. Therefore, 

human umbilical vein endothelial cells (HUVEC) were cultured on PTFE as an example for an 

implant material as well as on cell culture materials [hydrophilic modified polystyrene 

comprising a covalently bound hydrogel on the surface resulting in low protein and cell 

attachment (LAP) [37] and surface treated polystyrene (TCP)]. The trajectories of isolated cells 

not leaving the vision field as well as the physiological function of the cells were followed over 

three days.  

 

2. Material and Methods 

2.1. Study design 

The migration of well-separated single adherent HUVEC not leaving the vision field was 

analyzed by a cell-tracking method under static conditions on three different polymeric 

substrates. Migration of EC requires a temporally coordinated regulation of intracellular 

components of the cell adhesion apparatus including intracellular and cell-substrate interactions 

[38]. Therefore, studies concerning the cytokine release as well as the actin cytoskeleton, focal 

adhesions, and cell-cell contacts were used to complement our microscopic findings. The study 

was planned and performed in accordance with the ethical guidelines of Clinical 

Microcirculation and Hemorheology [39]. 

2.2. Polymeric substrates 

A hydrophobic polymer (polytetrafluoroethylene (PTFE)), a hydrophilic polymer (hydrogel-

functionalized polystyrene (LAP) with ultra-low binding surface (Corning Inc., Lowell, USA)) 
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and corona discharged treated polystyrene (TCP) (Techno Plastic Products AG, Trasadingen, 

Switzerland) were used as substrates.  

2.3. Contact angle measurements 

Dynamic contact angle (DCA) measurements were conducted in ultra-pure de-ionized water 

with a conductivity of 0.055 μS/cm (Ultra Clear UV clean water system, SG 

Wasseraufbereitung und Regenerierstation GmbH, Barsbüttel, Germany) at ambient 

temperature on a drop shape analyzer (DSA 100, Krüss GmbH, Hamburg, Germany) using the 

captive bubble method. Advancing and receding contact angle measurements were performed 

by stepwise withdrawing/adding of air from/to the captured bubble, while the bubble was 

increased with each measurement cycle from 2 to 5 mm in diameter. Prior to the DCA 

measurement, all samples were preconditioned for 24 hours in de-ionized water at ambient 

temperature for equilibration. At least five measurements for advancing and receding angles on 

three different locations were performed for each sample. The average of the contact angles 

was calculated as well as the standard deviation. 

2.4. Atomic force microscopy 

Surface topography investigations and local mechanical analysis of the polymeric substrates 

were performed by AC-mode scanning and nanoindentation using an atomic force microscope 

(MFP-3D, Asylum Research, Santa Barbara, USA). A BioHeater (Asylum Research, Santa 

Barbara, USA) was utilized as the sample holder, enabling the measurements in the water at 

ambient temperature. Before measurements, the AFM components such as the cantilever spring 

constant and piezoelectric scanner movement were calibrated based on a clean silicon wafer in 

air and water, while the samples were immersed and equilibrated in de-ionized water at room 

temperature for 10 min. AC-mode scanning was conducted with OMCL-AC200TS-R3 silicon 

cantilevers (Olympus, Tokyo, Japan) having a typical spring constant of 9 Nꞏm-1 at a scan size 

of 60 µm x 60 µm with a scan rate of 0.8 or 1.0 Hz. For each sample, scans on three different 

locations were scanned and the root-mean-square roughness (Rq) of each image was calculated 

by the software Igor Pro 6.22A (WaveMetrics, Inc., Portland, OR, USA). 

Nanoindentation measurements were performed using two different cantilevers. A cantilever 

(OMCL-AC160-TS-R3, Olympus, Tokyo, Japan) having a spring constant of 25 Nꞏm-1 was 

applied with an indentation force F of 5 μN for investigating the PTFE and TCP samples, and 

a soft cantilever (MLCT-A, Bruker, Camarillo, USA) with a spring constant of 0.05 Nꞏm-1 and 

F = 20 nN was utilized for assessing the mechanics of the hydrogel coating of the LAP substrate. 

Based on 10 single indentations performed on different locations of each sample average values 

for the indentation depth (δ), puff-off force (fp) and the reduced Young’s modulus (E) were 
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obtained. E was calculated from the force-distance curves according to the Hertz model by the 

software Igor Pro 6.22A (WaveMetrics, Inc., Portland, OR, USA). [40,41]  

 

Fig. 1. Representative Cell tracks (trajectories) of HUVEC during migration on PTFE, TCP 
and LAP for one well each over the observation period of three days. Red arrows refer 
to migration steps, which were excluded from the analysis 

 

2.5. Endothelial cells 

Commercially available human umbilical vein endothelial cells (HUVEC, Lonza, Cologne, 

Germany) were cultured under static cell culture conditions (37 °C, 5 vol% CO2) in polystyrene-

based cell culture flasks [41]. Cells were used for no longer than 4 passages, cultivating them 

with endothelial basal medium (EBM-2) supplemented with (Endothelial Growth Medium) 

EGM-2 Single Quots® kit and 2 vol% FCS (Lonza, Cologne, Germany). 

2.6. Experimental set-up 

Primary HUVEC (30,000 cells/well) were seeded on the three polymeric materials in a 24-well 

plate. Subsequently, HUVEC migration was investigated using phase contrast microscopy 

(Olympus IX 81, Tokyo, Japan) and a microscope incubator (okolab, Ottaviano, Italy) over 

three days. Since it takes around 10 – 15 minutes until EC have formed their lamella (first step 

of the migration process according to Lauffenburger [42]), which are needed to start the 

movement, every 15 minutes an image was taken.  

Migration step length, velocity and trajectories length of HUVEC not leaving the vision field 

of 886 µm x 667 µm were measured according to Stokes et al. [43] using the Manual Tracking- 

and Chemotaxis Plugin for ImageJ [44]. Single steps greater than the maximal length of 

HUVEC were excluded from the analysis because such events are most probably detachments 

with new attachment (see red arrows in Fig. 1). The trajectory ended in case of apoptosis, 

mitosis, nidation, or when a HUVEC left the vision field during migration, or after detachment 

and leaving the vision field (only in this case the trajectory was excluded from the analysis). 
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2.7. Immunocytochemistry  

Adherent HUVEC were fixed for 30 minutes in 4 wt% paraformaldehyde (Sigma-Aldrich, 

Taufkirchen, Germany) after 72 hours of incubation. After permeabilisation using Triton X-100 

(0.5 vol%) and blocking of unspecific binding sites with 5% (w/v) bovine serum albumin (BSA, 

Sigma-Aldrich) in Phosphate buffer saline (PBS, life technologies, Darmstadt, Germany), the 

samples were incubated with phalloidin-Alexa555 (1:40, Molecular Probes, Darmstadt, 

Germany) and mouse anti-human vinculin (1:30, Sigma-Aldrich) in 2% (w/v) BSA solved in 

PBS for 1 hour at room temperature. Secondary antibody donkey anti-mouse coupled with 

DyLight 488 (1:200, Jackson ImmunoResearch, Hamburg, Germany) was applied after 

washing. Nuclei were stained using 10 µg/ml 4’,6-Diamidin-2-phenylindol (DAPI, Roth, 

Germany) for 5 minutes. After embedding, the specimen were analyzed using confocal laser 

scanning microscopy (LSM 510 META, Zeiss, Jena, Germany). 

2.8. Proliferation analysis using flow cytometry  

For flow cytometry, HUVEC in supernatant as well as adherent HUVEC were used. To measure 

detachment, adherent HUVEC were washed with PBS, incubated with 0.25 % trypsin/0.53mM 

EDTA followed by addition of EGM-2. HUVEC in supernatant were centrifuged at 300 x g for 

10 minutes and the cell pellet was resolved by adding 70 % of ice-cold ethanol. After incubation 

for 1 hour at –20 °C, HUVEC were washed twice. Anti-Ki67-FITC and anti-CD31-APC (1:100, 

both Miltenyi Biotec, Bergisch Gladbach, Germany) antibodies were incubated for 15 minutes 

at room temperature. After washing and resuspending in autoMACS Running Buffer (Miltenyi 

Biotec, Germany) measurements were performed at the MACSQuant® analyzer (Miltenyi 

Biotec, Germany). 

2.9. Cytokine secretion 

The secretion of cytokines by HUVEC at day 1 and day 3 of cultivation was quantified in the 

cell culture supernatants using Bioplex Multiplex System (Bio-Plex200®, Bio-Rad, München, 

Germany) and Bio-Plex Pro Human Cytokine 27-plex assay from Bio-Rad. The analysis was 

performed according to the manufacturer´s instructions. For every parameter values of the own 

blank were subtracted from measured values. 

2.10. Statistics 

For all samples arithmetic mean and standard deviation are given. Categorical variables are 

presented as percentages. 

For the repeated measures two-way ANOVA tests were performed. To isolate the group or 

groups that differ from the others a multiple comparison procedure was used (Holm-Sidak tests). 

For three-group comparison one factorial ANOVA was performed.  
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For comparisons of categorical data between the three groups a 3*2 χ2 test was performed. 

Differences were considered significant if p-value was less than 0.05. 

 

 

3. Results 

3.1. Surface characteristics of the polymeric substrates  

Surface characteristics of the polymeric substrates were analyzed by dynamic contact angle 

measurements using the captive bubble method and atomic force microscopy (AFM) where the 

surface roughness and the local mechanical properties were explored under wet conditions 

(immersed and equilibrated in de-ionized water at room temperature). AFM experiments under 

wet conditions revealed a surface roughness in the low nanometer range for all investigated 

substrates with a surface roughness of Rq = 25 ± 3.1 nm for PTFE, while LAP and TCP exhibited 

a Rq of 8.7 ± 0.7 nm and 10.2 ± 3.1 nm, respectively. The nanomechanical properties of 

polymeric substrate surfaces were characterized by nanoindentation measurements using AFM 

and the results are listed in Table 1. TCP samples exhibited the highest values for the reduced 

Young´s Modulus (E) among the tested samples with 2,480 MPa, followed by PTFE (337 MPa) 

and the soft hydrogel coating of LAP with E = 3.5 MPa. It has to be mentioned that substantial 

higher E values of 1,530 ± 800 MPa could be determined for some other regions of the LAP 

substrate. We attribute this high Young´s Modulus to the absence of the hydrogel layer on this 

particular test region and therefore in this case the mechanics of the underlying polystyrene 

substrate are investigated. These findings might suggest an inhomogeneous hydrogel coating 

of the LAP sample. The indentation depth of the different polymeric substrates, which is 

controlled by the interplay of the materials stiffness and the applied indentation force, varied 

from 74 ± 16 nm (TCP) to 214 ± 55 nm (LAP) and 345 ± 13 nm for PTFE. Furthermore, the 

pull-off forces fp of the different substrates have been explored. fp represents the adhesive 

interaction between the cantilever and the tested surface, which is also influenced by the 

indentation depth. PTFE showed a high fp of 32.3 ± 10 nN followed by TCP (fp = 5.2 ± 2 nN) 

while for LAP a low fp of 0.6 ± 0.2 nN was found. Similarly, the water wettability explored by 

DCA was found to vary remarkably. Hydrophobic PTFE showed a high advancing contact 

angle with adv = 119° ± 2°, whereas significantly lower values were observed for TCP (adv = 

22° ± 1°) and LAP (adv = 28° ± 2° (while the non-coated lower site exhibited a contact angle 

of adv = 98 ± 4°)). These results clearly confirmed that the chosen polymer-based substrates 

exhibited a similar low surface roughness while its water wettability was different. 
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Table 1. Surface topography and local mechanical analysis of polymeric substrates.  

Material 
Reduced Young´s-

Modulus E  
Indentation 

depth  
Pull-off force 

fp 
Surface roughness 

Rq 

[MPa] [nm] [nN] [nm] 

PTFE  340 ± 30a 345 ± 13a 32.3 ± 10a 25.0 ± 3.1a 
TCP 2,500 ± 200a    74 ± 1.6a 5.2 ± 2a 10.2 ± 3.1a 
LAP    3.5 ± 1.5b 214 ± 55b 0.6 ± 0.2b   8.7 ± 0.7a 

(Arithmetic mean ± SD) 
a AFM experiments conducted with cantilever OMCL-AC200TS-R3.  
b AFM experiments conducted with cantilever MLCT-A. Every determination of E, fpwas 

performedfor n = 10, Rq for  n = 3. 

 

3.2. Fate of HUVEC  

On PTFE 42 HUVEC were in the vision field (886 µm x 667 µm) at baseline; 10 showed mitotic 

activity, 14 went into apoptosis and 5 HUVEC left the vision field during the observation period 

of 72 hours. After the culture medium change, only six of these cells were still adherent in the 

vision field. 

On TCP 82 HUVEC were in the vision field (886 µm x 667 µm) at baseline; 13 HUVEC showed 

mitotic activity, 6 went into apoptosis and 11 HUVEC left the vision field during the 

observation period of 72 hours. After the culture medium change, all of these cells were still 

adherent and could be tracked further. 

On LAP 33 HUVEC were in the vision field (886 µm x 667 µm) at baseline; none of these 

HUVEC showed mitotic activity, none went into apoptosis and 2 HUVEC left the vision field 

during the observation period of 72 hours. None of the HUVEC in the vision field was still 

adherent after culture medium change. 

The numbers of apoptotic cells as well as the numbers of cells leaving the vision field differed 

markedly between the three substrates (3*2 contingency table, p = 0.0006, p = 0.0034 

respectively). 

Only on TCP, did a HUVEC monolayer develop that approached confluence on the third day 

after seeding (see also Fig. 2B) while on both other materials cells regularly detached (see Fig. 

2A, 2C). Figure 2 shows the density of HUVEC on the three polymeric substrates at the end of 

the observation period of three days. Only on TCP, an optical confluence of nearly 90% was 

reached. On PTFE only some HUVEC were visible while on LAP no HUVEC were found. 
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Fig. 2. Microscopic view on endothelial cells adherent on different polymers. Density of 
adherent endothelial cells on the three materials at the end of the observation period of 
three days of culture. (A): PTFE, (B): TCP, (C): LAP. 

 

3.3. Length of trajectories  

Figure 3 shows the mean length of the trajectories of HUVEC on the three substrates. 
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Fig. 3.  Mean length of the total trajectories of endothelial cell migration. Total 
length of the endothelial cell trajectories between starting and end point on PTFE, TCP 
and LAP over the observation period of three days (arithmetic mean ± standard 
deviation) (*: p < 0.05).  
 

 
The trajectories differed in their lengths significantly (one factorial ANOVA: p < 0.001). 

Pairwise multiple comparisons showed that the trajectory on PTFE (averaged over 42 HUVEC) 

was with 710 µm ± 440 µm about 74% longer than on LAP (averaged over 33 HUVEC) with 

410 µm ± 300 µm (p < 0.05) and the trajectory on TCP (averaged over 82 HUVEC) was with 

840 µm ± 550 µm about 106.9% longer than on LAP (p < 0.05), while there was no difference 

in the trajectory lengths between PTFE and TCP (p > 0.05). 
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Fig. 4.  Mean length of single migration steps on different polymeric substrates. Mean 
lengths of single migration steps of endothelial cells on PTFE, TCP, and LAP 
(arithmetic mean ± standard deviation) (*: p < 0.05). 

 

3.4. Length of single migration steps 

Figure 4 shows the mean length of the single migration steps on the three substrates. The 

differences of the mean length of the migration steps among the materials were greater than 

would be expected by chance; there was a statistically significant difference (one factorial 

ANOVA: p <0.001). 

Pairwise multiple comparisons showed that the step length on PTFE (averaged over 5,090 

single steps) was with 6.1 µm ± 5.2 µm about more than double as long (231.8% related to the 

LAP step length) as on LAP (averaged over 5,613 single steps) with 2.4 µm ± 3.9 µm (p < 

0.05). Also on TCP (averaged over 8,828 single steps) the mean step length was with 6.7 µm ± 

5.8 µm nearly threefold longer (274.8% related to the LAP step length) than on LAP (p < 0.05). 

Also, the trajectory on TCP was significantly longer than on PTFE (118.5%, p > 0.05). 

3.5. Cell velocity during migration 

The mean velocities of the HUVEC on the three materials differed markedly and were greater 

than would be expected by chance (one factorial ANOVA: p < 0.001). On PTFE the averaged 

velocity was 0.40 ± 0.3 µmꞏmin-1, on TCP 0.44 ± 0.3 µmꞏmin-1 and on LAP 0.16 ± 0.3 µmꞏmin-

1. Pairwise multiple comparisons (Holm-Sidak method) revealed that all three differed from 

each other (p = 0.05 each). After the third day the cells were still moving, though the cell density 

on TCP was increased after three days nearly reaching optical confluence. On both other 

substrates only a few cells adhered, on LAP mostly as clusters. 
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Figure 5 shows the mean migratory velocity of HUVEC and representative examples of the 

velocities of single HUVEC on PTFE, TCP and LAP over three days. On LAP none of the cells 

remained adherent over the complete observation time.  

 

 

Fig. 5 A: Mean velocities [µm·min-1] of single HUVEC on different polymeric substrates over 

three days; (B) on PTFE, (C) on TCP and (D) on LAP (*:p < 0.05) 

 

3.6. Migration plots 

The HUVEC seemed to migrate randomly without any preferred direction on the substrates 

investigated but showed a markedly different migration pattern (see Fig.1). While the HUVEC 

on TCP moved with more or less equally long steps, especially on LAP series of very short 

steps were sometimes followed by steps of very long distance up to some hundred microns 
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(with some of them leaving the vision field, which then were excluded from the analysis see 

Fig.1), which obviously occurred after the HUVEC detached from the surface. A similar pattern 

was observed for HUVEC on PTFE. 

3.7. Shape of adherent HUVEC 

Figure 6 shows HUVEC on PTFE, TCP, and LAP prior to culture medium change (second day). 

HUVEC on TCP showed the typical features of attached and migrating HUVEC, they migrated 

as single cells and presented a polarized (elongated) structure with one front lamella and the 

retraction of a tail. On both other materials the performance of the HUVEC was completely 

different. Those HUVEC on LAP were visible as small, round cells or cell debris. The 

overwhelming majority of cells appeared detached and seriously damaged. A clear locomotion 

of the cells was not visible. On PTFE only a few HUVEC were attached and visible and a small 

part of the HUVEC showed a low spread elongated shape with more than one front lamella. 

 
Fig. 6. Representative images of pattern and form of adherent HUVEC on PTFE (A), TCP 

(B), and LAP (C) prior to culture medium change at the second day (A - C: complete 
vision field, a- c: magnified details). 
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3.8. Actin cytoskeleton and focal adhesions 

In conjunction with the in situ tracking analysis, endpoint immunofluorescence microscopy 

revealed further insights into the cell processes involved. In HUVEC on TCP as well as on 

PTFE lots of actin stress fibres in central parts of the cells were visible. The most prominent 

difference between TCP and PTFE occurred concerning the distribution of vinculin. While on 

TCP diffuse signals of vinculin were found over the whole basal surface of the cells, on PTFE 

vinculin was solely arranged at the cell rims (Fig. 7). On the hydrophilic material (LAP (C), 

adv = 28° ± 2°) no HUVEC were adherent after the culture medium change. Here, only debris 

of cells and cell nuclei were visible after staining.  

 

 
 
Fig. 7. Representative confocal microscopic images of adherent HUVEC seeded on different 

materials after three days. HUVEC seeded on PTFE (A), TCP (B) and LAP (C) were 
fixed with paraformaldehyde. (Red corresponds to F-actin as cytoskeleton marker, green 
to vinculin as focal adhesion component, blue structures to DAPI labelled nuclei). 

 
 
3.9. Cell proliferation  

The proliferation of CD31+ HUVEC was investigated for non-adherent and adherent cells (Fig. 

8). Non-adherent HUVEC showed a low proliferation rate; about 10% of the HUVEC 

proliferated at day 1 as well at day 3 and there was no difference between the three substrates 

(two- way ANOVA: p<0.05). In contrast, CD31+ HUVEC adherent on TCP showed a 

significantly increased proliferation rate compared to CD31+ HUVEC on PTFE and LAP (TCP 

vs LAP d1, TCP vs PTFE d1: p < 0.01). Here, more than 50% of the adherent cells were 

proliferating. HUVEC seeded on LAP showed the lowest number of proliferating cells similar 

to the proliferation of non-adherent cells. 
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Fig. 8. Percentages of proliferating adherent and non-adherent HUVEC (CD31+/Ki-67+ cells) 

seeded on PTFE, TCP, and LAP (arithmetic mean ± standard deviation). **:p < 0.01, 
***:p < 0.001  

 
 
 

3.10. Cytokine release 

In the supernatant of HUVEC cultured on the three different substrates a broad range of 

cytokines known to be synthesized in endothelial cells were measured. Cytokines, which 

remained below the detection limits, are listed in Table 2 (data not shown). 

 

Table 2. Cytokines with concentrations in the supernatant below the detection limit. 
cytokines below detection range 

IL-1ra IL-1 IL-2 IL-4 
IL-7 IL-9 IL-10 IL-12 
IL-15 basic FGF G-CSF GM-CSF 
RANTES VEGF MIP- 1 MIP- 1 
Eotaxin TNF- IL-17 IFN- 
IL-5 IL-13     

 

 

In the supernatants of HUVEC seeded on TCP and PTFE (Fig. 9) the concentration of monocyte 

chemoattractant protein-1 (MCP-1) increased markedly after three days of cultivation (two way 

ANOVA for repeated measures: PTFE vs LAP p < 0.001, TCP vs LAP p < 0.001, respectively) 

while in the supernatants of LAP no changes occurred (p > 0.05). The highest concentrations 

were measured in the supernatants of cells cultured on TCP after one as well as after three days 

of cultivation. Overall, the lowest concentrations were detected for LAP (TCP vs PTFE: d1 p < 

0.01, d3 p < 0.001, TCP vs LAP: d1 p < 0.001, d3 p < 0.001, LAP vs PTFE d3 p < 0.001). 
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The interleukin 8 concentrations (IL-8) were markedly higher in the supernatants of HUVEC 

seeded on PTFE and TCP compared to LAP after three days of cultivation (two-way ANOVA 

for repeated measures: p < 0.001 each). The highest concentrations of IL-8 were found in the 

supernatants of HUVEC seeded on TCP - similar to the results found for MCP-1 (TCP vs PTFE; 

TCP vs LAP d1, d3 p < 0.001). 
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Fig. 9.  Chemokines ((A) MCP-1, (B) IL-8) in biologically relevant amounts measured in the 

supernatants of HUVEC after three days of cultivation on PTFE, TCP, and LAP 
(arithmetic mean ± standard deviation). **:p < 0.01, ***:p < 0.001  

 
Table 3 comprises values of cytokines measured in biologically not relevant concentrations. 

 

Table 3.  PDGF-BB and IL-6 release by HUVEC measured in the supernatants of HUVEC 
after three days of cultivation on PTFE, TCP, and LAP (arithmetic mean ± standard 
deviation; +: p < 0.05 compared to PTFE, -: p < 0.05 compared to TCP.) 

cytokine Observed concentration in [pgꞏmL-1] 

 PTFE d1 PTFE d3 TCP d1 TCP d3 LAP d1 LAP d3 
PDGF-BB 56.4 ± 22.8 31.7 ± 14.7 26.8 ± 5.6 114.3 ± 53.8+ 150.1 ± 66.9+- 37.8 ± 37.8- 
IL-6 13.4 ± 3.5 15.0 ± 7.0 30.2 ± 8.9+ 34.6± 18.1+ 8.4 ± 4.0- 1.3± 0.6+- 

 

 

4. Discussion 

One of the most important tasks of endothelial cells (EC) is to equip the vascular system with 

an internal non-thrombogenic surface that is regularly renewed to maintain this task and 

avoiding endothelial dysfunction [45,46]. In addition, EC continuously distribute the blood 

flow to supply the tissue with oxygen and nutrients by the secretion or the release of vasoactive 

mediators. To regulate the repair and regeneration of the vascular wall – especially after 

pathological events like atherosclerotic lesions, trauma or the implantation of cardiovascular 

devices – EC are endowed with the capacity to migrate towards the injury or the body foreign 

surface and, after nidation, to proliferate and to seal the injury.  
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The migration process of HUVEC is influenced by a number of chemical and physical stimuli, 

including the characteristics of the substratum. In previous studies, surface characteristics of 

implant materials often were modified using bioactive molecules or polypeptide sequences to 

optimize the endothelialization [29,47-51]. The binding of proteins covering the body foreign 

surface e.g. with fibronectin resulted in migration velocities (in the initial stage of 8 µm/h), 

which under static conditions did not longer depend on the substrate itself [52]. 

Therefore, in the present study the influence of polymeric substrates with extremely different 

surface wettabilities – known as important factor of cell-surface interaction [53] - on the 

migration of HUVEC was exploited [54,55]. The roughness of the three polymers, which were 

in the low nanometer range, was comparable. The E-moduli ranged between 3.5 ± 1.5 MPa for 

LAP; 340 ± 30 MPa for PTFE and 2,500 ± 200 MPa for TCP. PTFE and TCP as stiff materials 

should not differently influence the HUVEC-substrate interaction because HUVEC sense 

elastic tissues in vivo [56] in the range of 0.1 to 1 kPa (extracellular matrix [57,58]) or of 100 

kPa up to a maximum of 1 MPa in older patients (arterial wall [59]). The hydrogel coating 

causes LAP to have an elastic modulus comparable to soft tissues. The high water content of 

the hydrogel obviously hindered the adhesion of EC. However, the nanoindentation 

measurements revealed that the hydrogel coating was inhomogeneous. Some areas showed E-

moduli of 1,500 ± 800 MPa deviating greatly with very high variability, possibly because of 

significant changes in the thickness of the hydrogel coating. However, a hydrogel coating must 

have been still present, because EC were also not able to adhere also in these areas.  

The adherence and migration pattern of HUVEC differed markedly with respect to the 

wettability of the polymers. EC generally interact better with hydrophilic (wettable) surfaces 

than with hydrophobic (non-wettable) ones [27,34,60]. However, the results of the study clearly 

showed that on the hydrophilic substrate LAP, (adv = 28° ± 2°) the HUVEC had difficulties 

adhering. After seeding 30,000 HUVEC/well on LAP, only 33 cells were visible appearing as 

non-spread-out, rounded, and very loosely attached cells (Fig. 6) which were no longer present 

after the culture medium change (Fig. 5) – indicating a very loose binding to the substrate. This 

could be confirmed by actin/vinculin staining (Fig. 7). After the washing procedure during 

staining, no HUVEC were found on the LAP surface; only debris of cells and nuclei were visible 

after 72 h. The corona treatment process of TCP generates highly energetic oxygen ions, which 

graft onto the surface polystyrene chains so that the surface becomes hydrophilic. The more 

oxygen that is incorporated on to the surface the more hydrophilic it becomes and the better it 

is for cell attachment and spreading [61]. It is important to note, that LAP was coated with a 

hydrogel, and thus presents as a water film consisting of chemically bound water molecules. In 
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contrary, the water film on TCP should have been very thin consisting of only some physically 

bound molecule layers. Many reports have emphasized the role of hydration and water structure 

in protein and cell adsorption [62]. It seems to be very likely that both effects – called the water 

barrier hypothesis [7] – might explain our results. The water molecules in the swollen hydrogel 

- consisting of only some percent of polymer – do not provide required densities of binding 

sites for the EC. In contrary, EC can easily displace physically bound water molecules on TCP 

so that the cells can adhere to the polymer surface. The migration analysis revealed that the 

cells moved on the LAP surface only over very small distances then detached, adhered loosely 

again with a next short migration period. At a higher magnification it could clearly be seen that 

the performance of those cells was completely different from that what is described as 

migration: The cells stayed in their round non-spread-out shape and protruded very small and 

short filipodia – an active locomotion with the formation of a front lamella and the retraction 

of a tail was not visible [63,64] - then they moved over very short distances mostly around 1 

µm (but also steps up to 5 micron were found). The mean step length was with 2.4 ± 3.9 µm 

significantly shorter than on both other polymers, which was also the case for the complete 

trajectory length. The low number of proliferating cells also suggests that no physiological 

migration took place. It is well-known that anchorage-dependent cells like HUVEC are not able 

to proliferate unless they attach and spread on a substratum [53]. Also the release of chemokines 

was minimal and did not reach levels which were biologically active.   

On the hydrophobic polymer (PTFE, contact angle 119°) - which is in clinical use as vascular 

graft material - 42 out of 30,000 HUVEC attached initially in the area of the vision field of 886 

µm x 667 µm of the hydrophobic material and could be tracked. Some of these cells showed a 

spread-out elongated shape, which usually is visible for migrating cells but formed more than 

one lamella and that in different directions. The other HUVEC attached on PTFE appeared as 

small, well rounded, spherical cells indicating a low binding to the hydrophobic substrate and 

no migratory activity was seen. This was mirrored by the shorter mean trajectory length 

compared to HUVEC on TCP. After staining actin and vinculin, it became clear, why the 

HUVEC on PTFE only loosely adhered. Vinculin is a membrane-cytoskeletal protein in focal 

adhesions that is involved in linkage of integrin adhesion molecules to the actin cytoskeleton 

[65]. Vinculin is associated with cell-cell and cell-matrix junctions anchoring F-actin to the 

membrane. Figure 7 clearly shows that vinculin in cells on PTFE is concentrated at the rim of 

the HUVEC leading to a cell-cell binding but only very few binding sites to the cell-substrate 

are visible at the basal membrane of the HUVEC. A loss of vinculin disrupts the anchorage of 

actin filaments to the membrane, and reduces cell adhesion and spreading so that the binding 
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of the HUVEC to the substrate is low [66]. The adhering HUVEC could migrate and also 

proliferate (see Fig. 8) but they detached regularly, what explains the low HUVEC density at 

the end of the observation period (Fig. 5) though a high percentage of the adherent HUVEC – 

at day 3 more than 40% – presented the Ki-67 protein which is strictly associated with cell 

proliferation [67]. 

Surface treated polystyrene substrate (TCP), which is widely used in cell biology and 

biotechnology, was proved to be very wetting with an advancing contact angle of adv = 22° ± 1°. 

On this substrate 82 out of 30,000 HUVEC attached initially to the surface of the hydrophobic 

material and 71 of them remained attached in the vision field and could be tracked over the 

three days of observation. All of these cells presented the typical spread polarized structure, 

which usually is visible for migrating cells with one front lamella and the retraction of a tail 

[63,64]. The vinculin staining (see Fig. 7B) revealed lots of diffusively spread signals of 

vinculin over the whole basal surface of the cells, which was completely different from the 

distribution of vinculin in HUVEC on PTFE or even more on LAP. In addition, stress fibres in 

central parts of HUVEC oriented in parallel to the cell axis ended in vinculin stained focal 

adhesions demonstrating the good anchorage of the HUVEC to the TCP substrate. All of the 

cells migrated and over 50% were proliferating explaining the nearly 90% optical confluence 

at the end of the third day after seeding. 

Chemokines are chemotactic cytokines - which are critical for inflammation-induced 

trafficking of blood cells during wound healing and might be involved in the adhesion, 

migration, proliferation or inflammatory process during endothelialization - were measured, 

too. A key chemokine that regulates migration is the monocyte chemoattractant protein-1 

(MCP-1) involved in the inflammatory response after vascular wall injury [68,69]. MCP-1 

attracts monocytes in vitro at subnanomolar concentrations [70,71]. Figure 9 demonstrates that 

MCP-1 is released in biologically active concentrations from HUVEC cultured on TCP, which 

is in line with former studies showing that MCP-1 is increased during repair or regeneration of 

injured tissue [68,69,72]. On both other polymers the concentrations of MCP-1 were far below 

values described to be significant in vivo [73]. 

Very similar results were found according to the release of IL-8 another chemokine, associated 

with inflammation. IL-8 causes neutrophil migration to the site of injury and intensifies the 

migration and proliferation of endothelial cells and in an autocrine manner further amplifying 

the migration [74]. In addition, this chemokine was markedly higher in supernatants of HUVEC 

on TCP compared to the supernatants of HUVEC seeded on PTFE or LAP. Because of the auto- 

and paracrine effects of both chemokines on HUVEC, it is likely that they have contributed to 
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the migration behaviour and, ultimately, the rapid formation of HUVEC monolayers on TCP 

of nearly 90% after three days. 

All other cyto - and chemokines measured were either below the detection range or did not 

reach concentrations to be biologically active. In addition, one should have in mind, that on 

PTFE and especially on LAP markedly less cells adhered (and proliferated) than on TCP, what 

might also contribute to the very low concentrations measured in the supernatants of these cell 

cultures. 

Since there were no chemotactic gradients on the surfaces the HUVEC migrated randomly 

without any preferred directions as expected and shown in former studies [75]. 

 

5. Conclusion 

The polymers with different water wettabilities resulted in diverse migration, adhesion and 

proliferation of HUVECs. The averaged length of the trajectories as well as the mean step length 

of single migrating HUVEC differed markedly between the three polymers. Only on TCP the 

migration, adherence and proliferation performance of HUVEC resulted in nearly confluent 

HUVEC monolayers. Neither the hydrophilic (LAP) nor the hydrophobic (PTFE) substrate 

allowed the development of HUVEC monolayers because there was an impaired migration, 

almost no adherence and no proliferation on LAP and only rare adherence on PTFE although 

proliferation markers were slightly enhanced.  

This demonstrates that in initial states of interaction the wettability of the substrate governed 

the migratory process as well as the adhesion of EC, which is of importance for the proliferation 

and endothelialization of polymer-based biomaterials. These results were supported by 

immunofluorescence microscopy, which clearly demonstrated that only on TCP a sufficient 

binding of the HUVEC on the substrate developed. In addition, the chemokine analysis revealed 

that the HUVEC released MCP-1 and IL-8 only on TCP, which can further amplify the 

migration and proliferation.  
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