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ABSTRACT 

Objective – Overcoming poor endothelialisation of hydrophobic polymer surfaces by co-cultivation of 

endothelial cells (EC) with angiogenically stimulated intermediate monocytes (aMO2) as a cellular 

cytokine release system because a functional confluent endothelial cell monolayer on a hydrophobic 

vascular graft material is crucial for avoiding graft thrombosis.  

Methods and results – In  the study human umbilical venous endothelial cells or aMO2 in mono- or 

co-cultures were seeded on poly(n-butyl acrylate) networks with an elasticity around 250 kPa. Within 

three days a functional confluent EC monolayer developed in the co-culture. In contrast the EC in the 

mono-culture exhibited stress fibres, broadened marginal filament bands and significantly more and 

larger cell free areas in the monolayer indicating an uncompleted cell-substrate-binding. Remarkably, 

a monolayer formation could only be achieved in co-cultures, since the addition of recombinant VEGF-

A165
 to the EC mono-cultures did not show this effect.  

Conclusion – The study demonstrated the potential of aMO2 as cellular cytokine release system, 

which adapted their secretion to the demand of EC to generate a functional confluent monolayer on a 

hydrophobic material intended for small calibre vascular grafts.  
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Arteriosclerosis is the leading cause of death worldwide. Blood vessel bypassing (CABG) remains the 

standard treatment especially for end-stage vascular disease. Unfortunately, 40% of patients do not 

have suitable autologous replacement material.1 Therefore an increasing need for synthetic vascular 

grafts must be covered. At present the grafts of choice are made of either PET or ePTFE which both 

exhibit a satisfying long term patency rate for large calibre grafts (≥ 8 mm) but fail due to their 

thrombogeneity and intimal hyperplasia as small calibre grafts (< 6 mm). The ideal non-thrombogenic 

surface is still the native endothelium expressing its glycocalyx.2 Numerous approaches were 

performed to establish a functional endothelial cell (EC) monolayer on synthetic materials. Most 

prominent challenge was thereby the poor EC adhesion. To overcome the problem of poor cell 

adhesion on polymeric implants, several approaches to support endothelialisation of implant materials 

were examined during the last decades3, 4 in vitro and in vivo: (i) coating with extracellular matrix 

(ECM) components such as fibronectin, collagen I – IV, vitronectin, laminin, RGDs, and growth factors, 

(ii) seeding with mesenchymal stem cells, smooth muscle cells, dermal fibroblasts, autologous 

endothelial cells (EC), and autologous endothelial progenitor cells, (iii) use of biodegradable collagen 

scaffolds as well as (iv) surface engineering such as the modification of charges, hydrophilicities, and 

structures. All of those strategies have limitations in successfully establishing a functional confluent EC 

monolayer on the substrate. The formation of a functional confluent endothelium is described to be 

dependent on the cytokine milieu of the surrounding environment especially to pro-inflammatory 

mediators like TNFα5 and pro-angiogenic growth factors like VEGF-A165.6 The covalent binding of 

angiogenic growth factors on the material,7 the low half-life of growth factors in blood5 or the dose-

dependency of cellular responses6 might hinder endothelial cell proliferation. As a new strategy in 

Regenerative Therapies and to achieve haemocompatibility on cardiovascular implants, a specific 

subset of monocytes might be useful to accelerate the establishment of a functional confluent 

endothelial cell monolayer on a polymeric surface in vitro. Monocytes are circulating leukocytes and 

key components of the immune system. They are reported in clinical studies to be associated with 

arteriosclerosis.8 The morphology, phenotype, and function of circulating peripheral blood monocytes 

(MO) are heterogeneous. The majority of the MO are characterised as CD14++ CD16- and are named 

“classical” (= MO1).9 Those MO1 can be activated by lipopolysaccharide and inflammatory cytokines 

like interferon-γ (IFNγ). They are able to directly kill intracellular pathogens by releasing reactive 

oxygen species, but can also initiate and modulate T cell responses by antigen presentation and 
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secretion of inflammatory mediators such as tumor necrosis factor alpha (TNFα), interleukin(IL)-1 beta, 

IL-6, and IL-12. 

Recently, two other subpopulations were described and their nomenclature and functions discussed: 

CD14++ CD16+ (“intermediate” = MO2) and CD14+ CD16++ (“non-classical” = MO3). The latter 

subpopulation has been already well characterised and is regarded as pro-inflammatory by being a 

major producer (beside MO1) of the pro-inflammatory TNFα. 

MO2 were reported to possess anti-inflammatory properties, but are also associated with 

angiogenesis and wound healing.10 Beside CD14 and CD16, MO2 express CD163.11 CD163 is 

expressed on pro-angiogenic/anti-inflammatory MO, which are involved in immune regulation by the 

release of IL-10.  

Solely this “intermediate” subset of CD14++ CD16+ CD163++ MO (MO2) secrets VEGF-A165 in 

biologically relevant ranges (>10 ng/ml) after angiogenic stimulation (aMO2) without releasing pro-

inflammatory cytokine levels. This had been shown by our group on a glass surface12 as well as on 

elastic poly(n-butyl acrylate) networks (cPnBA)13 – a candidate material for application as small calibre 

vascular graft – with E-moduli adjusted to that of human arteries. As biomaterials have to provide 

mechanical, physiological and biochemical properties similar to those of the surrounding tissues to 

function properly14-16 a cPnBA network with a Young’s modulus of 250 kPa (cPnBA0250) was selected 

(since this modulus is in the range of healthy human arteries which are between 100 kPa17, 18 and 

1000 kPa19 depending on age and localisation).  

Previous studies suggested that aMO2 should be able to mediate the formation of a functional 

confluent EC monolayer on elastic cPnBA substrates.13, 20 aMO2 continuously secrete growth factors 

like VEGF-A165, bFGF and PDGF.13 These as well as other cytokines are the messengers of cell-cell 

communication21 regulating the migration and proliferation of EC.5, 22 The potential adaptive release 

response of the aMO2 to EC in a co-culture – balancing the cytokine milieu to the demands of the EC 

at adjusted number of amo2 to EC [bog et al ] – might enable this subset of MO to induce a functional 

confluent EC monolayer on a hydrophobic surface. 

To estimate the suitability of aMO2 for supporting the endothelialisation of a hydrophobic elastic 

biomaterial, EC were cultured on cPnBA0250 either under mono-culture conditions or in co-culture 

with aMO2. Viability, cell density and morphology as well as the cytokine expression profile of the EC 

on protein as well as on transcriptome level were evaluated. Furthermore, long-term studies were 
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performed to investigate whether a comparable formation of an EC monolayer could be achieved by 

daily supplementation with recombinant VEGF-A165 in comparison to the aMO2 co-culture.  

 

METHODS 

 

Cells 

Charité University Medicine Berlin institutional committee approved experimentation involving human 

cells.  

Primary peripheral blood monocytes (MO) were obtained from healthy donors by density gradient 

centrifugation as previously described.12 Briefly, MO were isolated with Monocyte Isolation Kit II 

(Miltenyi Biotec). Primary CD14+ MO were cultured in ultra-low-attachment dishes in D-MEM and 10% 

fetal calf serum. Differentiation into intermediate (CD14++ CD16+) CD163++ MO (MO2) was induced 

with IL-4 (10 ng/ml) and dexamethasone (100 µM). This was evaluated previously13 by flow cytometry 

revealing that ~96% of the CD14++CD16+ MO were positive for CD163. Angiogenic stimulation of MO2 

(aMO2) was performed with VEGF-A165 (10 ng/ml). Primary human umbilical venous endothelial cells 

(HUVEC, Lonza) were cultured for no more than 3-5 passages in EGM-2 (Lonza).  

 

Reagents, antibodies, and specimen material 

Fluoreszein diacetate (FDA) and propidium iodide (PI) were from Sigma-Aldrich. Antibodies were as 

follows: Phalloidin-AlexaFluor555® (Invitrogen), anti-human CD14 and CD163 (BD Biosciences), anti-

human VE-Cadherin (R&D Systems), and DAPI (Sigma-Aldrich). Round shaped Poly(n-butyl acrylate) 

networks with an E-modulus of 250 kPa (cPnBA0250) were prepared as previously23 reported 

(diameter 13 mm, thickness 1 mm). The endotoxin content of the samples was found to be below 0.5 

EU/ml, they did not activate the innate immune system and showed no cytotoxic effects.24, 25 Before 

biological tests started, all samples were sterilised by gas sterilisation using ethylene oxide. 

 

Cell culture of aMO2 and HUVEC on cPnBA0250 

For mono-culture condition 5 × 104 aMO2 or HUVEC were seeded on cPnBA0250 in 1 ml EGM-2. For 

co-culture conditions, 2.5 × 104 aMO2 and 5 × 104 HUVEC were used. After a cultivation time of 3 h, 

24 h and 72 h, the viability, morphology, and density (cells per area) of HUVEC, which became 

adherent to the substrates, were analysed by fluorescent staining and cytokine analysis.  
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Kinetic comparison study of VEGF-A165 gradient and aMO2 co-culture on glass 

Glass slides (diameter 13 mm) were seeded with 7.6 × 104 HUVEC in mono-culture or co-cultured with 

3.8 × 104 aMO2 in 1 ml EGM-2. EGM-2 was supplemented with either additional 10 ng or 20 ng 

VEGF-A165 per ml and a half medium change performed daily. After 1, 3, 6, 10, 14, 17, and 21 days of 

cultivation the morphology and number of HUVEC, which became adherent to the substrates, were 

analysed by fluorescent staining. Supernatants were collected and analysed at each time point. 

Relative increase of cell density was analysed 1, 2, 3 and 6 days of cultivation using the proliferation 

assay Click-iT EdU HCS assay from Invitrogen according to manufacturer’s protocol. Data were 

gained with In Cell Analyzer 2000 technology (GE Healthcare Europe) and analysed with In Cell 

Investigator software (GE). Percentage of relative increase of cell density by proliferation was 

fluorescently visualised and calculated from sixteen fields per view for each sample at each time point 

as proliferated cell / total cell number × 100. 

 

Confocal microscopy and immunocytochemistry 

To evaluate viability of cells with FDA/PI, 3 µl of FDA stock (5 mg/ml) and 2 µl of PI stock (1 mg/ml) 

were added directly to the cells 3, 24 and 72 h after seeding on cPnBA0250 and incubated for 3 min at 

37°C. Percentage of viability was defined to be number of viable cells / total number of cells (viable + 

dead) × 100. For analysis of cell morphology and density paraformaldehyde-fixed adherent cells on 

cPnBA0250 were first permeabilised with Triton X-100 (0.5 vol%, 10 minutes). Samples were then 

incubated for 1 hour at 23°C with appropriated antibodies. Confocal microscopy images (five fields of 

view per sample) were captured using Leica LSM 510 META confocal microscopy. Cell free areas 

(CFA) within the monolayer after 72 h were sized with the free shape drawing mode of the Axio Vision 

software. 

 

ELISA  

Supernatants from cultured cells were collected and frozen. Concentrations of VEGF-A165, IL-1ra, IL-

1β, IL-6, IL-10, IFNγ, and TNFα were evaluated using the Multiplex technique Bio-Plex200® from Bio-

Rad Laboratories. MMP activity was determined with pan-MMP fluorogenic peptide substrate Mca-

.PLGL-Dpa-AR-NH2 from R&D Systems. Positive control was recombinant human MMP-9 (R&D 

Systems). 6-keto Prostaglandin F1α EIA Kit and Thromboxane B2 EIA Kit were from Cayman Chemical 
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Company. The assays were performed according to manufacturer’s instructions. Samples were run in 

triplicates. 

 

Reverse transcription and real-time PCR  

Total RNA from cells was extracted with the RNeasy mini kit. 100 ng total RNA was used for reverse 

transcription with Superscript® III reverse transcriptase and oligo dT primers (Invitrogen). RNA and 

cDNA were quantified with nanodrop (Tecan). Subsequently real time PCR analysis was performed 

with 100 ng cDNA, using the following primers: VEGF-A165: 5' AGA CCA CTG GCA GAT GTC CC, 3' 

TGG GCT GCT TCT TCC AAC A; GAPDH: 5' CCA CAT CGC TCA GAC ACC AT, 3' AAA TCC GTT 

GAC TCC GAC CTT and SYBR green® PCR master mix (Applied Biosystems). The experiments were 

performed with an Applied Biosystems ABI PRISM® 7500 sequence detection system and specificity 

of PCR product was determined by melting curve analysis. GAPDH was used as reference gene for 

normalisation. 

 

Statistics 

Data are presented as means ± SD, and statistical significance was determined. Multiple sample tests 

were performed using one-way analysis of variance (ANOVA). Bonferoni-adjusted p values < 0.05 

were considered significant. Prism software was used for statistical analysis. 
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RESULTS 

Cell density, viability and morphology of HUVEC under mono- and co-culture conditions on 

cPnBA0250 

HUVEC were sparsely distributed on the cPnBA0250 samples 3 h after seeding. The cell numbers per 

mm2 did not differ for both culture conditions (mono-culture: 18±5 cells/mm2; co-culture: 27±9 

cells/mm2, n=6 each). Under both cultivation conditions the EC started to exhibit their typically spread 

morphology and expressed a physiological actin skeleton (red, Figure 1B and 1C) after 24 h of cell 

growth. The number of adherent HUVEC per mm2 increased but did not differ between mono-culture 

(232±78 cell/mm2) and co-culture (226±64 cells/mm2). During the whole experiment under both culture 

conditions, viability staining indicated that more than 98% of the adherent cells (Figure 1A) were 

positive for FDA (viable) and negative for PI (dead), demonstrating that neither the culture conditions 

nor the cultivation on the cPnBA0250 samples negatively influenced the number of viable cells.  

After 72 h, the majority of the cells were completely spread and the morphology of the HUVEC in the 

co-culture differed from that of the HUVEC mono-culture. For the aMO2/HUVEC co-culture HUVEC 

showed a higher density, small marginal filament bands and only few stress fibres (Figure 1C). 

HUVEC in the mono-culture exhibited a broadened marginal filament bands and a lot of fine and short 

stress fibres in central parts of the cells. The density of HUVEC in the co-culture system was 

significantly higher (479±20 cells/mm2, n=6, p<0.01) than in the mono-culture (363±41 cells/mm2; n=6 

each). In the aMO2/HUVEC co-culture, the average cell size seemed to be smaller and cell free areas 

(CFA) appeared only occasionally in the EC monolayer (9±3 CFA/field of view), while this was 

significantly more frequent in the HUVEC mono-culture (23±10 CFA/field of view, p<0.05). The cell 

free areas were significantly smaller in the co-culture (175±12 mm2/sample, 2% of total area, p<0.05) 

compared to the 503±37 mm2/sample in the HUVEC mono-culture (6% of total area).  

Noteworthy, the co-cultured aMO2 were found between the seeded HUVEC three hours after seeding 

(Fig 1C, white arrows) and, after reaching confluence (72 h after seeding), all aMO2 were situated only 

on top of the HUVEC monolayer and were not incorporated or located below.  The aMO2 did not form 

clusters during the whole observation period (72 h) and they were equally distributed over the 

complete HUVEC monolayer. 

 

Cytokine secretion analysis of aMO2 and/or HUVEC on cPnBA0250 
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The mean VEGF-A165 concentration of aMO2 cells (6.05±0.20 ng/ml) cultivated for 3 h was 

comparable to VEGF-A165 in HUVEC mono- and co-culture (5.95±0.28 ng/ml HUVEC alone, 5.96±0.22 

ng/ml HUVEC co-culture). However, the VEGF-A165 concentration was significantly increased in aMO2 

mono-culture 24 h after seeding (p<0.001, 11.14±1.00 ng/ml) but was not significantly different in the 

supernatant of HUVEC, which were cultured alone (5.44±0.18 ng/ml) compared to the amount in the 

supernatant of HUVEC and aMO2 cultured together (5.61±0.15 ng/ml). The VEGF-A165 concentration 

of aMO2 mono-culture was decreased after 72 h (7.83±0.51 ng/ml). Nevertheless, in both HUVEC 

cultures (with and without aMO2) the measured VEGF-A165 concentrations were decreased 72 h after 

seeding and significantly less than in the supernatant of aMO2 mono-culture (p<0.001, HUVEC mono-

culture: 0.04±0.02 ng/ml, HUVEC/aMO2 co-culture: 0.08±0.01 ng/ml). 

The secretion levels of the pro-inflammatory cytokines IL-1β, IL-6, IFNγ, and TNFα were very low (< 3 

pg/ml) in the aMO2 mono-culture and the aMO2/EC co-culture. In contrast, the secretion of TNFα (14 

– 16 pg/ml) and IL-6 (18 – 19 pg/ml) was significantly higher (p<0.01) in the EC mono-culture and IL-

1β similar to the aMO2 cultures within the first 24 h. The amounts of the pro-inflammatory cytokines in 

the EC mono-culture were equally low as in the aMO2 mono-culture and in the aMO2/EC co-culture 

72 h after seeding. 

Besides VEGF-A165 only two anti-inflammatory cytokines, IL-1ra and IL-10, were detectable but still 

<200 pg/ml: 38 – 58 pg/ml for IL-10 and 53 – 137 pg/ml for IL-1ra. The values of those cytokines were 

comparable for both HUVEC cultures over time. 

 

MMP activity of aMO2 and/or HUVEC on cPnBA0250  

The addition of aMO2 to HUVEC did not change the MMP activities in the cell culture supernatants, 

since HUVEC mono-cultures displayed a similar FI. In contrast aMO2 showed a significantly lower 

activity of MMPs (p<0.001) on cPnBA0250 at 24 h and 72 h compared to HUVEC mono- and co-

cultures (Figure 2B). 

 

mRNA expression of VEGF-A165 in HUVEC and/or aMO2 cultures on cPnBA0250 

The VEGF-A165 mRNA expression of aMO2 remained stable and was significantly higher than in 

HUVEC co- and mono-culture (p<0.01, data not shown).  
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The VEGF-A165 mRNA expression of the HUVEC mono-culture decreased over time from 0.006±0.002 

(3 h) to 0.002±0.001 (-67%, p<0.05, 24 h) and remained almost constant until the end of the 

experiment 72 h after seeding (Fig 2A).  

When HUVEC were co-cultured with aMO2 for 3 h, the VEGF-A165 mRNA expression (0.010±0.005) 

was increased compared to the transcriptome level of the HUVEC mono-culture (p<0.05). After 24 h of 

co-cultivation, the relative mRNA expression level of VEGF-A165 was 0.007±0.005 and was still 

significantly higher than in the HUVEC mono-culture despite the reduction (p<0.01). At the end of the 

cultivation time period the VEGF-A165 mRNA expression decreased further in the co-culture to 

0.002±0.001 thereby assimilating to the transcriptome level of the HUVEC mono-culture. So the 

overall decrease in the HUVEC/aMO2 co-culture was 81% within 72 h (p<0.05). 

 

Cell density, morphology and proliferation of HUVEC under mono-culture conditions with and 

without VEGF-A165 or in co-culture with aMO2 on glass over 21 days 

In order to evaluate whether a VEGF-A165 supplementation can also accelerate the endothelialisation 

or might lead to disoriented overgrowth, HUVEC were cultured with additional 10 ng/ml or 20 ng/ml 

VEGF-A165 and compared to HUVEC cultures or to co-cultures with aMO2. For this study glass was 

used to provide HUVEC optimal conditions: HUVEC adhere, migrate and proliferate better on glass 

than on cPnBA0250, in addition, glass does not adsorb as much VEGF-A as cPnBA0250. 

After one day of seeding, the cell density of adherent cells was significantly higher when HUVEC were 

cultured in medium supplemented with VEGF-A165 (10ng: 35±13 cells/mm2, 20ng: 48±14 cells/mm2) or 

co-cultured with aMO2 (51±16 cells/mm2) than cultured separately in regular EGM-2 (19±6 cells/mm2, 

p<0.01). This trend remained until day 14 (Table 1). At day 17 the cell density of adherent cells was 

highest when HUVEC were cultured with additional 20 ng/ml VEGF-A165 (523±73 cells/mm2) or in 

presence of aMO2 (459±77 cells/mm2). Cell numbers of HUVEC cultivation in EGM-2 without 

additional VEGF-A165 or supplemented with 10 ng/ml VEGF-A165 were significantly lower and 

comparable to each other (Table 1). On day 21 for all three HUVEC mono-cultures the cell number 

decreased comparable to that of day 10 and were significantly lower than in the HUVEC/aMO2 co-

culture (p<0.01). 

The morphology of HUVEC was similar in all four cultures until day 1. Although the average cell 

density of adherent cells increased over time with additional VEGF-A165 supplementation, plaques of 

cells detached and were washed away during the staining procedure. Representative pictures are 



 10

shown in Figure 6. In those VEGF-A165 supplemented HUVEC presence of stress fibres and only 

scattered marginal filaments were observed (as also shown in Figure 1C). In contrast when HUVEC 

were co-cultured with aMO2, the cell density of adherent cells was not only significantly increasing but 

the distribution of the cells also remained consistent, filaments networks were prominent in the margin 

of the cell, and stress fibres were absent. At day 10 of cultivation the number of adherent HUVEC in 

the VEGF-A165 supplemented cultures reached the numbers of the co-cultured cells but was still below 

their level with different filament networks and bigger cell size. Until the end of the experiment the 

growth kinetic of the cultures revealed that the highest cell density with marginal filament networks and 

absent stress fibres was gained when HUVEC were co-cultured with aMO2. However, the increase in 

cell number was higher when VEGF-A165 was added to the culture medium but this progression 

switched completely ending in lower or similar numbers and density compared to the control culture.   

The proliferation rate of HUVEC under all four culture conditions was comparable at all time points. 

Only at day 3 the proliferation rate of HUVEC co-cultured with aMO2 was significantly lower (p<0.05, 

35.8±13.6 %) than in the HUVEC mono-cultures in EGM-2 medium with or without additional VEGF-

A165 supplementation (Supplemental Table 1).  

 

PGI2 and TXB2 secretion analysis of HUVEC under different culture conditions with and 

without VEGF-A165 or co-cultured with aMO2 on glass over 14 days 

The dynamic of PGI2 secretion was in the co-culture similar to that of the EGM-2 control culture while 

in the VEGF-A165 supplemented cultures the secretion dynamic differed (Table 2A). 

During the first three days of cultivation, the secreted amounts of the vasoconstrictor TXB2 in the 

control culture and the HUVEC/aMO2 co-culture were comparable whereas in both VEGF-A165 

supplemented cultures more TXB2 was found. Although the secretion of TXB2 increased in the 

following days until the end of the experiment (Table 2B) the measured values remained in the very 

low picogram range. The increase pattern was comparable for all 4 culture conditions. 

 

MMP activity of HUVEC cultured with and without additional VEGF-A165 or in co-culture with 

aMO2 on glass over 14 days 

When HUVEC were cultured in regular EGM-2 for 1 and 3 days, their MMP activity was significantly 

higher (p<0.05, Supplemental Figure 1) than the activity of HUVEC cultured with either 10 ng/ml 

VEGF-A165, 20 ng/ml VEGF-A165 or aMO2. At day 6 of cultivation the MMP activities in all 4 cultures 
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were comparable. However, after 10 days of cultivation the MMP activity of the VEGF-A165 

supplemented or with aMO2 co-cultured HUVEC was significantly increasing (aMO2 co-culture: 

p<0.01; VEGF-A165 supplemented: p<0.001) while the MMP activity of the HUVEC control decreased. 

At day 14 the MMP activity of the HUVEC control increased to a comparable level of the 

aMO2/HUVEC culture whereas the MMP activity of VEGF-A165 supplemented HUVEC was again 

significantly increasing (p<0.001) with highest activity in HUVEC cultured with 20 ng/ml VEGF-A165 

supplementation. 

 

VE-Cadherin expression of HUVEC mono-culture on cPnBA0250 or glass 

On cPnBA0250 VE-Cadherin was not found in the border areas of HUVEC (Figure 7 A) as generally 

found on glass (Supplemental Figure 2). The lower part of Figure 7 A showed a high migration activity 

of HUVEC. The VE-Cadherin was not cumulated in the cell border areas but diffusely spread across 

the cell typical for the subconfluent state of strongly migrating cells 26.  

 

DISCUSSION 

To our knowledge, no studies were performed using autologous immune cells like aMO2 as a cellular 

cytokine release system to support the endothelialisation of biomaterials. Mammalian cells generally 

interact better with hydrophilic surfaces than with hydrophobic surfaces27 what impedes the 

endothelialisation of hydrophobic biomaterials. Only in case of co-cultivation with aMO2, functional 

confluent EC monolayers on the hydrophobic cPnBA0250 were achieved with cell densities nearly 

comparable to EC densities in vivo 28 and which are assumed to be needed for a long-term patency of 

synthetic vascular grafts in vivo.29 These EC showed a small marginal filament band without stress 

fibres as found in situ so that only for the co-cultured EC a functional confluent EC monolayer can be 

considered.30  

HUVEC mono-cultures on cPnBA0250 revealed a distinct stress fibre formation which is described to 

play a crucial role in binding EC to the substrate.30 They are mainly found during migration, in 

response to shear load30 and after milieu changes.31  

Such stress fibres were not found when HUVEC were co-cultured with aMO2, what probably might be 

due to the cytokine milieu given by the aMO2, which not only provided VEGF-A165 but also the growth 

factors (GFs) bFGF and PDGF-BB13 and anti-inflammatory cytokines like IL-1ra and IL-10. Those 

factors are known to be important for the maturation and stabilisation of newly build EC monolayers.32  
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Co-cultured aMO2 settled between HUVEC within the first 24 h. After a HUVEC confluence of nearly 

90% was reached, all aMO2 were situated on top of the monolayer but not incorporated or below the 

endothelial layer (Figure 3). This differs from the in vivo situation where MO can infiltrate through the 

EC monolayer33 differentiating into dendritic cells (DCs) by re-entering the vessel.34 This differentiation 

into DCs mainly occurs during inflammation and in presence of pro-inflammatory cytokines such as IL-

6,34 which could not be detected in our experiment. The cytokine profile measured excluded a 

differentiation of the aMO2 into DCs during the endothelialisation of cPnBA0250. The self-adjusting 

homogeneous distribution of the aMO2 between the EC (later on top of the EC) may result in a 

consistent local concentration of cytokines and GFs by diffusion supporting a uniform migration and 

proliferation of the EC. This widespread distribution avoided a focal excessive proliferation of EC due 

to an unbalanced GF distribution as it may occur from local active agent depots of implanted 

devices.35 

The VEGF-A165 concentrations of HUVEC within the first 24 hours were comparable. However, after 

72 hours, although markedly decreased, the supernatant of the HUVEC/aMO2 co-culture contained 

twice as much VEGF-A165 (p<0.01) than the HUVEC mono-culture supernatant. The presence of the 

aMO2 might have induced an increased HUVEC proliferation resulting in a significantly higher number 

of EC after 72 h of cultivation. The occurring VEGF-A165 during the proliferation  might entail a further 

stimulation of the aMO2 to secrete even more VEGF-A165 thereby again stimulating HUVEC resulting 

in a positive feedback loop. The evaluation of the transcriptome levels of VEGF-A165 over time in the 

HUVEC mono-culture and HUVEC/aMO2 co-culture supported this suggestion. These results support 

the hypothesis of an intercellular communication between EC and aMO2 resulting in a secretion of 

cytokines by the aMO2 adapted to the demand of EC.  

The amounts of the cytokines IL-1β, IL-1ra and IL-10 were comparable and clearly below biologically 

effective thresholds for all cell culture setups. TNFα and IL-6 were significantly higher (p<0.01) in the 

HUVEC mono-culture than in the aMO2 mono- or co-culture. This indicated that the aMO2 remained in 

their status and did not switch into MO1 or MO3 status and also reduced the stress-dependent release 

of those cytokines by HUVEC.  

The matrix metalloproteinase (MMP) activity of aMO2 adhering on cPnBA0250 was very low and 

stable over time. This is extremely important because an elevated MMP production could cause the 

degradation of ECM36 or promote caspase-mediated death of EC.37, 38 On the other hand, a controlled 

ECM remodelling is necessary for migration and proliferation of vascular cells as well as the elasticity 
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of the vessels.39 As the MMP activity of HUVEC in the co-culture was comparable to the MMP activity 

in the HUVEC mono-culture the aMO2 seem not to influence the MMP activity of the HUVEC. These 

results indicated that HUVEC remained in their quiescent physiological status as well as the cytokine 

profile and the low MMP activity of the aMO2 confirmed that the aMO2 did not switch into MO1 or 

MO3 status.40  

 

As isolation and enrichment of aMO2 is time consuming,41 therefore we examined in a supplementary 

long-term study (21 days) whether a manual supplementation of the HUVEC culture with recombinant 

VEGF-A165 can result in a functional confluent EC monolayer also.  

Until today, different approaches are explored in order to support endothelialisation of biomaterial 

surfaces by angiogenic growth factors like VEGF. In the 1990´s most materials were just incubated in 

GF solutions binding GFs to the material surface by adsorption.42 But with a VEGF half-life time of 

approximately 3 min in blood5 the adsorbed GFs disappear within 1 hour from the surface. Recent 

approaches as immobilisation of GFs by covalent binding on the material carry a strong possibility of 

altering the GF bioactivity7 as well as the interaction with its cell receptor. A further problem might 

occur by the potential for ultraviolet-induced damage to the GF.43 In addition, present studies showed 

that immobilised GFs dramatically limited the cellular responses,44 especially their proliferation.45 

To overcome an eventual limited bioactivity of bound GFs the cell cultures were manually 

supplemented with VEGF-A165 daily. The results revealed that the average numbers of HUVEC were 

significantly higher when VEGF-A165 was added (10 ng/ml and 20 ng/ml respectively) daily. But 

compared to HUVEC of the aMO2 co-culture the established EC monolayer was less adherent. Not 

before day 21 – despite daily VEGF-A165 supplementation – was any confluent EC monolayer 

established. The EC number was increasing but the cell-cell-contacts seemed not to be completely 

functional so that at different time points new gaps (intercellular fenestrations) in the monolayer arose 

while other denuded areas healed (Figure 3). Despite comparable EC proliferation since cultivation 

day 3 for all four culture conditions the cell densities in the VEGF-A165 supplemented cultures were 

lower than in the co-culture. This seemed to be caused by the detachment of single cells and cell 

groups confirmed by the development of new cell free areas during the whole study period. The 

indication of incomplete cell-cell-binding was strengthened by the broadening of the marginal filament 

bands and the appearance of stress fibres in central parts of the cells. VEGF-A165 is reported to 

increase migration of EC associated with the loss of VE-Cadherin in the border area of the cells.46 To 
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enable the cell to migrate, the adherence is impaired by internalising VE-Cadherin thereby loosening 

the cell-cell-binding.46 Probably this VE-Cadherin dependent impairment led to the intercellular 

fenestrations (“denuded areas”) in the VEGF-A165 supplemented mono-cultures, which were not 

observed in the aMO2 co-culture. 

The proliferation rate differed between the three HUVEC mono-cultures and the aMO2/HUVEC co-

culture. In those HUVEC mono-cultures with different VEGF-A165 supplementation on glass, the 

maximum of proliferation was reached at day 3 and then declined whereas the proliferation rate of the 

co-culture rose comparably until day 2 and then remained almost constant. At day 3 of cultivation the 

co-culture proliferation rate was significantly (p<0.05) lower as in the 3 HUVEC mono-cultures. 

Nevertheless only in the co-culture a higher cell density and an earlier confluence was detected 

obviously due to the better adherence of HUVEC within the first 24 hours. The aMO2 seemed to 

provide a more physiological and gentle culture milieu47 resulting in a more physiological cell 

behaviour and appearance of the HUVEC. It is noteworthy to point out that these results were attained 

only with a ratio of one aMO2 for two EC which had been figured out in a former pilot study.48 

The secretion of prostacyclin (PGI2) showed a decreasing trend with increasing incubation time while 

thromboxane (TXB2) slightly increased. The production of these two compounds is very well balanced 

under physiological conditions49, 50 and discussed as the responsible mechanism for the maintenance 

of vascular homeostasis.51 As PGI2 is the most potent inhibitor of platelet aggregation as well as a 

vasodilator and TXB2 is its potent antagonist, this PGI2 reduction might indicate that HUVEC were 

slightly activated over time.52 Although this PGI2 decrease was found in the co-culture as well as in the 

3 HUVEC cultures, the dynamic pattern of PGI2 in the co-culture was comparable to that of HUVEC 

culture without supplementation of additional VEGF-A165. This observation might explain why in the EC 

monolayer of VEGF-A165 supplemented cultures detachment of HUVEC occurred (Figure 6) while this 

was not the case for the EC monolayer of the aMO2/HUVEC co-culture. Obviously, the aMO2 

influenced the release of active substances secreted by EC. It is shown, that activated EC secrete 

more than 600 mostly unknown polypeptides/proteins53 which seemed to lack in the VEGF-A165 

treated HUVEC. This can be regarded as a further proof that GF supplementation alone is not 

sufficient and a specific cocktail of cytokines, GFs and further probably unknown factors is needed for 

a balanced and successful endothelialisation. The aMO2 seem to posses the ability to provide this 

cocktail in an adaptive manner. 



 15

In conclusion, the study demonstrated the potential of aMO2 as cellular cytokine release system, 

which adapt their secretion to the demand of EC to generate a functional confluent monolayer on an 

elastic hydrophobic polymer aimed for the application as small calibre vascular graft. Only a co-culture 

with aMO2, but not a supplementation with recombinant VEGF-A165 provided sufficient support for the 

formation of a functional confluent EC monolayer without negatively influencing the envisioned EC 

monolayer (e.g. formation of stress fibres) or the environmental milieu (e.g. pro-inflammatory 

cytokines).  
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Figure 1. Viability, cell density and morpholpgy of adherent HUVEC mono-culture and HUVEC/aMO2 co-

culture on cPnBA0250. A through R, representative images of HUVEC mono-cultures (A-C) and HUVEC/aMO2 

co-cultures (D-F) seeded on elastic hydrophobic poly(n-butyl acrylate) networks with a Young’s modulus of 250 

kPa (cPnBA0250) for 3 h (A, D, G, J, M and P), for 24 h (B, E, H, K, N and Q) and 72 h (C, F, I, L, O and R). 

Fluoreszein diacetate (green) and propidium iodide (red) were used to visualise living cells and DNA of dead 

cells (A-F). F-actin cytoskeleton and nuclei of HUVEC mono-cultures (G-I) or HUVEC/aMO2 co-cultures (J-L) 

were stained after 3 h (G and J), 24 h (H and K) and 72 h (I and L) and CD14 mouse antihuman stained aMO2 

green (P-R, white arrow). Cell densities as number of adherent cells per mm2 (nad) were determined by 

enumerating nuclei of five fields of view per sample (n=6). Scale bar indicates 100 µm (A-L) or 50 µm (M-R). 

 

Figure 2. HUVEC remain in their quiescent physiological status (A) mRNA expression of VEGF-A165 in 

HUVEC mono-culture and HUVEC/aMO2 co-culture relative to GAPDH on cPnBA0250. EC: HUVEC mono-

culture, CO: HUVEC/aMO2 co-culture. Data represent mean of six experiments ± standard deviation. *p<0.05, 

**p<0.01 (B) MMP activity of HUVEC and aMO2. Supernatants were analysed for MMP activity by determining the 

increase in fluorescence intensity (FI) due to the cleavage of a MMP peptide substrate. On cPnBA0250 samples 

aMO2 mono-cultures, HUVEC mono-cultures and aMO2/HUVEC co-cultures were incubated for 24 h and 72 h. 

MO: aMO2 mono-culture, CO: HUVEC/aMO2 co-culture, EC: HUVEC mono-culture. Data represent mean of six 

experiments ± standard deviation. ***p<0.001 

 

Figure 3. Distribution of adherent HUVEC on glass slides in mono-culture and HUVEC/aMO2 co-culture. 

HUVEC were cultured in regular EGM-2 (A), EGM-2 supplemented with 10 ng/ml VEGF-A165 (B), EGM-2 

supplemented with 20 ng/ml VEGF-A165 (C) and co-cultured with aMO2 (D). After 6 days cells were stained for 

nuclei and F-actin skeleton. Fluorescently labeled F-actin is shown in red, nuclei are displayed in blue. Pictures 

represent one of three experiments. Scale bar indicates 100 µm. 
 

Table 1. Cell densities of adherent cells in HUVEC mono-culture and HUVEC/aMO2 co-culture on glass 

slides after 1, 3, 6, 10, 14, 17 and 21 days. HUVEC were cultured either in EGM-2, EGM-2 supplemented with 

10 ng/ml or 20 ng/ml VEGF-A165 or co-cultured with aMO2 in EGM-2. Data represents mean of three experiments 

± standard deviation. One symbol: p<0.05, doubled symbol: p<0.01, + vs. aMO2, # vs. 10 ng/ml VEGF-A165, ● vs. 

20 ng/ml VEGF-A165 

 

Table 2. (A) Secretion of vasodilator prostacyclin (PGI2) and (B) vasoconstrictor thromboxane (TXB2) by 

HUVEC after 14 days of cultivation on glass slides in mono-culture and HUVEC/aMO2 co-culture. 

Concentration of prostacyclin cPGI2 and of thromboxane cTXB2 are given in pg/ml. Data represents mean of three 

experiments ± standard deviation. One symbol: p<0.05, doubled symbol: p<0.01, + vs. aMO2, # vs. 10 ng/ml 

VEGF-A165, ● vs. 20 ng/ml VEGF-A165. 

 



 20

Table 1 

number of adherent cells per mm2 
day EC + 0ng VEGF-A165 EC + 10ng VEGF-A165 EC + 20ng VEGF-A165 EC + aMO2 
1 19 ± 6 ++,●●,## 35 ± 13 +,● 48 ± 14 51 ± 16 
3 64 ± 15 ++,●●,## 100 ± 34 114 ± 36 112 ± 19 
6 171 ± 29 ++ 188 ± 51 ++ 194 ± 65 ++ 391 ± 68 
10 183 ± 49 ++,●●,## 279 ± 47 ++ 304 ± 86 ++ 464 ± 90 
14 282 ± 71 ++,●● 330 ± 49 ++,●● 411 ± 40 ++ 683 ± 107 
17 418 ± 110 ● 397 ± 105 ●● 523 ± 73 459 ± 77 
21 306 ± 39 ++,## 236 ± 43 ++,●● 344 ± 59 ++ 596 ± 32 
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Table 2A 

cPGI2 in pg/ml 
day EC + 0ng VEGF-A165 EC + 10ng VEGF-A165 EC + 20ng VEGF-A165 EC + aMO2 
1 117 ± 8 # 214 ± 1 202 ± 51 + 153 ± 39 
3 125 ± 9 # 191 ± 22 186 ± 55 156 ± 35 
6 71 ± 12 ●● 97 ± 11 + 124 ± 7 ++ 71 ± 7 
10 94 ± 6 99 ± 9 116 ± 14 126 ± 23 
14 319 ± 56 #,● 91 ± 34 ++ 131 ± 46 233 ± 18 
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Table 2B 

cTXB2 in pg/ml 
day EC + 0ng VEGF-A165 EC + 10ng VEGF-A165 EC + 20ng VEGF-A165 EC + aMO2 
1 13 ± 4 #,+ 23 ± 1 27 ± 8 18 ± 3 
3 16 ± 1 # 31 ± 6 31 ± 8 19 ± 7 
6 31 ± 3 29 ± 6 39 ± 10 22 ± 11 

10 53 ± 9 # 26 ± 3 37 ± 10 44 ± 6 
14 78 ± 11 #,● 43 ± 14 52 ± 10 56 ± 7 
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Figure 1 
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