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GENERAL INTRODUCTION 

 

From an engineering perspective, the lung is a paradigm of design efficiency. A 

gas transfer surface area of approximately 70 m
2
 accomplishes efficient oxygen 

and carbon dioxide transfer [1, 2]. In mammals, oxygen is transferred via diffusion 

through pulmonary alveoli which is then distributed to different tissues by red blood 

cells. On the other hand, carbon dioxide produced by living cells is absorbed by the 

blood flow and is transferred to the pulmonary capillaries from where it penetrates 

into the alveoli and is finally discharged through the airways [1-3]. A membrane of 

0.4-2 μm thickness separates air-carrying alveoli from the pulmonary capillaries 

(Figure 1).  

There has been modest success in decellularization and recellularization of 

rat lung and also in organizing cells into small-scale structures to mimic pulmonary 

tissue, but scale-up and creating effective connect between such structures require 

further research [3]. There is a prominent need to develop new and more effective 

therapies for cardiopulmonary support or treatment of end-stage lung failure due to 

different lung-related diseases, e.g. acute respiratory distress syndrome [4, 5], 

chronic obstructive pulmonary disease [6], pulmonary fibrosis, pulmonary 

hypertension, and cystic fibrosis, mostly involving people in developing countries 

and mainly resulting from increasing rates of tobacco smoking and pollutants of 

urbanization [6]. 

Current treatment options to provide respiratory support (chronic aid) 

during cardiac surgery or for patients with end-stage pulmonary failure are mainly 

limited to extracorporeal membrane oxygenation (ECMO) [5, 6]. An ECMO device 

can only give partial respiratory support because of the low blood volumes that can 

be bypassed externally. This treatment can avert the death of the patient, but is 

generally used only temporarily until lung transplantation is possible [4, 6]. ECMO 

devices utilize an external circuit consisting of a blood pump, an oxygenator, a heat 

exchanger, and several feet of tubing. The membrane oxygenator component of 

ECMO devices, also called artificial lung, typically takes the form of a bundle of 

microporous hollow fibres fabricated from different synthetic polymers such as 

polypropylene, silicone, etc (Figure 1). Blood flows around the outside of the hollow 

fibers and oxygen flows through the lumen of the hollow fibers. ECMO circuits are 

primarily designed for open-heart surgical procedures (4–8 h), and require high 

levels of anticoagulation [5]. The limits of the current technology are found at the 

interface of the gas and blood sides of synthetic hollow fibers. Long term usage of 

hollow fibers is limited by plasma-wetting, and biocompatibility issues associated 

with thrombosis and/or bleeding [1, 5]. Plasma-wetting is the penetration of liquid 

into the fiber pores, which inhibits gas exchange. The plasma-wetting problem can 

be solved by using non-porous membrane hollow fibers or diffusive capillary-form 

hollow spheres [5, 7]. However, the poor biocompatibility of hollow fibers is still a 
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key limitation for clinical application of artificial lungs [1, 3]. Blood proteins adsorb 

to the synthetic hollow fibers surfaces, which can trigger the activation of immune 

cells and deposition of clots onto the fibers, resulting in a tendency toward 

bleeding, when the blood reenters the patient [1]. Therefore high levels of 

anticoagulants, such as heparin, are required during ECMO to attempt to minimize 

thrombus formation associated with blood contact to a foreign surface, which 

greatly restricts patient mobility and quality of life, and is associated with high 

mortality [1]. 

 

 

 
 

Figure 1. The native lung provides approximately 70 m
2
 of gas transfer area in alveoli with 

actively anticoagulant endothelial surfaces lining the blood vessels. Membrane oxygenators 

commonly include a pack of hollow fibers across which blood flows. Blood protein deposits 

on the synthetic hollow fibers lead to the need for anticoagulation therapy.  

 

 

Fortunately, recent advancements in the field of tissue engineering and 

biomaterials have increased the biocompatibility of current artificial lungs. A 

landmark achievement of recent developments is the design of biohybrid artificial 

lungs. Biohybrid artificial lungs may become a first stepping stone towards 

introducing regenerative medicine techniques in the treatment of chronic lung 

disease. Endothelialization of blood contacting surfaces of hollow fibers is a key 

step to generate a biohybrid artificial lung [3, 5, 6]. Although imitating the delicate 

structures of the human lung will not be possible in the foreseeable future, the cells 

that are necessary to create a single cell layer are on hand. These endothelialized 
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synthetic hollow fibers might mimic the native pulmonary vasculature and minimize 

the need for anticoagulants [1, 6]. Synthetic hollow-fiber membranes currently used 

in artificial lungs do not support endothelial cell adhesion and needs to be surface-

modified. After endothelial cell seeding, hollow fibers are bundled and rotated in an 

oxygenator to create mixing and subsequently reduce boundary layer limits on gas 

transfer efficiency [1, 5]. If endothelialized hollow fibers in biohybrid artificial lungs 

can simulate native thromboresistant endothelial surfaces, a major goal will be 

achieved.  

 

Blood-hollow fibers surface interactions: thrombogenicity 

It is well known that shortly after contacting blood (minutes to hours) during ECMO, 

synthetic hollow fibers are covered with a layer of plasma proteins, predominately 

albumin, fibrinogen, IgG, fibronectin, and von Willebrand factor prior to the 

accumulation of inflammatory cells. As this occurs, platelets flowing near the 

surface end up adhering to the surface followed by activation, thus creating a 

cascade of events that results in thrombus formation. Platelets do not act in 

isolation, but as this thrombus formation process is underway, so is the activation 

of the coagulation cascade by the intrinsic pathway resulting in the release of 

inflammatory mediators and the production of thrombin, the pivotal agent in the 

process of thrombosis. Thrombin activates fibrinogen to form the insoluble cross-

linked fibrin, which together with activated platelets and red blood cells ultimately 

leads to thrombus formation [8, 9]. For a detailed explanation of the cellular and 

molecular mediators of the host foreign body response to biomaterials, see a 

review by Anderson et al. [10]. In the case of artificial lungs, cell-mediated 

inflammatory responses and deposition of clots onto hollow fibers can result in 

bleeding when the blood reenters the patient. 

Numerous approaches aimed at developing more blood compatible 

polymeric materials are currently being investigated in many research laboratories 

worldwide. Among these, approaches that mimic the highly thromboresistant 

properties of the normal endothelium appear to be most promising [11-13]. The 

endothelium is in intimate contact with the blood flow and consists of a single layer 

of endothelial cells, which functions as a dynamic organ and covers the entire 

surface of the circulating system from the heart to the smallest capillary [14]. 

Platelet adhesion/activation and thrombus formation do not readily occur on the 

surface of a healthy endothelium layer [11, 12]. Then the question to be asked is 

how normal endothelium does prevent thrombus formation when it is needed within 

the body. The endothelial cells produce, secrete, and/or express over 12 different 

inhibitors and activators that affect platelet function, the coagulation cascade, or 

both [11]. Amongst these factors, nitric oxide (NO) (generated from l-arginine by 

nitric oxide synthase (NOS) within the endothelial cell), thrombomodulin, 

prostaglandin I2 (PGI2), and heparins have been investigated most [9, 12]. 
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Integrating these factors into/on polymer matrices in such a way that they are either 

released from the polymers [12, 13, 15], or as immobilized forms of the biologically 

active factors on the polymer surfaces [15-18] should result in a truly biomimetic 

coating that more closely resembles a layer of functional endothelial cells. What is 

unique to these inhibitors, as opposed to those used clinically for platelet inhibition, 

such as heparin, aspirin, and dipyridamol, is that this inhibition is not permanent for 

the platelet’s life, but rather is similar to “anesthesia” of the platelet, so that once 

the platelet is no longer exposed to these inhibitors, it resumes normal function 

[11]. 

 

Endothelialization of hollow fibers 

Despite extensive research to develop a non thrombogenic surface that mimics the 

endothelium, platelet activation still occurs, thus these modifications have not 

completely solved the clinical challenges of platelet passivation [11]. 

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 [5, 19, 20]. 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 ECMO support of the lung. By 

endothelializing hollow fibers that constitute the major blood contacting surface 

area of the device, the biohybrid artificial lung prototype seeks to significantly 

reduce or eliminate the need for chronic anticoagulation or anti-platelet agents. The 

attached endothelial layer provides a naturally occurring biocompatible surface for 

blood interaction if the cells are maintained as a non-inflammatory, anti-thrombotic 

phenotype [1, 3, 5].  

 

Surface modification of hollow fiber surfaces to improve endothelialization 

The successful development of biohybrid artificial lungs is challenged by the 

hydrophobic nature of the polymers typically used to make the hollow fibers in 

ECMO devices, e.g. silicone, which restricts the degree of cell adhesion [5, 6]. 

Surface modification through physicochemical approaches or bonding biologically 

adhesive proteins to the hollow fiber surface is required to guarantee endothelial 

cell attachment and to create a cell monolayer that is robust enough to blood flow 

shear stress [6, 20].  

In the natural endothelium, cells are in intimate contact with the 

extracellular matrix (ECM), which is formed by a complex connection of proteins, 

glycoproteins, and proteoglycans, that have a cell-binding domain connecting the 

ECM–binding sites with intracellular focal adhesion plaques [14, 21]. In this respect 

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 ECM protein, 

collagen [17, 18]. The ability of collagen to support cell adhesion and to trigger 
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signals promoting cell proliferation has been shown to be dependent on its 

quantity, conformation, and activity, which are influenced by the surface properties 

of the underlying substratum [22, 23]. Despite of its positive effects on cell 

adhesion and proliferation, collagen is highly thrombogenic, and induces both 

platelet adhesion and aggregation as well as activation of the intrinsic coagulation 

cascade in areas which are not fully covered by endothelial cells [24]. Therefore, 

promotion of endothelial cell growth by ECM molecules causes the blood 

compatibility to deteriorate, whereas improvement of antithrombogenicity by the 

anticoagulant molecules inhibits endothelial cell growth [16]. Most studies focus on 

one aspect of biocompatibility, i.e. blood compatibility by anti-thrombotic agents, or 

cytocompatibility by endothelialization [11-13], while less reports exist considering 

both aspects [16-18, 24]. NO is an important inhibitor of platelet adhesion [11-15]. 

Treatment of endothelial cells by shear stress, cold temperature, and aspirin 

stimulates NO production and decreases thrombus formation [25]. NO-releasing 

material coatings suppress thrombogenic problems in the absence of endothelial 

cells or in areas which are not fully covered by endothelial cells [12, 13]. Nitrite, the 

stable end-product of NO metabolism, may represent a potential source of NO in 

an acidic environment [26, 27]. Therefore conjugation of collagen with NO-donor 

molecules might increase endothelial cell attachment and decrease thrombotic 

properties of collagen when it is not completely covered by endothelial cells. 

The ultimate success of endothelialization of materials depends on the 

confluency of the cellular layer [24, 28]. Several hundreds of millions of cells are 

needed to coat the hollow fibers of one meter squared artificial lung [29]. Therefore, 

it takes a long period of time to reach confluency of the cell layer on hollow fibers 

when cells are seeded at low cell densities. Sustained release of growth-inducing 

agents, e.g. growth factors or growth hormones, may possibly accelerate the 

formation of a confluent cell layer [24]. Endothelial cells could then be seeded at a 

density forming a sub-confluent layer on hollow fibers, and subsequently be 

stimulated by growth-inducing agents to rapidly form a confluent monolayer. 

Growth hormone, also known as somatropin, is such a growth-inducing agent, 

since it is a mitogen for a variety of cell types, including smooth muscle cells, 

fibroblasts, adipocytes, macrophages, lymphocytes, and endothelial cells [30]. 

Growth hormone treatment of endothelial cells reduces intracellular reactive 

oxygen species production and regulates the synthesis of multiple mRNA species, 

including that of insulin-like growth factor-1 and eNOS [30].  

Current therapeutic use of anti-thrombotic or growth-inducing agents is 

limited by their short half life, renal toxicity, physical and chemical instability, and 

rapid clearance [31]. These limitations might be overcome by controlled prolonged 

release of biological agents from liposome-based particles. Liposome-based 

particles, especially nanoliposomes, have gained considerable attention as drug 

delivery carriers because they are biocompatible, biodegradable, and capable of 
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releasing encapsulated drugs in a sustained manner by changing environmental 

conditions and transporting drugs across biological membranes [15, 31-33]. A 

biomaterial surface simultaneously co-immobilized with different liposome-based 

biomolecules possessing anticoagulant and growth-inducing properties, might 

improve both anticoagulation and endothelialization, which may provide a potential 

application for long-term usage of blood-contacting devices. Biomaterials co-

immobilized with different biomolecules have been shown to possess the 

properties of each individual biomolecule [16-18]. 

The stability of collagen or collagen-containing conjugate coatings under 

blood flow forces is still a common limitation to their clinical use [16, 34]. To study 

the interaction between conjugate coatings and blood constituents or cultured cells, 

well defined and stable coatings are required [34-36]. Immobilization of conjugate 

coatings onto a surface can be done by e.g. physical adsorption, encapsulation, 

entrapment, and covalent or ionic binding [16]. The advantages of covalent 

immobilization using carbodiimide bonds are that the immobilized biomolecules are 

robust enough to withstand blood flow shear stresses [16]. For covalent 

immobilization of conjugate coatings onto polymer surfaces, functional groups such 

as amine, carboxyl, hydroxyl, isocyanate, or epoxy are required. Since most 

conventional polymers do not have such functional groups on their surface, they 

should be modified to allow reactive group formation for covalent immobilization of 

active molecules [34-36]. 

Plasma glow discharge and plasma graft polymerization are two effective 

methods to introduce functional groups to the material's surface and subsequently 

affect surface properties, e.g. wettability, and charge [22, 37, 38]. Plasma is 

composed of highly excited atomic, molecular, ionic, and radical species, and 

creates surfaces with specific oxygen or nitrogen containing groups in the presence 

of various vapours [8, 37]. Plasma treatment modifies the outermost surface of 

polymers without changing the bulk characteristics of the material. The chemical 

composition of gas-plasma modified surfaces depends on both the gas used and 

the experimental conditions [22]. Plasma graft polymerization is another attractive 

way of modifying the surface chemistry and chemically immobilize compounds onto 

the surface of a biomaterial [34-36, 38]. A desired monomer may be polymerized 

onto the surface of a plasma-treated material resulting in the formation of a grafted 

layer on the material surface, avoiding drawbacks of monomer detachment by 

providing long-term stability. The grafted surfaces may then provide active sites for 

the binding of collagen or collagen-containing conjugate molecules. This method is 

highly surface selective, where the modification is confined to a depth of a few 

nanometers without modification of the bulk properties [38]. 
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Shear stress conditioning of endothelial cell-seeded hollow fibers 

In addition to stable collagen conjugate coating, cell retention on surface-modified 

hollow fibers is important, since cell detachment might lead to the formation of 

platelet aggregates in regions where blood is in direct contact with protein coating, 

instead of endothelial cells [21, 24]. A promising way to enhance endothelial cell 

retention onto a surface-modified material is shear stress preconditioning of cells 

with shear stresses lower than those present in the biomedical device [21, 39-41]. 

Under chronic shear stress, endothelial cells flatten, structurally remodel to spread 

the shear stress over greater surface area, and therefore increase their adherence 

to the substratum through focal contacts [42, 43]. The production of endothelial 

cell-derived anti-inflammatory agents, e.g. NO and PGI2, can increase by fluid 

shear stress [25, 44, 45]. 

Parallel-plate flow chambers are the most commonly used devices used to 

investigate the cellular response to fluid shear stress [44-47]. Calculating the exact 

amount of applied shear stress in these devices by mathematical modeling is very 

important to gain a quantitative relationship between fluid changes and cell biologic 

responses. A common mathematical model used to predict shear stresses in these 

devices employs the use of the Navier-Stokes equation for steady, pressure-driven 

flow between two parallel-plates with a no slip boundary condition applied to the 

surface of the plates, resulting in parabolic Poiseuillian flow [48]. In such models of 

flat plate flow, the calculation of the wall shear stress may be easily accomplished 

from a known velocity gradient normal to the surface. However, when various types 

of surface roughness, such as presence of hollow fibers or considering endothelial 

cell layer, are incorporated into the plate, the flow at the surface is altered and 

direction normal to the surface is not the same in all locations, increasing the 

complexity in the determination of wall shear stress [46]. To better realize the effect 

of flow in these complicated environments, computational fluid dynamics (CFD) has 

been used as a reliable technique [49-52]. CFD can reveal a detailed profile of 

pressure, velocity, flow fields, shear stresses, and oxygen transfer in cell or tissue 

culture chambers of various bioreactor designs [52]. This is useful for the design 

optimization of internal geometric configurations of bioreactors. 

Since the local fluid dynamics, especially the shear stress arising from the 

blood flow, cannot be analyzed experimentally, CFD is essential for estimating the 

blood shear stress which acts on platelets when developing blood-contacting 

devices [49, 50]. The blood flow pattern in artificial lungs is complicated and difficult 

to measure, and thus CFD has been extensively used to study the effects of 

packing of hollow fibers, and structure of the artificial lung on the oxygen transfer 

and blood trauma [53, 54]. In biohybrid artificial lungs a detailed flow field 

computation represents a unique opportunity to gain a qualitative correlation 

between the specific wall shear stress distribution over the endothelial cell-seeded 

hollow fibers and the biological behavior typical for endothelial cells under 



02 

 

controlled experimental conditions, e.g. stability, morphology, and anti-thrombotic 

functionality, thereby predicting experimental flow rates that provide optimal device 

performance [6]. Bioavailability of different biologically active factors released by 

surface-modified materials or produced by endothelial cells under shear stress can 

also be assessed using diffusion-convection physics of CFD [55]. 

 

Aim and outline of this thesis 

The aim of the studies presented in this thesis was to improve the 

endothelialization of silicone hollow fibers used in artificial lungs and subsequently 

increase their biocompatibility by surface modification and fluid hydrodynamic 

modulation. To achieve this goal, the following questions were addressed: 

1. Which functional group, e.g. peroxide, carboxyl and amine, allows strong 

collagen immobilization and improvement of endothelialization, cell 

stability, and anti-thrombotic functionality? 

2. What is the influence of flow preconditioning of endothelial cells seeded on 

surface-modified silicone in a parallel-plate flow chamber on cell stability 

and anti-thrombotic functionality?  

3. Does immobilization of nitrite and acidified nitrite generating nitrite sodium-

collagen conjugate on acrylic acid-grafted silicone increase the number of 

endothelial cells as well as growth hormone production and decrease 

platelet adhesion?  

4. Does sustained local release of sodium nitrite (as an anti-thrombotic agent) 

and growth hormone (as a growth-inducing agent) from nanoliposomes 

incorporated into collagen coating enhance endothelialization of silicone by 

increasing the number of endothelial cells, as well as by decreasing 

platelet adhesion?  

5. Is it possible to achieve enhanced bioavailability of anti-thrombotic agents 

released by surface coating or by endothelial cells under shear stress?  

To seek answers to these questions, we started by surface modification of the 

inside of large diameter silicone tubes with the same chemical composition as 

silicone hollow fibers used in artificial lungs. In Chapter 2, silicone tubes with three 

different chemical functional groups, i.e. peroxide, carboxyl, and amine, but similar 

wettability, were compared to determine the surface chemical entity that allows 

strong collagen immobilization and improvement of endothelialization, cell stability, 

and anti-thrombotic functionality. Plasma pre-modification was performed to 

introduce peroxide groups acting as initiators for graft polymerization. Then silicone 

tubes containing peroxide groups were graft polymerized with acrylic acid (AAc) to 

introduce carboxyl groups, or with aminosilane (AmS) to introduce amine groups. 

Collagen was stably immobilized using carbodiimide bonds on silicone tubes with 

carboxyl or amine functional groups. 
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A challenge to the successful development of biohybrid artificial lungs is to 

solve the problem of detachment of endothelial cells from the outside surface of 

hollow fibers when exposed to circulating blood flow. Although a stable collagen 

coating can be obtained by surface modification methods, cell retention on the 

outside surface of collagen-coated small diameter hollow fibers used in artificial 

lungs should be taken into account since cell detachment might leave parts of the 

thrombogenic collagen coating exposed to blood and subsequently induces platelet 

adhesion. In Chapter 3, flow preconditioning of endothelial cells seeded on 

collagen-immobilized AAc-grafted silicone hollow fibers is used to support the 

endothelial cell monolayer to withstand high fluid shear stress resulting from 

circulating blood flow. To examine the efficiency of collagen immobilization before 

cells were seeded, and flow preconditioning of cells after cells were seeded, on the 

stability and anti-thrombotic functionality of endothelial cells seeded on the outside 

surface of small diameter hollow fibers under shear stress, a parallel-plate flow 

chamber was designed and constructed. The precise shear stress distribution in 

the parallel-plate flow chamber was determined by COMSOL to gain a quantitative 

correlation between the shear stress and behavior of endothelial cells, e.g. cell 

detachment and anti-thrombotic function, under controlled experimental conditions. 

Collagen is highly thrombogenic, and accelerates platelet aggregation in 

those areas of a material which are not fully covered by endothelial cells. NO is an 

important inhibitor of platelet adhesion. NO-releasing material coatings suppress 

thrombogenic problems in the absence of endothelial cells or in areas which are 

not fully covered by endothelial cells. As mentioned before, nitrite, the stable end-

product of NO metabolism, may represent a potential source of NO in an acidic 

environment. Whether acidified nitrite indeed prevents platelet adhesion and 

increases endothelial cell growth has been assessed in Chapter 4. Sodium nitrite-

collagen conjugate was immobilized on the inside surface of AAc-grafted large 

diameter silicone tubes and the effect of nitrite and acidified nitrite release on blood 

compatibility and endothelialization of silicone tubes was investigated. 

A biomaterial surface simultaneously co-immobilized with different 

biolmolecules can possess the properties of each individual biomolecule. In 

addition, sustained release of biomolecules from nanoliposomes improves their 

biological effect. Therefore, in Chapter 5, it was hypothesized that co-

immobilization of nanoliposomes possessing anti-thrombotic and growth-inducing 

properties improves both anticoagulation and endothelialization. Nanoliposomal 

sodium nitrite (as an anti-thrombotic agent) and nanoliposomal growth hormone (as 

a growth-inducing agent) were prepared, blended with collagen solution, and then 

co-immobilized on the inside surface of AAc-grafted large diameter silicone tubes. 

The amount of nitrite, acidified nitrite, and growth hormone released from surface-

modified silicone tubes was determined. Sodium nitrite or growth hormone in the 

collagen conjugate at concentrations allowing improvement of endothelial cell 
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proliferation, anti-thrombotic function, as well as decreased platelet adhesion were 

applied for surface modification of the outside surface of small diameter silicone 

hollow fibers. 

The bioavailability of nitrite, an anti-thrombotic agent, near the surface of 

hollow fibers in biohybrid artificial lungs is very important to inhibit platelet 

adhesion. By applying blood flow circulation in biohybrid artificial lungs, the shear 

stress acting on the endothelial cell layer as well as mass transport characteristics 

at the fluid-endothelial layer interface will be altered. These changes affect the 

transport of nitrite released by the endothelial cell layer and from the nitrite-donor 

surface coating. The bioavailability of nitrite depends strongly on diffusion and 

convection. In Chapter 6, we modeled nitrite bioavailability, expressed as nitrite 

concentration, on the outside surface of silicone hollow fibers coated with 

nanoliposomal sodium nitrite-nanoliposomal growth hormone-collagen conjugate 

under varying fluid shear stress magnitudes. The nitrite production rate of 

endothelialized surface-modified silicone hollow fibers was determined 

experimentally under fluid shear stress in a parallel-plate flow chamber. Laminar 

flow and convection-diffusion partial equations in COMSOL were used to simulate 

nitrite transport within the parallel-plate flow chamber, and nitrite bioavailability on 

the fiber-blood interface. Finally in Chapter 7, we discuss how our results fit with 

the hypothesis that silicone surface modification and hydrodynamics modulation 

improves endothelialization in order to postulate future directions of research and 

clinical application of biohybrid artificial lungs. 
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