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GENERAL DISCUSSION 

 

The only current treatment option to provide respiratory support during cardiac 

surgery, or chronic aid for patients in end-stage pulmonary failure is extracorporeal 

membrane oxygenation (ECMO) [1, 2]. The membrane oxygenator component of 

ECMO, also called artificial lung, typically consists of a bundle of synthetic 

microporous hollow fibres [1]. Thrombus formation resulting from the poor 

biocompatibility of hollow fibers made of different synthetic polymers, e.g. silicone, 

is a key limitation for clinical application of artificial lungs [2, 3]. Therefore, to 

minimize thrombus formation associated with blood contact with synthetic materials 

during ECMO, high levels of anticoagulants such as heparin are required which 

greatly restricts patient mobility and quality of life [1-3]. During the last decade 

important developments in the field of biomaterials and tissue engineering have 

increased the biocompatibility of hollow fibers in new types of artificial lungs, so-

called biohybrid artificial lungs [1-5]. The blood-contacting parts of hollow fibers in 

these biohybrid artificial lungs are seeded with endothelial cells to mimic the native 

pulmonary vasculature and to provide a naturally occurring biocompatible surface 

for blood interaction. In this thesis we focus on the development of a stable, anti-

thrombotic endothelial cell monolayer on silicone hollow fibers by using surface 

modification and fluid hydrodynamics modulation to improve the biocompatibility of 

these fibers used in artificial lungs. 

 

Collagen immobilization as a first step for endothelialization 

The successful development of biohybrid artificial lungs is challenged by the 

hydrophobic nature of the polymers typically used to make the hollow fibers, which 

lowers the degree of cell adhesion [2, 5]. Therefore, surface modification through 

covalent immobilization of biologically adhesive extracellular matrix proteins, such 

as collagen, to the surface of the hollow fibers is needed to guarantee uniform cell 

attachment and growth [2, 5]. Covalent immobilization of collagen using 

carbodiimide bonds provides a coating that is robust enough to withstand fluid 

shear stress resulting from the blood flow [5-7]. The functional groups on the 

material's surface are mainly chemically reactive groups amenable for covalent 

immobilization of collagen [8-10]. Much attention has been paid to plasma graft 

polymerization in the presence of different reactive chemicals to introduce 

functional groups on the material's surface [10, 11]. We introduced different 

functional groups, i.e. peroxide groups by oxygen plasma pre-modification, 

carboxyl groups by acrylic acid (AAc) grafting, and amine groups by aminosilane 

(AmS) grafting, on the inert and nonpolar surface of silicone tubes to improve 

covalent immobilization of collagen (Chapter 2). The amine groups resulted in the 

highest concentrations of immobilized collagen on silicone tubes as well as the 

most optimal collagen-endothelial cell interaction, and cell number attached to the 
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material’s surface. Endothelial cells are known to be sensitive to material surface 

characteristics, such as wettability and surface charge [9, 10]. Our results showed 

that endothelial cells poorly adhere to negatively charged carboxyl groups, which 

agrees with published data showing that carboxyl groups grafted on a material 

surface inhibit cell adhesion and proliferation [9, 10, 12]. 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. This result 

agrees well with data by others that endothelial cell adhesion is facilitated by pre-

coating of the substratum with extracellular matrix proteins such as collagen [8, 13]. 

The ability of adhesive proteins to support cell adhesion is also dependent on cell 

quantity and activity, which is influenced by the surface properties of the underlying 

substratum [14]. A relatively high percentage of the cells did detach from collagen-

immobilized plasma surface-modified silicone tubes under fluid shear stress, which 

likely resulted from a weak linkage of collagen on these tubes, unlike the collagen 

immobilized with carbodiimide bonds on silicone tubes with amine or carboxyl 

groups. 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-immobilized AmS-grafted silicone tubes allowed excellent cell 

behavior, but the amine groups significantly changed the silicone’s physical and 

mechanical properties. In addition, the shelf life of peroxide and amine groups is 

limited [15], which indicates an important advantage of using carboxyl groups 

rather than peroxide or amine groups for collagen immobilization on silicone in the 

clinic. Immobilized collagen suitably links with carboxyl groups on the silicone 

tubes, and provides an excellent and stable substratum for endothelial cell growth 

and function.  

 

Flow preconditioning of endothelial cells to increase cell stability and anti-

thrombotic capacity 

AAc grafting was used to immobilize collagen on the outside surface of silicone 

hollow fibers (SiHFs). Not only a stable collagen coating, but also endothelial cell 

retention on collagen-immobilized SiHFs in artificial lungs is important, since 

endothelial cell detachment might result in cell-free regions and consequently 

induce platelet adhesion [16, 17]. Controlled exposure of endothelial cells seeded 

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

remarkably stimulates endothelial cell monolayer retention under fluid shear stress 

[18-21]. Under chronic steady shear stress, endothelial cells flatten and remodel 

structurally to spread the shear stress over a larger surface area [20-22]. Fluid 

shear stress treatment increases the production of endothelial cell-derived anti-

inflammatory agents, e.g. NO and prostaglandin I2 (PGI2) [23-25]. In this thesis, we 
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tested whether endothelial cell retention and anti-thrombotic function on SiHFs 

under high shear stress could be improved by collagen immobilization on these 

fibers and flow-preconditioning of the endothelial cell layer (Chapter 3). Collagen 

did not detach from collagen-immobilized AAc-grafted SiHF patches after treatment 

with 1 to 30 dyn/cm
2
 fluid shear stress, showing that carbodiimide bonds between 

carboxyl groups of AAc-grafted SiHFs and amine groups of collagen are stable 

enough to withstand the fluid shear stress. Collagen-immobilized AAc-grafted 

SiHFs retained cells well under different levels of fluid shear stress, 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. Our results suggest that 24 h preconditioning of 

endothelial cells on collagen-immobilized AAc-grafted SiHF patches with 12 

dyn/cm
2
 fluid shear stress in a parallel-plate flow chamber significantly increased 

cell retention. The cell adhesion force should be higher than the hydrodynamic 

forces generated by a fluid flow to allow the creation of a stable layer of endothelial 

cells. Flow preconditioning of endothelial cells induces conformational activation of 

integrins and increased binding to extracellular matrix ligands [21, 22]. It also 

increases cell surface area involved in integrin-mediated adhesion as a 

consequence of cell flattening [20, 26]. 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. Flow preconditioning of endothelial cells significantly increased 

NO and PGI2 production when subjected to high fluid shear stress, showing that 

flow preconditioning not only increases cell retention under high shear stress, but 

also enhances anti-thrombotic capability of endothelial cells.  

 

Incorporation of sodium nitrite into collagen conjugate coating as a practical 

solution to the problem of collagen thrombogenicity  

Collagen has positive effects on cell adhesion and proliferation, but it is also highly 

thrombogenic, and induces platelet adhesion and aggregation as well as activation 

of a coagulation cascade in areas which are not fully covered by endothelial cells 

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

thrombogenic properties in acidic environments [27, 28]. Therefore we investigated 

whether the combination of sodium nitrite, as a nitrite donor, with collagen in the 

presence of acetic acid improves endothelialization of silicone tubes by increasing 

the number of endothelial cells and growth hormone (GH) production, as well as by 

decreasing platelet adhesion (Chapter 4). Collagen and sodium nitrite-collagen 
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conjugates were immobilized onto silicone tubes by ionic interaction with a pre-

determined AAc graft density. Incorporation of sodium nitrite in the collagen 

conjugate did not change the amount of immobilized collagen. A nitrite and 

acidified nitrite-generating sodium nitrite-collagen conjugate coating of silicone 

tubes with <50 µM initial sodium nitrite increased the number of endothelial cells 

more than collagen coating alone, probably via GH production, with a maximum 

effect at 25 µM initial sodium nitrite resulting in a perfect confluent endothelial cell 

monolayer on the silicone surface after 6 days of culture. We observed that nitrite 

and acidified nitrite-generating coating of sodium nitrite-collagen conjugate 

immobilized AAc-grafted silicone tubes with >25 µM initial sodium nitrite 

significantly suppressed the thrombogenic properties of collagen by decreasing 

platelet adhesion on the silicone surface, especially when a high initial 

concentration of sodium nitrite in conjugate was used. Since sodium nitrite-collagen 

conjugate coatings with 25-50 µM initial sodium nitrite in conjugate increased 

endothelial cell proliferation and also inhibited platelet aggregation, they are highly 

promising to promote endothelialization of silicone materials in blood-contacting 

devices. 

 

Co-immobilization of growth-inducing and anti-thrombotic agents on silicone 

tubes offers both endothelialization and anti-coagulation  

The ultimate success of endothelialization of materials depends on the degree of 

confluency of the formed endothelial cell layer [17, 29]. Several hundreds of 

millions of cells are needed to coat the hollow fibers of one meter squared artificial 

lung [30]. Therefore, it takes a long period of time to reach confluency of the 

endothelial cell layer when cells are seeded at low density. The rate of 

endothelialization can be improved by immobilization of specific exogenous growth 

factors or growth hormones. Endothelial cells seeded at low density on hollow 

fibers can be stimulated by growth-inducing agents to rapidly form a confluent 

monolayer in a few days [17, 31]. 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 material surface on the other hand, may result in 

improved performance of blood-contacting medical devices [17, 32, 33]. Currently 

the use of anti-thrombotic or growth-inducing agents is limited by the short half-life, 

renal toxicity, physical and chemical instability, and rapid clearance of these agents 

[34]. Prolonged release of anti-thrombotic or growth-inducing agents from 

liposomes, that function as drug delivery carriers, has gained considerable 

attention, since liposomes are biocompatible, biodegradable, capable of releasing 

encapsulated drugs in a sustained manner, and transporting drugs across 

biological membranes [34, 35]. In this thesis, endothelialization of silicone tubes 

was improved by using sustained release of sodium nitrite as an anti-thrombotic 
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agent when the silicone tubes are not yet completely covered by endothelial cells, 

and by using sustained release of GH as a growth-inducing agent to stimulate 

complete surface coverage by endothelial cells (Chapter 5). Nanoliposomes 

loaded with sodium nitrite (nNitrite) or GH (nGH) were prepared and used to control 

the sustained release of the anti-thrombotic and growth-inducing agents. The 

encapsulation efficiency achieved was high for both sodium nitrite and GH, 

showing the effectiveness of the thin-film hydration technique used for the 

preparation of nanoliposomes. nNitrite-nGH-collagen conjugate was co-

immobilized on AAc-grafted silicone tubes to provide a stable coating that offers 

both anti-thrombotic and growth-inducing properties. The surface-modified silicone 

tubes containing nNitrite and nGH were stable for 1 month storage at 4°C due to 

the presence of cholesterol and amino-PEG in the lipid phase of nanoliposomes 

[36]. Encapsulation of sodium nitrite or GH in nanoliposomes increased the 

controlled release as well as the effectiveness and bioavailability of these bioactive 

compounds. Our results showed that conjugation of collagen with nNitrite 

increased the number of endothelial cells after 48 h of culture. However, the 

stimulatory effect of GH released from nGH-collagen coating on endothelial cell 

proliferation was higher than that of nitrite and acidified nitrite released from 

nNitrite-collagen coating. The presence of the anti-thrombotic polymer PEG in the 

nanoliposome's structure prevents platelet adhesion [37]. Therefore, all surface-

modified silicone tubes containing nanoliposomes in their coatings, even without 

anti-thrombotic agent, showed reduced platelet adhesion. Maximum platelet 

inhibition was observed on silicone tubes containing nNitrite in their conjugate 

coating. Interestingly, sustained release of nitrite and acidified nitrite from nNitrite-

collagen conjugate more strongly inhibited platelet adhesion than nitrite and 

acidified nitrite release from sodium nitrite-collagen conjugate (Chapter 4). The GH 

released resulted in increased NO release by endothelial cells on silicone tubes 

coated with nGH-collagen conjugate. This indicated that GH not only affected 

endothelial cell proliferation, but also the anti-thrombotic function and inhibited 

platelet aggregation [38]. Nitrite and acidified nitrite release from silicone tubes 

coated with nNitrite-nGH-collagen conjugate and GH-induced NO release by 

endothelial cells on these tubes contributed to the increased anti-platelet activity of 

these tubes. Conjugation of nNitrite with nGH and collagen in coating of silicone 

tubes stimulated PGI2 production by endothelial cells which showed excellent 

functionality of endothelial cells on surface-modified silicone tubes. nNitrite-nGH-

collagen conjugate immobilized AAc-grafted silicone tubes provided full endothelial 

coverage, and low platelet adhesion even in the absence of endothelial cells. 

 

 

 



622 
 

Bioavailability of anti-thrombotic agents on hollow fiber-blood interface 

affects thrombus deposition under fluid flow 

Biomimetic coatings with incorporated growth-inducing and anti-thrombotic agents 

improved both endothelialization and blood compatibility of silicone tubes (Chapter 

5). The application potential of these coatings on blood-contacting parts of SiHFs 

was also investigated with the aim to improve the performance of biohybrid artificial 

lungs (Chapter 6). Endothelialized hollow fibers are continuously in contact with 

blood flow when the biohybrid artificial lung starts working [1-5]. A change in fluid 

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

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 and the level of the anti-thrombotic biomoleules 

may drop due to convection [39-42]. Therefore, the concentration of anti-thrombotic 

biomolecules at the hollow fiber-blood interface is determined by the balance 

between fluid shear stress-dependent production of anti-thrombotic biomolecules 

and their removal by diffusive and convective transport dependent on the applied 

fluid shear stress. In this thesis, we used sustained release of the growth-inducing 

agent GH and the anti-thrombotic agent sodium nitrite from collagen conjugate to 

decrease thrombus deposition by increasing the number of endothelial cells on the 

SiHFs as well as the bioavailability of nitrite under flow conditions (Chapter 6). 

Collagen or nNitrite-nGH-collagen conjugate were immobilized on AAc-grafted 

SiHFs. The percentage of cells detached from SiHFs immobilized with nNitrite-

nGH-collagen conjugate was lower than from SiHFs immobilized with collagen 

under different fluid shear stress ranging from 1-30 dyn/cm
2
. GH release from 

SiHFs immobilized with nNitrite-nGH-collagen conjugate resulted in a higher 

number of endothelial cells present compared with SiHFs immobilized with 

collagen after 6 days of culture. The high number of endothelial cells on SiHFs 

immobilized with nNitrite-nGH-collagen conjugate might have increased the 

number and the strength of cell-cell bonds, which together with cell-collagen bonds 

contribute to the development of a stable endothelial monolayer. For 

endothelialized SiHFs immobilized with collagen, where nitrite production was just 

related to endothelial cell-derived NO production, the amount of nitrite did not 

indefinitely increase with shear stress but reached a saturated concentration 

instead. However, for SiHFs immobilized with nNitrite-nGH-collagen conjugate 

where the nitrite production resulted from both endothelial cell-derived NO 

production and nitrite release from nNitrite in the coating of the fibers, the 

magnitude of nitrite production rate gradually increased by increasing the shear 

stress. Measurements of nitric production rate under different shear stresses 

coupled with theoretical simulations were used to determine the nitrite 

bioavailability measured as nitrite concentration on the surface of SiHF patches. An 

increase in blood flow rate was associated with two different phenomena: 1) 

7
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Increased nitrite production by the endothelialized surface-modified patches, and 

2) Increased velocity of nitrite washing out from the chamber due to convection. To 

allow the steady-state nitrite concentration to increase with increased shear stress, 

the stimulated nitrite production rate must exceed the rate of removal by the 

increased convective transport effects [43]. Our simulation results showed that the 

nitrite concentration on SiHFs immobilized with nNitrite-nGH-collagen conjugate 

depends on the shear stress in a complex non-monotonic fashion. Nitrite 

bioavailability had a direct effect on thrombus deposition on surface-modified SiHF 

patches under shear stress. The bioavailability of nitrite and subsequently the 

thrombus deposition was modified by shear stress conditioning of endothelialized 

surface-modified SiHF patches. Thrombus deposition on SiHFs immobilized with 

nNitrite-nGH-collagen conjugate was lower than on SiHFs immobilized with 

collagen under shear stress application. Coating of SiHFs with nNitrite-nGH-

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

also increased nitrite (as an anti-thrombotic agent) bioavailability and inhibited 

thrombus formation even under high shear stress, suggesting that nNitrite-nGH-

collagen conjugate coatings are highly promising to improve the biocompatibility of 

biohybrid artificial lungs. 

 

 

CONCLUSIONS 

 

Endothelial cell seeding of blood-contacting parts of hollow fibers in artificial lungs 

to mimic the function of the normal vascular endothelium is promising to decrease 

thrombotic complications resulting from blood flow through these devices.
 
In this 

thesis, we aimed to improve the endothelialization of silicone hollow fibers used in 

artificial lungs and subsequently their biocompatibility by surface modification and 

fluid hydrodynamic modulation. Our results showed that carboxyl groups 

introduced by AAc grafting on silicone surface suitably links with amine groups of 

collagen, and provides an excellent and stable substratum for endothelial cell 

growth and function (Chapter 2). Controlled exposure of endothelial cells seeded 

on collagen-immobilized silicone to fluid shear stress, so-called flow 

preconditioning, remarkably stimulated endothelial cell monolayer retention and 

anti-thrombotic function under fluid shear stress (Chapter 3). The thrombogenicity 

of collagen was suppressed by incorporation of sodium nitrite in the collagen 

coating of silicone. Nitrite and acidified nitrite-generating sodium nitrite-collagen 

conjugate coating on silicone increased the number of endothelial cells and 

decreased platelet adhesion (Chapter 4). The rate of endothelialization was 

increased by sustained release of GH from collagen conjugate coating. Biomimetic 

coatings incorporating the anti-thrombotic agent sodium nitrite and the growth-

inducing agent GH provided full endothelial coverage and low platelet adhesion 
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even in the absence of endothelial cells (Chapter 5). These biomimetic coatings 

also provided high nitrite bioavailability and low thrombus formation even at high 

shear stress (Chapter 6), suggesting that nNitrite-nGH-collagen conjugate coatings 

are highly promising to promote endothelialization of silicone hollow fibers in 

biohybrid artificial lungs. 

 

 

FUTURE PERSPECTIVE 

 

Based on the present thesis several questions can be raised which deserve 

attention in the future: 

1) Does surface modification of silicone hollow fibers affect oxygen transfer through 

these fibers? 

2) Is surface modification with collagen or nNitrite-nGH-collagen conjugate 

immobilization through AAc grafting also suitable for other polymers that are 

typically used in the fabrication of hollow fibers used in artificial lungs? 

3) Is it possible to improve the method of cell seeding on hollow fibers to promote a 

homogenous cell layer on the surface of these fibers? 

4) How can the endothelialized surface-modified SiHF patches be scaled up to 

prepare a biohybrid artificial lung with a high number of these SiHF patches?  

5) What is the effect of the layout of the SiHF patches on the fluid hydrodynamics 

characteristics in a biohybrid artificial lung with a high number of SiHF patches? 

6) Is the surface modification and fluid hydrodynamics modulation as described in 

this thesis to develop a stable and functional endothelial cell monolayer on hollow 

fibers also useful for other blood-contacting devices, e.g. vascular grafts, stents, 

etc?

7
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ABBREVIATIONS 

 

All abbreviations used in this thesis are provided below: 

 

Abbreviation Full name 

AAc  acrylic acid 

AAc Si acrylic acid-grafted silicone 

AAc Si-Col collagen-immobilized acrylic acid-grafted silicone 

AAc Si-Nitrite-Col sodium nitrite-collagen conjugate immobilized acrylic 

acid-grafted silicone 

AAc Si-nGH-Col nanoliposomal growth hormone-collagen conjugate 

immobilized acrylic acid-grafted silicone 

AAc Si-nNitrite-Col nanoliposomal sodium nitrite-collagen conjugate 

immobilized acrylic acid-grafted silicone 

AAc Si-nNitrite-nGH-Col nanoliposomal sodium nitrite-nanoliposomal growth 

hormone-collagen conjugate immobilized acrylic acid-

grafted silicone 

AAc SiHF-Col collagen-immobilized acrylic acid-grafted silicone hollow 

fiber 

AAc SiHF-nNitrite-nGH-Col nanoliposomal sodium nitrite-nanoliposomal growth 

hormone-collagen conjugate immobilized acrylic acid-

grafted silicone hollow fiber 

AmS aminosilane 

AmS Si aminosilane-grafted silicone 

AmS Si-Col collagen-immobilized aminosilane-grafted silicone 

ECM extracellular matrix 

FE finite element 

GH growth hormone 

nGH nanoliposomal growth hormone 

nGH-Col nanoliposomal growth hormone-collagen conjugate 

nNitrite nanoliposomal sodium nitrite 

nNitrite-Col nanoliposomal sodium nitrite-collagen conjugate 

nNitrite-nGH-Col nanoliposomal sodium nitrite-nanoliposomal growth 

hormone-collagen conjugate 

NO nitric oxide 

PGI2 prostaglandin I2 

PSM plasma surface modification 

PSM Si plasma surface-modified silicone 

PSM Si-Col collagen-immobilized plasma surface-modified silicone 

Si silicone 

SiHFs silicone hollow fibers 

Si-Col collagen-adsorbed silicone 

SiHF-Col collagen-adsorbed silicone hollow fiber  
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