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GENERAL SUMMARY 

 

The poor biocompatibility of hollow fibers used in artificial lungs is a key limitation 

for clinical application of these devices. Endothelialized hollow fibers have been 

suggested as a means to improve artificial lung biocompatibility in new types of 

artificial lungs, so-called biohybrid artificial lungs. This approach seeks to mimic the 

in vivo function of vascular endothelial cells to yield a biocompatible surface, 

actively inhibiting platelet activation and deposition for long term blood oxygenation 

and therefore minimize or eliminate the need for anticoagulants. Synthetic hollow 

fibers currently used in artificial lungs, such as silicone, do not support endothelial 

cell adhesion and needs to be surface-modified. The process of endothelial cell 

adhesion and spreading on hollow fibers in vitro has been shown to be facilitated 

by pre-coating of substrata with the main extracellular matrix protein, collagen. The 

functional groups, such as peroxide, carboxyl, and amine, are main chemically 

reactive groups amenable for covalent immobilization of collagen. Endothelial cell 

retention on collagen-coated hollow fibers in artificial lungs is important since 

endothelial cell detachment might expose cell-free regions to blood flow and 

consequently induce platelet adhesion. Controlled exposure of endothelial cells 

seeded on surface-modified materials to low fluid shear stress, so-called flow 

preconditioning, remarkably stimulates endothelial cell monolayer retention under 

high fluid shear stress. 

Despite of its positive effects on cell adhesion and proliferation, collagen is 

highly thrombogenic, and induces platelet adhesion in areas which are not fully 

covered by endothelial cells. Therefore, suppression of the thrombogenic 

properties of collagen by using anti-thrombotic agents on the one hand, and 

promotion of endothelial cell growth using growth-inducing agents to achieve a 

confluent cell layer on the silicone hollow fibers on the other hand, may result in 

improved biohybrid artificial lungs performance. Co-immobilization of biomimetic 

coatings using carbodiimide bonds has been shown to provide resistance against 

blood flow shear stress. Not only a stable biomimetic coating, but also the 

bioavailability of anti-thrombotic biomolecules on the hollow fiber-blood interface 

under shear stress is critical to inhibit thrombus formation. A change in fluid flow 

modifies the mass transport characteristics at the hollow fiber-blood interface. 

Therefore, the anti-thrombotic biomolecule concentration at the hollow fiber-blood 

interface is regulated by the counteraction between the shear stress-dependent 

production of anti-thrombotic biomolecules and their removal by diffusive and 

convective transport. 

This thesis aimed to improve the biocompatibility of silicone hollow fibers 

used in artificial lungs by developing a stable and anti-thrombotic functional 

endothelial cell layer. We hypothesized that silicone surface modification and fluid 

hydrodynamics modulation improves endothelialization. To test this hypothesis, we 
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started by surface modification of silicone tubes with three different chemical 

functional groups, i.e. peroxide, carboxyl, and amine, to determine the surface 

chemical entity that allows strong collagen immobilization and improvement of 

endothelialization, cell stability, and anti-thrombotic functionality. The amine groups 

resulted in the highest concentrations of immobilized collagen on silicone tubes as 

well as the most optimal collagen-endothelial cell interaction. Although the carboxyl 

groups on the silicone tubes did not support endothelial cell adhesion, they did 

improve collagen immobilization thus providing an excellent substrate for 

endothelial cell attachment and growth. The cell density on collagen-immobilized 

silicone tubes was higher than on tubes without immobilized collagen. Collagen-

immobilized with carbodiimide bonds on silicone tubes with amine or carboxyl 

groups retained endothelial cells under shear stress. The high nitric oxide (NO) 

release by endothelial cells on collagen-immobilized silicone tubes indicated an 

excellent anti-thrombotic functionality of the cells. The collagen immobilization with 

carboxyl groups was chosen since the amine groups had a limited shelf life and 

they significantly changed the silicone’s physical and mechanical properties 

(Chapter 2). 

Collagen immobilization with carboxyl groups was applied to the outside 

surface of silicone hollow fibers, but 27% of the cells still detached at a high fluid 

shear stress of 30 dyn/cm
2
. This detachment of cells might have occurred as a 

result of weak bonds between cellular integrins and collagen under high shear 

stress. Therefore, flow preconditioning was used to increase cell stability under 

high shear stress. Our results suggest that 24 h preconditioning of endothelial cells 

on collagen-immobilized silicone hollow fibers with 12 dyn/cm
2
 fluid shear stress in 

a parallel-plate flow chamber significantly increased cell retention and anti-

thrombotic function compared with un-preconditioned cells. A finite element model 

allowed to achieve a detailed and precise flow field computation within the parallel-

plate flow chamber, and to correlate the fluid shear stress distribution on the cell 

surface with the cellular response. Our finite element simulation results showed 

that by decreasing the cell height after flow preconditioning, the mean and 

maximum shear stress experienced by the cells also decreased, and therefore a 

more homogeneous fluid shear stress distribution was obtained at the cell surface, 

resulting in decreased cell detachment (Chapter 3). 

Even low endothelial cell detachment from collagen-immobilized materials 

can stimulate platelet adhesion since collagen is highly thrombogenic. Therefore, 

incorporation of anti-thrombotic agents into collagen coating can increase its blood 

compatibility. Nitrite, the stable end-product of NO, has been shown to have anti-

thrombogenic properties in acidic environments. Therefore, nitrite and acidified 

nitrite generating sodium nitrite-collagen conjugate was immobilized on silicone 

tubes with carboxyl groups and the effect of nitrite and acidified nitrite release on 

blood compatibility and endothelialization of silicone tubes was investigated.  
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Sodium nitrite-collagen conjugate coatings with 25-50 µM initial sodium nitrite in 

conjugate increased endothelial cell proliferation probably via GH production, and 

also inhibited platelet adhesion (Chapter 4). 

The ultimate success of endothelialization of materials depends on the 

degree of confluency of the formed endothelial cell layer. Therefore, development 

of biomimetic coatings having both anti-thrombotic and growth-inducing properties 

may result in improved performance of blood-contacting biomedical devices. In 

addition, sustained release of biomolecules from nanoliposomes improves their 

biological effect. Nanoliposomes loaded with sodium nitrite (as an anti-thrombotic 

agent) or GH (as a growth-inducing agent) were prepared, blended with collagen 

solution, and then co-immobilized on silicone tubes. Encapsulation of sodium nitrite 

or GH in nanoliposomes increased the controlled release as well as the 

effectiveness and bioavailability of these bioactive compounds. The presence of 

nanoliposomal sodium nitrite in the collagen conjugate coating inhibited platelet 

adhesion more than free sodium nitrite. GH not only affected endothelial cell 

proliferation, but also the anti-thrombotic function and inhibited platelet aggregation 

by stimulating endothelial cells to release NO. Nanoliposomal sodium nitrite-

nanoliposomal GH-collagen conjugate coating provided full endothelial coverage, 

and low platelet adhesion on silicone tubes even in the absence of endothelial cells 

(Chapter 5). 

The application potential of these biomimetic coatings on the outside 

surface of silicone hollow fibers was also investigated under fluid shear stress with 

the aim to improve the performance of biohybrid artificial lungs. The bioavailability 

of anti-thrombotic biomolecules on the hollow fiber-blood interface, which is of 

crucial importance to inhibit thrombus formation, strongly depends on transport 

processes. Measurements of nitric production rate under different shear stresses 

coupled with simulations of nitrite transport in the parallel-plate flow chamber were 

used to determine the nitrite bioavailability measured as nitrite concentration on the 

surface of surface-modified silicone hollow fibers. An increase in fluid velocity 

increased the magnitude of nitrite production from the endothelialized surface-

modified fibers, as well as the velocity of nitrite washing out from the chamber due 

to convection. Nitrite bioavailability had a direct effect on thrombus deposition on 

surface-modified fibers under shear stress (Chapter 6). 

Coating of fibers with nanoliposomal sodium nitrite-nanoliposomal GH-

collagen conjugate not only increased endothelial cell proliferation and stability, but 

also increased nitrite bioavailability and inhibited thrombus formation even under 

high shear stress, suggesting that this conjugate coating is highly promising to 

improve the biocompatibility of biohybrid artificial lungs. This, together with new 

insights in the effects of fluid shear stress on increasing cell stability, and anti-

thrombotic functionality, as well as on modifying the bioavailability of anti-

thrombotic biomolecules and thrombus deposition, improves our understanding of 
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how surface modification and fluid hydrodynamics modulation increase material 

biocompatibility under flow condition. These insights could contribute to the 

development of biocompatible hollow fibers to use in biohybrid artificial lungs.  

 


