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Abstract 

Extracorporeal membrane oxygenation (ECMO) is a method of mechanical ventilation 

that bypasses the patient’s lung and oxygenates the blood in an external circuit utilizing 

an “oxygenator”. The oxygenator investigated in this thesis was part of the so-called 

“Mobybox” ECMO circuit developed and manufactured by Hemovent GmbH. A 

significant weakness of these devices is the formation of thrombi in the oxygenator, which 

limits usage time. The thesis aimed to evaluate the use of nitric oxide (NO) as an additive 

to the oxygenator sweep gas capable of suppressing the thrombus formation. The central 

aspect investigated was the interaction of NO with the polymer materials of which the 

oxygenator was constructed. These materials included the hollow fiber membrane made 

of polymethylpentene (PMP), the inlet/outlet cap, and the gas cap, both made of 

methylmethacrylate acrylonitrile butadiene styrene (MABS), methylene diisocyanate 

(MDI) and trimethylolpropane (TMP) based polyurethane (PU) which constitutes the 

main structural components, a silicone gasket sealing the gas cap to the oxygenator body, 

a UV-activated adhesive containing 2-hydroxyethyl methacrylate, isobornyl acrylate, and 

1-vinylhexahydro-2H-azepine-2-one, and the blood and gas hoses both manufactured 

from polyvinyl chloride (PVC) and plasticized with tris(2-ethylhexyl) trimellitate 

(TEHTM) and bis(2-ethylhexyl) terephthalate (DOTP), respectively. The interaction 

between NO and these materials was investigated using Fourier-transform infrared 

attenuated total reflectance spectroscopy (FTIR-ATR), dynamic and static contact angle 

measurements, zeta potential measurements, scanning electron microscopy (SEM), and 

x-ray photoelectron spectroscopy (XPS). Additionally, the influence of NO on the 

hemolytic properties of the oxygenator was investigated using UV/Vis spectroscopy, 

vapor pressure osmometry, and pH measurements. The investigations with FTIR-ATR 

showed that the interaction between the polymer materials and NO led to the formation 

of nitro and nitrate ester functional groups and the adsorption of HNO3 molecules on the 

polymer surfaces with MABS and PU. With PVC, only nitrate ester groups and HNO3 

molecules were formed. PMP, the silicone gasket, and the UV-activated adhesive 

remained largely unaffected by the NO treatment below concentrations of 10,000 ppm. 

These effects on the surface chemistry of the polymers proved to be stable and long-

lasting. The XPS measurements confirmed these results and revealed that the reactions 

occurred exclusively on the polymer surfaces. The contact angle measurements showed 

that the formation of these functional groups and the adsorption of HNO3 molecules led 
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to an increase in surface hydrophilicity for MABS and PU. PMP was again unaffected. 

The zeta potential measurements showed that PU likely had the highest surface 

concentration of HNO3 molecules as it was the only material that showed a shift in the 

potential curve towards a more acidic surface. The SEM images recorded of the different 

polymer materials showed no change in surface morphology or porosity of the samples. 

The investigation on the hemolytic properties of the oxygenator showed no significant 

influence of NO either. Overall, the results obtained throughout this thesis showed that 

NO had no adverse effects on the oxygenator's functionality, structural integrity, blood 

compatibility, or hemolytic properties despite the changes to the surface chemistry it 

caused with most of the polymer materials.   
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Zusammenfassung 

Extrakorporale Membranoxygenierung (ECMO) ist eine Methode der mechanischen 

Beatmung, die die Lunge des Patienten umgeht und dessen Blut in einem externen 

Kreislauf mit Hilfe eines sogenannten „Oxygenators“ oxygeniert. Der Oxygenator, der in 

dieser Arbeit untersucht wurde, war Teil des sogenannten „Mobybox“-ECMO-Kreislauf, 

der von der Hemovent GmbH entwickelt und hergestellt wird. Eine große Schwachstelle 

dieser Geräte ist die Formation von Thromben im Oxygenator, was die Laufzeit dieser 

Kreisläufe einschränkt. Das Ziel dieser Arbeit war die Evaluierung der Nutzung von 

Stickstoffmonoxid (NO) als Additiv zum Beatmungsgas des Oxygenators, welches die 

Thrombusformation unterbinden kann. Hauptsächlich untersucht wurde die Interaktion 

von NO mit den Polymermaterialien, aus denen der Oxygenator aufgebaut ist. Diese 

Materialen waren die Hohlfasermembranen, hergestellt aus Polymethylpenten (PMP), der 

Einlass-/Auslassdeckel und die Gaskappe hergestellt aus Methylmethacrylat-Acrylnitril-

Butadien-Styrol (MABS), Polyurethan (PU) bestehend aus Methylendiisocyanat (MDI) 

und Trimethylolpropan (TMP) Monomeren, welches als primäre strukturelle 

Komponente agierte, eine Silikondichtung welche die Gaskappen abdichtete, einen UV-

aktivierten Klebstoff bestehend aus 2-Hydroxyethylmethacrylat, Isobornylacrylat, and 1-

Vinylhexahydro-2H-azepine-2-on und die Blut- und Gasschläusche, welche beide aus 

Polyvinylchlorid (PVC) hergestellt waren und jeweils den Weichmacher Tris(2-

ethylhexyl)trimellitat (TEHTM) und Bis(2-ethylhexyl)terephthalat (DOTP) beinhalteten. 

The Interaktion von NO mit diesen Materialien wurde untersucht mit Fourier-Transform-

Infrarotspektroskopie mit abgeschwächter Totalreflektion (FTIR-ATR), dynamischen 

und statischen Kontaktwinkelmessungen, Zetapotentialmessungen, Rasterelektronen-

mikroskopie (REM) und Röntgenphotoelektronenspektroskopie (XPS). Zusätzlich wurde 

der Einfluss von NO auf die hämolytischen Eigenschaften des Oxygenator mit Hilfe von 

UV/Vis-Spektroskopie, Dampfdruckosmometrie und pH-Messungen untersucht. Die 

Untersuchungen mit FTIR-ATR zeigten, dass die Interaktion zwischen den 

Polymermaterialien und NO zur Formation von Nitro- und Nitratgruppen, sowie zur 

Adsorption von HNO3-Molekülen auf den Oberflächen der MABS- und PU-Polymere 

führten. Im Falle von PVC formierten sich lediglich Nitrat-Gruppen und HNO3-Moleküle 

an der Oberfläche. PMP, die Silikondichtung und der UV-aktivierte Klebstoff zeigten 

keine sichtbare Reaktion durch die NO-Behandlung bei Konzentrationen unterhalb von 

10.000 ppm. Diese Einflüsse auf die Oberflächenchemie der Polymere erwiesen sich als 
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langzeitstabil. Die XPS-Messungen bestätigten diese Resultate und zeigten, dass die 

Reaktionen ausschließlich an den Oberflächen der Polymere stattfanden. Die 

Kontaktwinkelmessungen zeigten, dass die Formation dieser funktionalen Gruppen und 

die Adsorption der HNO3-Moleküle im Falle von MABS und PU zu einem Anstieg der 

Oberflächenhydrophilie führten. PMP blieb wiederum unbeeinflusst. Die Zeta-

Potentialmessungen zeigten das PU sehr wahrscheinlich die höchste 

Oberflächenkonzentration an HNO3-Molekülen besaß, da es das einzige Polymer war, 

dass eine Veränderung der Potentialkurve typisch für eine azidere Oberfläche zeigte. Die 

REM-Bilder der unterschiedlichen Polymere zeigten keine Veränderungen im Hinblick 

auf Oberflächenmorphologie und Porosität der Proben. Die Untersuchungen bezüglich 

der hämolytischen Eigenschaften des Oxygenators zeigten ebenfalls keinen signifikanten 

Einfluss von NO. Insgesamt zeigten die Ergebnisse, die im Rahmen dieser Arbeit erzeugt 

wurden, dass NO keine negativen Effekte auf die Funktionalität, die strukturelle 

Integrität, die Blutkompatibilität oder die hämolytischen Eigenschaften des Oxygenators 

hatte, trotz der Veränderungen der Oberflächenchemie bei den meisten 

Polymermaterialien. 
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1. Introduction 

1.1 ECMO, Covid 19, and NO 

Central to this thesis is a medical technique known as extracorporeal membrane 

oxygenation (ECMO). ECMO is a method of mechanical ventilation that has been a part 

of the medical landscape since the first successful trial in the 1970s [1]. The technique 

works as follows: Blood is pumped from the patient's bloodstream, oxygen is added to, 

and CO2 is removed from the blood in a so-called oxygenator, and the blood is pumped 

back into the patient. The main application of this technique is with patients suffering 

from conditions such as acute respiratory distress syndrome (ARDS) [2, 3]. It has seen a 

steady increase in use compared to other mechanical ventilation techniques up to the 

present day, with strong increases in usage over the last two decades with generally 

superior health outcomes compared to other ventilation techniques [4]. 

 

Figure 1.1: (a) Picture of the oxygenator of the “Mobybox” produced by Hemovent during use. (b) SEM 

image of the hollow fiber membranes of the oxygenator cut apart lengthwise. 

ECMO gained significant importance with the arrival of the coronavirus disease 2019 

(COVID-19) in late 2019 and early 2020 [5]. The disease is caused by an infection with 

the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and developed into 

a worldwide pandemic throughout early 2020. In most cases, the disease expresses itself 

as a mild to moderate infection of the upper airways. In severe cases, the disease can 

progress to pneumonia and, finally, ARDS, necessitating the usage of artificial 

ventilation. The infection can progress further to complete respiratory and multi-organ 

failure [6]. ECMO played an essential role in supporting these patients, with its usage 

increasing significantly in 2020 compared to 2019 [5]. Despite ECMO’s rise in 

importance, certain weaknesses remain. One of these weaknesses and the focus of this 
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thesis is the formation of thrombi in the ECMO circuit. These thrombus formations pose 

a risk to both patients in the form of thromboembolisms and to the ECMO circuit itself 

by limiting the lifespan and efficiency of the ECMO circuit. Therefore, further 

development of ECMO circuits is still necessary to improve patient outcomes [7–9]. 

One potential route of improving the long-term performance of ECMO circuits that has 

been investigated is using nitric oxide (NO) to suppress the thrombus formation in the 

ECMO circuit. NO is a reactive gas with a wide variety of physiological functions (more 

details in Chapter 2.2.2) [10, 11]. Most importantly, for its application in ECMO circuits, 

it is part of the natural blood coagulation process. Here, it acts as a regulating agent for 

the aggregation of blood platelets [12, 13]. Different techniques of adding NO to ECMO 

circuits have been tried in the past, such as using NO-releasing polymers [14]. However, 

the direct addition of NO to the sweep gas mixture remains under-discussed, which is 

thus the focus of the thesis presented in the following chapters. 

1.2 Goals of this Dissertation 

This dissertation is based on research conducted as part of the project “NOAMED – 

Stickstoffmonoxid zur Oberflächenmodifikation beim Einsatz von Gasaustauschern bei 

der extrakorporalen Lungenunterstützung”. The project was a cooperation between the 

company Hemovent GmbH (Aachen, Germany) and the chair of physical chemistry and 

solution chemistry of Professor Dr Werner Kunz at the University of Regensburg 

(Regensburg, Germany). The project was funded by the “Zentrales Innovationsprogramm 

Mittelstand” (ZIM) or “Central Innovation Program for Small and Medium-sized 

Enterprises” financed by the Federal Ministry for Economic Affairs and Climate Action. 

The goals of the project were to evaluate the viability of adding NO to the sweep gas of 

an ECMO circuit, specifically the so-called “Mobybox” produced by Hemovent. 

Investigations were focused on the oxygenator of the ECMO circuit. On the side of the 

University, investigations focused on the effects of NO on the polymer materials that 

make up the oxygenator. The goal was to find suitable analytical techniques to analyze 

these effects and to find interpretations explaining the observed effects. A further goal 

included investigations into the solubility and distribution of NO in blood-analogous 

fluids. Hemovent’s part of the project focused on adapting the oxygenator design based 

on these findings and developing a way to add NO to the sweep gas for the commercial 

product. This thesis will focus on the methods and results of the University of 

Regensburg. 
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2. Fundamentals 

2.1 Extracorporeal Membrane Oxygenation (ECMO) 

2.1.1 History 

Extracorporeal membrane oxygenation (ECMO) is a medical technique for supporting 

patients suffering from conditions degrading their respiratory function to a point where 

internal respiration is no longer sufficient to sustain the patient. The most common patient 

condition to which this technique is applied is ARDS. Other, more short-term scenarios 

include patient support during cardiac surgery or lung transplants [2]. The history of 

ECMO devices goes back to the early middle of the 19th century, beginning with relatively 

simple isolated experiments concerning artificial blood oxygenation [15]. Throughout the 

early 20th century, the first mechanical oxygenators were developed (see Figure 2.1) [16–

19].  

 

Figure 2.1: Schematic depiction of an early mechanical oxygenator (called an “apparatus for aerating 

blood”) utilizing a rotating rubber disc (letter c in the depiction). Blood enters the oxygenator from the top, 

lands on the rubber disc, is thrown outwards, runs down a thin film exposed to the air, and finally pools at 

the bottom of the oxygenator [17]. 
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An essential early milestone in the development of ECMO devices during the same time 

frame was the discovery of heparin in 1916 [15, 20]. This discovery made it possible to 

reliably prevent blood coagulation, significantly increasing the oxygenator's use time. 

Important mechanical designs include the film oxygenator by Gibbon et al. [16, 21–23], 

the rotating disc oxygenator by Bjork et al. [24], and the all-glass bubble oxygenator by 

Clarke et al. [25], introduced in 1937, 1948, and 1952 respectively. All of these designs 

were so-called direct contact oxygenators, meaning the sweep gas mixture was brought 

into direct contact with the patient's blood. This method of oxygenation resulted in overall 

low efficiency compared to modern oxygenators. It also led to high degrees of mechanical 

stress on the blood, resulting in hemolysis, coagulation disorders, and protein 

denaturation in the blood [15]. These deficiencies led to a maximum period of use of 

about four hours [26]. The oxygenator designs remained in widespread clinical use until 

the 1970s despite their shortcomings [15]. 

As early as the 1940s, alternatives to direct oxygenation were developed. The designs 

included a protective membrane between the sweep gas mixture and the blood [27]. The 

central advantage of such a barrier between blood and gas was decreased blood trauma 

compared to direct oxygenation. Central to the development of these oxygenators was the 

selection of the membrane material. The material needed to ensure sufficient gas transfer 

of both oxygen and CO2, have suitable mechanical properties, and cause no issues when 

interfacing with blood [15]. Ethyl cellulose and polyethylene were the starting points for 

the membrane development [28]. Throughout this development, these materials were 

replaced by polymers such as polytetrafluoroethylene [29], which were then replaced by 

silicone membranes starting in the late 1950s [30]. Silicone membrane oxygenators 

remain in clinical use up to the modern day [31]. The development focus then shifted 

from the membrane material to oxygenator geometry. The thickness of the bloodstream 

was the primary factor limiting the efficiency of thin film membrane oxygenators. This 

limited the contact area between blood and membrane and, therefore, also the gas transfer 

efficiency [32]. To increase the efficiency, silicone capillary oxygenators were 

developed. These capillaries are generally referred to as hollow fibers [33]. Early 

configurations of such hollow fiber oxygenators channeled the blood flow through the 

inside of the hollow fiber, with the sweep gas being channeled around the outside of the 

fibers [34]. In addition to the geometry development, microporous membranes were 

developed as alternatives to solid silicone membranes [35]. Microporous polypropylene 

emerged as the material of choice, having a sufficiently small pore size and being cheap 
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and reliable to manufacture [15]. Such microporous membranes were subsequently used 

as hollow fiber membranes, improving efficiency compared to silicone membranes [36]. 

Using microporous hollow fiber membranes also decreased manufacturing complexity 

and cost [15].  

 

Figure 2.2: Schematic depiction of the oxygenator sweep gas flowing inside the hollow fiber membrane 

while the blood flows past on the outside of the fibers [37]. 

The next significant development step in oxygenator geometry was the switch from a 

hollow fiber oxygenator with the blood flow on the inside of the hollow fiber to blood 

flow on the outside of the hollow fiber. This switch led to decreased pressure on the inside 

of the hollow fiber membrane and an increase in efficiency due to the larger outer surface 

area of the hollow fiber acting as the contact surface between blood and the gas mixture 

[36, 37]. The final step of development, leading to the technological state of the 

oxygenator discussed in this thesis, was the introduction of polymethylpentene as a 

membrane material. PMP led to extended oxygenator life spans while maintaining the 

same oxygenation efficiency as microporous polypropylene [38, 39].  
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2.1.2 Working Principle 

ECMO devices can be operated in two modes: veno-venous and veno-arterial [2]. With 

VV ECMO, two common cannulation approaches are taken, using a femoral vein as the 

drainage point in both cases. Either the other femoral vein or a jugular vein is used for 

infusion. A further variant of VV ECMO is the so-called dual lumen single bicaval 

cannulation, where drainage and infusion are handled via a single cannulation into a 

jugular vein [2, 40]. VA ECMO generally uses six different cannulation approaches. Four 

of these are peripheral cannulation approaches. Three of the peripheral cannulation 

approaches use a femoral vein for drainage and either an axillary, carotid, or femoral 

artery for infusion [2]. The fourth peripheral cannulation approach, the so-called sport 

configuration, uses a jugular vein for drainage and an axillary artery for infusion [41]. 

The central cannulation approach and the right ventricular assisted device (RVAD) access 

the right atrium for drainage and the ascending aorta or the pulmonary artery for infusion 

[2]. The central cannulation approach is generally used in short-term scenarios, such as 

patient support during surgery. Peripheral cannulation is used in longer-term scenarios 

[41]. Overall, this paragraph provides an overview of the basic cannulation techniques 

used with ECMO devices. More advanced techniques such as Veno-arterio-venous 

(VAV) ECMO exist but are not discussed further here, as they just represent further 

variations of existing cannulation geometries utilizing the same blood vessels [40]. 

 

Figure 2.3: On the left: Schematic depiction of a central veno-arterial cannulation. On the right: Schematic 

depiction of a central veno-venous canulation [42]. 

VV and VA ECMO have advantages and disadvantages, leading to different application 

scenarios. VV ECMO requires a patient with stable hemodynamics to be implemented as 

this cannulation technique does not bypass the heart or lung, maintaining pulmonary 

blood flow [2]. It is mainly used in cases of severe respiratory failure [43, 44]. VA ECMO 

bypasses both heart and lung entirely, with only the RVAD cannulation technique 
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channeling blood through one half of the heart, providing respiratory and hemodynamic 

support [2]. It is commonly employed during heart transplantations or as an alternative to 

a cardiopulmonary bypass [43]. VA ECMO generally provides better oxygenation 

efficiencies than VV ECMO, as the externally oxygenated blood is mixed with arterial 

blood and can directly perfuse distal organs [2]. VA ECMO also results in less frequent 

oxygenator failure than VV ECMO [45]. Regarding patient survival rates, research is 

somewhat inconclusive, with some seeing an advantage for VV ECMO, while others do 

not see an advantage for either technique [43, 45, 46]. 

After the blood is taken from the patient, it travels through hoses toward the oxygenator. 

In most cases, this blood flow is driven by a pump that sits in between the drainage 

cannulation site and the oxygenator. The two most common pump types employed in 

ECMO devices are centrifugal and peristaltic pumps [47]. These types of pumps cause 

significant amounts of mechanical stress to the blood, which leads to hemolysis and 

thrombus formation [48, 49]. Centrifugal pumps have been found to have a generally 

better performance in this regard compared to peristaltic pumps, although the issue is still 

present with this pump type as well [49, 50]. A membrane pump was used in the ECMO 

device investigated in this thesis to improve the hemolytic and thrombogenic properties. 

This two-chamber membrane pump used a polyurethane membrane integrated into a 

pump body made from MABS plastic. The membrane was pneumatically driven by the 

sweep gas flow to avoid the usage of an external power supply [51].  

As discussed previously, throughout the development history of ECMO, a wide variety 

of oxygenators were developed and produced (see Chapter 2.1.1). Even just the 

oxygenators still in use today represent a wide variety of shapes and sizes [52]. The 

following discussion of the oxygenator’s construction is limited to the oxygenator 

contained in the so-called “Mobybox” produced by Hemovent, as it is the only oxygenator 

relevant to this thesis. 
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Figure 2.4: Overview of the constituent parts of the oxygenator: (a)The inlet cap (MABS), including the 

hose connection for the blood hose. The hollow fiber membrane (PMP) is visible through the inlet cap. (b) 

The gas cap (MABS) clipped to the side of the oxygenator body. Two of the gas caps have integrated hose 

connectors and are sealed to the oxygenator body using a (g) silicone gasket. (c) The blood hoses (PVC) 

are connected to the inlet and outlet cap hose connectors. (d) The gas hoses (PVC) are connected to two of 

the four gas caps via the integrated hose connectors. (e) The outlet cap (MABS), including the hose 

connection for the blood hose. The hose connection is attached to the outlet cap using a UV-activated 

adhesive. The hollow fiber membrane is visible through the outlet cap. (f) PU-Material constituting the 

primary structural element of the oxygenator body. (h) The ends of the hollow fiber membrane (PMP) 

encased in the PU-Material. 

The oxygenator used in this device utilizes PMP hollow fiber membranes arranged in 

mats. These mats are layered on top of each other in an alternating fashion, with the fiber 

direction of every other mat layer oriented perpendicular to the layer above and below. 

Each fiber has an outer diameter of 380 µm and an inner diameter of 200 µm, with a wall 

thickness of 80 µm. The total surface area of the hollow fiber used in the oxygenator is 

1.6 m2 [8]. The ends of these hollow fibers are encased in PU, which forms the main 

structural component of the oxygenator. The PU material was cut down to size, exposing 
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the hollow fiber openings at each fiber end. The cavity in the middle of the PU material 

containing the exposed hollow fiber is closed off with an inlet and an outlet cap, both 

made from MABS plastic, containing the connectors for the blood hoses. Clipped to the 

outside of the oxygenator are the so-called gas caps. Two of these gas caps are sealed to 

the PU body with a silicone gasket. Due to the gaskets, the sweep gas flow connected to 

these two gas caps is forced to flow through the hollow fibers. During operation, CO2-

rich venous blood flows through the hollow fiber membrane mats perpendicular to the 

fiber orientation. As the blood flows through the oxygenator, its pressure drops by around 

19 mmHg at a flow rate of 4 L/min. This represents a relatively low pressure drop 

compared to other oxygenators [8]. The oxygen in the sweep gas mixture diffuses into 

the blood through the hollow fiber membrane. At the same time, the CO2 present in the 

blood diffuses into the hollow fiber membrane. In animal testing, maximum oxygen 

transfer rates of around 220 mL/min and CO2 transfer rates of 283 mL/min were achieved 

[8]. The now oxygenated blood exits the oxygenator and flows back into the patient. The 

sweep gas mixture travels along inside the hollow fibers, being vented into the 

surrounding air at the end of the fibers. 

2.1.3 Complications 

ECMO treatment can lead to a wide range of possible complications. A common 

complication is bleeding at the cannulation site, as well as internal hemorrhaging in 

various locations. Bleeding and hemorrhaging primarily arise due to the heparinization 

of the ECMO circuit, leading to a decreased blood clotting ability [2, 53]. The most 

common cause of death for ECMO patients is intracranial hemorrhaging, with 43% of 

deaths being associated with this condition [54]. The choice of anticoagulant can also 

cause issues. Heparin is the most common anticoagulant for ECMO circuits. However, 

patients can develop antibodies to platelet factor four, leading to Heparin-induced 

thrombocytopenia (HIT).  This complication can be mitigated by switching to other 

anticoagulants [55, 56]. Neurological complications are also a known risk, with seizures, 

infarction, and intracranial hemorrhage being common symptoms [57, 58]. ECMO 

patients commonly suffer from medical complications like hypertension, arrhythmia, 

oliguria, and gastrointestinal hemorrhage [2]. Due to the ECMO circuit being a large 

foreign body in the bloodstream, septic complications are also well-known [59].  

 



Fundamentals 

 

10 

 

 

Figure 2.5: Simplified schematic depiction of the mechanism of thrombus formation in blood-containing 

biomedical devices [60]. 

Thrombus formation is another common complication in ECMO devices and the focus of 

this thesis. The oxygenator and pump are significant contributors to thrombus formation, 

as are the connection points of the blood hoses. The moving parts of the pump and the 

complex surface of the oxygenator cause turbulent blood flow, where thrombi 

preferentially form [7]. On the one hand, thrombus formation represents a medical risk 

for the patient. It can potentially cause systemic, cardiac, and pulmonary 

thromboembolisms as well as consumption coagulopathy [2, 61]. However, the risk for 

thromboembolisms can be largely mitigated by monitoring the ECMO circuit [61]. The 

main issue with thrombus formation is mechanical. The ECMO circuit becomes 

increasingly occluded as more and larger thrombi form in the ECMO circuit, especially 

around the oxygenator and the pump [50]. This leads to a decrease in pump efficiency 

and blood flow rate, decreasing the oxygenation efficiency [8, 9]. The ultimate result of 

this development is oxygenator failure. This means that the oxygenator has to be replaced, 

especially if more prominent thrombi form [7]. Replacement of parts of the ECMO leads 

to an interruption in patient support for the duration of the procedure and further dilution 

of the blood. Inflammation is also a risk factor due to renewed surface contact activation 

[62]. 
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2.2 Nitric oxide (NO) 

2.2.1 General Information 

Nitric oxide (NO) is a highly reactive diatomic free radical. The gas is industrially 

produced using the Ostwald method. In this process, a mixture of ammonia and air is 

passed over a heated platinum catalyst, resulting in the formation of nitric oxide and water 

[63]: 

 
 

(1) 

NO is naturally produced via the oxidation of one of the guanidino groups of L-arginine, 

catalyzed by the enzyme nitric oxide synthase (NOS) [64]. 

2.2.2 Environmental Role 

Nitrogen oxides present in the atmosphere originate from a wide variety of sources. 

Among them are natural causes such as the stratosphere-troposphere exchange, lightning, 

and microbial processes in the soil [65]. Besides the natural, anthropogenic sources play 

an ever-increasing role in the atmospheric concentration of these compounds. The main 

sources of anthropogenically created NO are burning fossil fuels and biomass and 

agricultural emissions. The burning of fossil fuels is the source of various pollutants, 

including carbon monoxide, unburned hydrocarbons, and nitrogen oxides [66, 67]. In 

agriculture, the primary source of NO emissions is the use of ammonium-based fertilizers. 

Only about half of the fertilizer applied to a given crop field is absorbed by the plants. 

The remaining fertilizer is left to react further through reactions catalyzed by bacteria or 

fungi. Ammonia is produced in the first step, followed by NO3
- through nitrification. NO3

- 

can then be reduced and forms nitrogen oxides such as N2O and NO through the so-called 

denitrification [68]. Unlike greenhouse gases such as CO2, N2O, or methane, NO does not 

directly absorb radiation. Instead, it leads to an increased production of O3 in the 

troposphere. The highly reactive nature of NO also leads to further reactions, with the 

potential of altering the atmospheric chemistry [67, 69]. 
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Figure 2.6: Schematic depiction of the processes nitrogen-based fertilizers undergo after their addition to 

agricultural systems [68]. 

A variety of strategies to avoid the release of NO into the atmosphere have been 

developed over time. One of the most prominent is the three-way catalytic converter 

employed in automobiles. The widespread introduction of these catalytic converters in 

cars throughout the 1970s and 80s has curbed the emission of nitrogen oxides in general 

and NO specifically in recent decades, with conversion rates upwards of 80 percent [70]. 

For industrial sources of nitrogen oxides, a variety of methods has been employed, 

ranging from modifications to combustion processes to exhaust treatment methods such 

as selective catalytic reduction (SCR) and selective non-catalytic reduction (SNCR) [71, 

72]. The mitigation of emissions from agriculture, mainly through fertilization, proved 

more challenging. Potential pathways are more precision in the application of fertilizer to 

reduce excess concentrations of nitrogen species or the application of nitrification 

inhibitors, which include compounds such as dicyandiamide or nitrapyrin. As these 

compounds have significant drawbacks in terms of both cost and pollution risks, research 

into biological nitrification inhibitors such as brachialactone or 1,9-decanediol has also 

been conducted [68]. 
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2.2.3 Biological Role 

2.2.3.1 Overview 

Until the 1980s, NO was almost exclusively discussed as an environmental pollutant. In 

the late 1970s and 80s, research led to the first discoveries concerning the biological role 

of NO [73]. F. Murad et al. discovered that NO increases the activity of guanylate cyclase 

and the accumulation of cyclic guanosine monophosphate (cGMP) in animal tissue 

samples [74]. During the 1980s, R.F. Furchgott et al. conducted extensive investigations 

into vasodilators such as acetylcholine, bradykinin, and ATP. These investigations led to 

the discovery of a connection between these compounds' vasodilatory effect and 

endothelial cells' presence. Vasodilation only occurred when endothelial cells were 

present, and the so-called endothelium-derived relaxing factor (EDRF) was identified as 

the compound responsible for this behavior. It was discovered that compounds like 

acetylcholine do not cause vasodilation directly but merely stimulate the release of EDRF 

from endothelial cells. EDRF itself then acts as the vasodilator. However, the exact 

mechanism of how EDRF causes vasodilation, as well as the structure of EDRF, remained 

unclear [75–78]. In 1987, L.J. Ignarro et al. were able to determine the structure of EDRF. 

Investigation had shown that EDRF had similar effects on tissue to NO, crucially the 

accumulation of cGMP leading to the relaxation of smooth muscle cells, resulting in 

vasodilation. Further research based on these similarities ultimately led to the 

identification of NO as the key component of EDRF [79].  

After identifying the vasodilatory function of NO, the mechanisms of biological NO 

production were elucidated. NO is produced enzymatically from L-arginine with the help 

of a group of enzymes called NO synthase (NOS), which exists in various cell-specific 

isoforms. The first isoform is the neuronal constitutive NO synthase (nNOS) found in 

neuronal cells. It is responsible for NO production in the central and peripheral nervous 

systems. The second isoform is the endothelial constitutive NO synthase (eNOS) found 

in vascular smooth cells and responsible for NO production in the cardiovascular system. 

The final isoform is the inducible NO synthase (iNOS). iNOS is not specific to a particular 

cell type but can be induced in various cells. The significant difference between iNOS 

and the other isoforms is that its activity is independent of the Ca2+-concentration [64, 

80–83].  
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Figure 2.7: Schematic depiction of the NOS-catalyzed process of NO production [84]. 

NOS is generally composed of an oxygenase domain containing binding sites for L-

arginine, the cofactor tetrahydrobiopterin, and ferric heme, and a reductase domain 

binding nicotinamide adenine dinucleotide phosphate (NADPH) as well as the cofactors 

flavin adenine dinucleotide (FAD), and flavin mononucleotide (FMN). Activation of 

NOS results in the transfer of electrons from NADPH through a Ca2+-calmodulin complex 

to the heme group bound to the oxygenase domain, leading to oxygen being bound to the 

heme groups. A five-electron oxidation occurs at the guanidine nitrogen of L-arginine 

bound to the oxygenase domain, resulting in the formation of nitric oxide and L-citrulline. 

Following the reaction, L-citrulline is converted back into L-arginine through a reaction 

catalyzed by arginosuccinate lyase, keeping the L-arginine levels in the respective cell 

constant [10, 84–88]. The NO formed through this reaction generally has a biological 

half-life of between 3 and 30 seconds. This short half-life is mainly due to NO readily 

binding to oxyhemoglobin (Oxy-Hb) [11]. 

A wide variety of biological functions have been identified since the discovery of the 

vasodilatory function of NO. This includes both functions based on its vasodilatory 

functions and its capabilities as a signaling molecule. NO occupies regulatory functions 

in the central nervous, pulmonary, gastrointestinal, and cardiovascular systems, among 

others [10, 11].  

In the central nervous system, NO plays a vital role as a potent vasodilator involving a 

variety of agonists, such as acetylcholine, serotonin, and oxytocin. NO in the central 

nervous system is not solely derived from endothelial cells but is also produced by 

neurons and glia [11]. The vasodilatory function of NO is used in scenarios like the 

regulation of the basal cerebral vascular tone or mediation of cerebral blood flow to 

manage seizure and cortical depression [89, 90]. NO also plays a role in hypoxia and 
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ischemia recovery [89, 91]. Apart from the functions based on its vasodilatory function, 

NO acts as a neurotransmitter. This can be an anterograde neurotransmitter at the 

presynaptic end of peripheral nitrergic nerves, regulating pain transmission between 

primary and secondary neurons in the spinal cord, among other functions [10, 92, 93]. 

NO also acts as a retrograde neurotransmitter, taking part in the activation of N-methyl-

D-aspartate receptors (NMDAR) [10, 94, 95]. 

In the pulmonary system, NO mediates regulatory mechanisms such as cholinergic 

bronchoconstrictor and adrenergic bronchodilator neural mechanisms. The vascular 

dilatory function of NO plays a role in controlling the vascular tone of the pulmonary 

system. Additionally, S-nitrosothiols formed from the reaction between NO and protein 

thiols can control bronchodilation [96, 97]. NO’s influence on the pulmonary system is 

also utilized in a pharmaceutical context as an inhalation gas acting as a selective 

pulmonary vasodilator. It dilates the alveoli's blood vessels, improving ventilation-

perfusion matching and increasing lung efficiency. The gas concentrations are typically 

chosen at 80 ppm and below [11, 98, 99].  

NO occupies a central role in the cardiovascular system due to its vasodilatory function, 

being the central compound determining both intravascular volume and vascular tone and 

playing a central role in the maintenance of vascular homeostasis [11]. NO also has an 

atheroprotective role through the inhibition of lipoprotein oxidation and a role in 

counteracting membrane injury caused by free radicals [11, 100, 101]. Furthermore, NO 

plays a role in the hypoxia response by counteracting the vasoconstrictive effects of 

hypoxia, thus increasing perfusion levels [11, 102]. Another important NO function in 

this context is its antithrombotic properties, which will be discussed in more detail in 

chapter 2.2.3.2. 

In the gastrointestinal system, NO acts as a vasodilator as part of the system’s regulatory 

functions. Among the vasodilation-based regulatory functions are systems like the 

mucosal blood flow, maintaining mucosal integrity, and preventing the formation of 

ulcers. NO also regulates hemodynamic responses to liver disease, hepatocyte synthetic 

function, and relaxation of the muscolaris [11, 103, 104].  

Besides its role as a vasodilator, NO also acts as a signaling molecule. High reactivity and 

short physiological half-life mean only short-range signaling directly happens through 

NO. In contrast, longer-range signaling processes occur through intermediary molecules 
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such as nitrites or S-/N-nitroso proteins. These more stable compounds can travel longer 

distances, releasing NO at the target destination [10, 105]. Long-range signaling is 

generally called the classical mechanism, whereas short-range signaling is summarized 

under the non-classical mechanism [10]. The classical mechanism works through the 

activation of guanylate cyclase, with NO binding to the heme group of the enzyme, 

thereby catalyzing the formation of cGMP from guanosine 5’-triphosphate. cGMP then 

activates cGMP-dependent serine/threonine protein kinase (PKG), through which various 

cellular processes are modulated. This includes cardioprotection, neurotransmission, and 

platelet aggregation [106–110]. The non-classical mechanism involves NO's covalent 

modification of biomolecules, such as the S-nitrosylation of protein thiols or the metal 

nitrosylation of transition metals. S-nitrosylation can regulate conformational changes of 

the protein and internal processes of cells, like DNA transcription, repair, or growth. 

Metal nitrosylation of transition metals occurs mainly with heme groups. NO can block 

the function of cytochrome C or hemoglobin (Hb) by binding to their respective heme 

groups. It can also activate proteins like soluble guanylate cyclase (sGC) through the same 

reaction [111–114]. 

The regulatory functions presented in this chapter represent only a very brief and compact 

overview of some of NO's biological functions. It did not touch on subjects such as NO's 

antibacterial or antiviral properties. The primary purpose was to showcase the versatility 

of this simple molecule, which plays a role in a wide variety of physiological systems. 

2.2.3.2 Inhibition of Blood Clotting 

Chapter 2.2.3.1 showcased NO's versatility in the physiological context. This chapter 

discusses the NO functionality central to this thesis's research objectives: its role in 

regulating blood coagulation.  

The blood coagulation process generally occurs according to the following mechanism: 

a blood vessel is damaged, disrupting its endothelium. This disruption exposes the parts 

of the vessel walls underneath the endothelium where platelets can adhere. Soluble factors 

such as epinephrine, ADP, serotonin, or thrombin amplify the platelet membrane signal 

generated through platelet adhesion throughout the blood plasma. This leads to further 

platelets being activated and accumulating at the wound site. This increase in activated 

platelets ultimately leads to platelet aggregation. Platelet aggregation happens by 

activating lipid-metabolizing enzymes like the phospholipases A and C. These enzymes 

catalyze the reorganization of the platelets’ cytoskeleton, leading to the release of platelet 
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constituent compounds to extracellular compartments. The aggregation is amplified by 

ADP, thromboxane A2 (TXA2), and gelatinase A [12, 115]. In its final stage, platelet 

aggregation leads to the formation of a network of bridges between the platelets consisting 

of fibrinogen and Willebrand Factor. These bridges are formed due to conformational 

changes in the integrin receptors IIb and IIIa. In addition to the fibrinogen network, the 

platelets also form aggregates with leukocytes through P-selectin, which has been 

translocated to the platelet surface [12].  

 

Figure 2.8: Overview of the mechanisms of both NO synthesis and subsequent reactions of NO. Marked in 

red is the mechanism of platelet aggregation suppression [12]. 

NO can influence blood coagulation at all stages of development by inhibiting platelet 

activation, adhesion, and aggregation. Research generally differentiates between two 

types of NO inhibiting the blood coagulation cascade: autocrine NO, produced in the 

platelets themselves, and paracrine NO, generated outside the platelets [12, 13, 116]. 

Coagulation regulation through paracrine NO generally happens through continuous 
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generation from endothelial cells and leukocytes, keeping the platelets inactive under 

regular conditions [117]. In the case of injury, a combination of autocrine and paracrine 

NO is produced. NOS in the platelet is activated by collagen through the glycoprotein VI 

(GPVI) receptor in a process sensitive to the Ca2+ concentration in the platelet [118–120]. 

The NOS subsequently produces NO from L-arginine (see Chapter 2.2.3.1). NO then 

activates sGC by binding to the heme group of the enzyme, leading to the formation of 

cGMP. cGMP then activates cGMP-dependent PKG [121]. Platelet activation itself is 

then inhibited through several pathways. These pathways include decreasing cytosolic 

Ca2+ levels by inhibiting the release of Ca2+ from the sarcoplasmic reticulum, which is 

stimulated through inositol 1,4,5-triphosphate (IP3) [122]. cGMP also increases the 

intracellular cyclic adenosine monophosphate (cAMP) level by inhibiting 

phosphodiesterase 3 (PDE 3) and, therefore, the breakdown of cAMP. Both enzymes then 

act synergistically to inhibit platelet aggregation [118, 123]. cGMP is also able to inhibit 

phosphoinositide 3-kinase (PI3-K), which mediates the activation of glycoprotein (GP) 

IIb-IIIa fibrinogen receptors [124, 125]. The third and final mechanism by which cGMP 

can inhibit platelet function is by activating PKG. PKG then phosphorylates the TXA2 

receptors, thereby inhibiting them [126]. 

2.2.3.3 Side Effects 

As mentioned in chapter 2.2.3.1, NO is already used as an inhalant, acting as a selective 

pulmonary vasodilator and counteracting conditions such as pulmonary hypertension 

[98]. However, in this context, it is also necessary to consider the side effects of NO being 

used in this fashion. They encompass a variety of different mechanisms, including both 

nitrosative and oxidative stress and the formation of methemoglobin (Met-Hb) [127]. The 

most prominent among these mechanisms is the latter. NO possesses an affinity to Oxy-

Hb 1500 times higher than even CO [128]. After inhalation, NO is absorbed rapidly by 

Oxy-Hb. NO then oxidizes the ferrous ion of Hb to a ferric ion, forming Met-Hb. Met-

Hb possesses a reduced oxygen-carrying ability compared to regular Hb. The remaining 

heme sites also display an increased oxygen affinity, impairing the unloading of oxygen 

to the tissue [129]. This effect usually does not pose a severe threat to patients as Met-Hb 

is rapidly reduced to Hb through Met-Hb reductase. However, accumulation of Met-Hb 

is possible in cases of Met-Hb reductase deficiency or excess concentrations of NO 

through its use as an inhalant [130–132].  
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Nitrosative stress occurs through the formation of nitrosamines and S-nitrosothiols 

associated with conditions of cardiovascular function or cancer [127, 133]. These 

compounds are formed through metal-mediated nitrosation. Here, S-nitrosothiols and 

nitrosamines are formed from the reactive nitrogen oxide species (RNOS) and metal 

complexes such as sodium nitroprusside or heme complexes [134]. A variety of proteins, 

such as cobalamin, catalyzes these reactions [135]. In the context of nitrosative stress, 

RNOS can originate from three different sources: The autoxidation of naturally occurring 

NO and the NO/O2-reaction under excess NO concentration, leading to the formation of 

NO2 and nitrous acid (HNO2). The primary intermediate of these reactions is dinitrogen 

trioxide (N2O3). The reaction equations are as follows [127, 136]: 

 
 

(2) 

 
 

(3) 

 
 

(4) 

Higher concentrations of the RNOS are only present due to excess NO concentration 

during inhalation and do not occur in significant concentrations under natural conditions 

[127]. 

Looking at oxidative stress, high concentrations of RNOS due to excess NO 

concentrations are again the origin. In this case, the RNOS consist of NO2, nitroxyl 

(HNO), and peroxynitrite (ONOO-) [127]. Oxidative stress includes phenomena such as 

the oxidation of DNA leading to strand breaks, the oxidation of lipids leading to lipid 

peroxidation, and the oxidation of proteins. These effects can limit cellular functionality 

[137]. 
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2.3 Nitrogen Dioxide (NO2) 

2.3.1 General Information 

NO2 is the second important gas for the research conducted for this thesis. Like NO, NO2 

is also a highly reactive free radical. Both gases are closely related, as one primary source 

of NO2 is the oxidation of NO with ambient oxygen.  NO2 is a volatile, reddish-brown 

gas under standard ambient conditions despite its boiling point of 21.15 °C due to its low 

partial pressure in the atmosphere. The gas is heavier than air, strongly oxidizing, and 

corrosive [138, 139]. 

2.3.2 Environmental Role 

The primary source of anthropogenically produced NO2 in the atmosphere is combustion 

processes producing a mixture of different nitrogen oxides. Over 90 % of the emitted 

nitrogen oxides are NO, with the remaining percentage being NO2. NO is then rapidly 

oxidized in contact with the air to NO2 (see Equation 2). NO2 can also be produced 

directly through oxidation at elevated temperatures according to the following reaction: 

 
 

(5) 

Due to the rapid oxidation of NO under ambient temperatures, NO2 is generally 

considered the primary atmospheric pollutant [138, 140]. NO2 can also stem from natural 

sources. NO2 occurs naturally in the atmosphere through intrusion from the stratosphere, 

bacterial and volcanic activity, and forest fires or lightning. These natural sources result 

in a background concentration of NO2 of around 0.0001 ppm. Emissions from the 

combustion of fossil fuels are the primary source of anthropogenic emissions, with the 

transportation sector and indoor heating being the most significant contributors to NO2 

exposure [141]. The major environmental impact of NO2 is its role in the formation of 

acid rain. Acid rain is a phenomenon caused by emissions of both sulfur dioxide (SO2) 

and nitrogen oxides like NO2. SO2 produces sulfuric acid (H2SO4) through the 

intermediate sulfur trioxide (SO3), while NO2 forms nitric acid (HNO3) in contact with 

water. Acid rain has various effects on the environment: it increases the nitrate levels in 

the soil, leading to nitrate saturation and a decrease in calcium and magnesium levels. It 

also leads to the formation of aluminium nitrate and sulfate, which are toxic to tree life 

and many aquatic organisms. The precipitation of acid on vegetation negatively affects 

the photosynthetic capacity and growth of the affected plants as leaves and needles are 

damaged. This leads to an increase in draught and disease susceptibility. Soil fertility is 
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decreased as potassium and phosphorus levels are reduced and bodies of water are 

acidified, leading to the loss of fish life [142, 143]. 

As discussed for NO (see Chapter 2.2.1), nitrogen oxide emissions have been mainly 

mitigated in the present day by the use of catalytic converters for cars beginning in the 

1970s/80s, as well as the introduction of methods such as SCR and SNCR in factories 

and power plants. Due to these countermeasures and considerable regulatory efforts, acid 

rain has been largely mitigated in the present-day [70–72, 142, 144]. 

2.3.3 Toxicity 

Besides the more significant environmental impact, the toxicity and health impacts of 

NO2 are essential factors to consider. Individual exposure through sources such as indoor 

stoves or occupational exposures is particularly relevant in this context. At the same time, 

the general background concentration of NO2 also plays a role in the form of busy 

roadways or industrial compounds in proximity to residential areas. However, the 

research into the effects of NO2 has produced results not yet entirely conclusive. Despite 

this, a variety of effects on human health have been identified [145]. The acute effects of 

NO2 exposure include a reduction in pulmonary function and an increase in bronchial 

reactivity. Long-term exposure can lead to effects on various organs. The lung is the 

primary target, but organs such as the spleen, liver, and blood are also affected [146]. NO2 

can cause a change in cell types in tracheobronchial and pulmonary regions, as well as 

emphysema-like effects. The susceptibility of the lung to both bacterial and viral 

infections is also increased, although the precise mechanism behind this effect remains 

unidentified [145, 147]. Upper and lower viral respiratory tract infections are possible 

results of increased NO2 exposure [148, 149]. People who have asthma, in particular, are 

at risk from NO2 pollution as it can both cause and exacerbate the disease [145]. There 

are also studies suggesting a connection between NO2 and increases in stroke-related 

mortality rates [150]. Connections between NO2 exposure and cardiac disease, cardiac 

failure, ischemic heart disease, myocardial infarction, and total cardiovascular failure 

have also been reported [151]. At exceptionally high concentrations of NO2, severe lung 

injury and death are possibilities [145]. 
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2.3.4 Reactions with Polymers 

Extensive research has been done to examine the interactions between NO2 and polymers. 

The initial research on the interaction between polymers and NO2 was conducted by T. 

Ogihara et al. in the mid-1960s, focussing on the reaction between polyethylene and the 

addition reaction to C-C double bonds [152, 153]. The research was expanded throughout 

the 1960s and 70s by H. Jellinek et al. It encompassed reactions of both NO2 and SO2 

with polymers like butyl rubber, polyethylene, polypropylene, polystyrene, and 

polyurethane. A variety of possible reactions was identified, ranging from the simple 

addition reaction of NO2 to double bonds in the polymer chains forming nitro groups to 

reactions such as chain scissions and crosslinking reactions [154–160].  

The first reaction to look at is the electrophilic addition of NO2 to C-C double bonds. The 

first step is the addition of one NO2 molecule to the double bond, leading to the formation 

of a nitro group and a radical:  

 

 

(6) 

In the second step, a second NO2-molecule is added, leading to the formation of either 

dinitro nitro-nitrite compounds: 

 

 

(7) 

Early experiments found an equal proportion of both compounds in the final product, with 

an overall ratio of nitro to nitrite ester groups of 3:1 [153]. The nitrite groups formed 

because of this reaction are unstable and can react further to form nitrate ester groups, 

among other possible secondary reactions [152, 161]: 

 

 

(8) 

 

 

(9) 
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Other secondary reactions include the formation of hydroxy groups or carbonyl groups 

[152].  

The second category of possible reactions is chain scissions. Chain scission reactions 

generally occur along similar mechanisms depending on the affected polymer. The 

following mechanism of chain scission in polystyrene acts as an example of these 

reactions: In the first step, a hydrogen atom from the polymer chain is abstracted by NO2, 

leading to the formation of a radical site in addition to an HNO2 molecule: 

 

 

(10) 

The radical site reacts with NO2 again, forming either nitro or nitrite ester groups 

identically to the above mechanism (see Equations 6 and 7). Both functional groups can 

then lead to chain scission through the following mechanism [154]: 

 

 

(11) 

 

 

(12) 

 

 

(13) 

 
 

(14) 

The final category of reactions is the cross-linking reactions. These reactions are possible 

following the first steps of addition reactions (see Equation 6) and chain scission reactions 

(see Equation 10). The radical formed in these initial reaction steps can react with another 

radical, leading to crosslinking in the polymer. An example of such a process is the 

crosslinking reaction of polyurethane [159]: 

 

 

(15) 
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(16) 

 

 

(17) 

The ratio between addition reaction, chain scission, and crosslinking depends on the 

treated polymer. The addition reaction generally accounts for most reaction products, 

with chain scission and crosslinking being side reactions. Polymers such as butyl rubber 

show an increased tendency towards chain scission, while polybutadiene and 

polyisoprene tend to exhibit a higher tendency towards crosslinking [157, 160].   

Since the publications of Jellinek et al., more research has been conducted, expanding the 

range of tested polymers and treatment conditions. Work by E. Davydov et al., for 

example, expanded the research through the testing of polymers, such as polyamides and 

imides, at elevated temperatures and NO2 concentrations. Under these conditions, 

hydrogen abstraction was observed even from stable N-H bonds present in amides and 

imides [162]. Further investigations, both experimental and simulated, were performed, 

with a few selected examples of this research contained in the rest of the paragraph: 

Investigations of the reaction of NO2 with alkenes in solution led to a better understanding 

of the reaction rates of the addition reaction through the work of D. Giamalva et al. [163]. 

I. Oluwoye et al. performed DFT simulations, contributing to a better understanding of 

the transition states of the addition reaction [164]. J. Powell et al. proposed an alternative 

pathway for the initial step of the addition reaction based on data from 15N nuclear 

polarization. This alternative pathway utilizes N2O4 instead of the successive addition of 

two NO2 molecules (see Equations 6 and 7). The proposed mechanism is displayed below 

[165]:  

 

 

(18) 
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2.4 Polymers 

2.4.1 Polymethylpentene (PMP) 

 

Figure 2.9: Chemical structure of polymethylpentene (PMP) [166]. 

PMP is a semi-crystalline, linear α-polyolefin composed of 4-methyl-1-pentene 

monomers. It is a thermoplastic polymer with a high thermal stability and chemical 

resistance [166]. The polymer is produced according to the following mechanism: In the 

first step, propene is dimerized using an alkali metal catalyst to produce the 4-methyl-1-

pentene monomer. The polymer itself is then produced through a Ziegler-Natta process 

involving chromium, zirconium, titanium, or vanadium-based transition metal catalysts 

acting as heterogeneous Ziegler-Natta coordination catalysts [166–168]. The reaction 

mechanism largely follows that of polyethylene or polypropylene [169]. Alternative 

mechanisms, such as cationic polymerization, are also possible [170].  

PMP possesses a density of 0.828 and 0.838 g/cm3 in crystalline and amorphous domains, 

respectively [171, 172]. It is also a polymorph that can crystallize in various crystal 

structures depending on the crystallization conditions, with five different crystal 

modifications. The glass transition temperature sits at 40 °C and the melting point at 

245 °C [173]. Thermal degradation occurs at temperatures ranging from 291 to 355 °C 

[174]. The mechanical properties of PMP are similar to high-density polyethylene 

(HDPE), with, on average, slightly lower values. The tensile modulus of PMP sits 

between 0.8 and 1.2 GPa, with a tensile strength of 23-28 MPa at yield and 17-20 MPa at 

break. The elongation at break reaches values between 10 and 25 % [166]. PMP also 

possesses a high radiation stability, being two to six times more resistant than comparable 

polymers such as polyethylene and polypropylene [175].  

PMP is used in several applications due to its high melting point, low density, and good 

chemical resistance. It can be injection or blow molded, extruded, spun into fibers, or cast 

into sheets or films [166]. PMP permeability to oxygen led to applications as a membrane 
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material, specifically for hollow fiber membranes [39]. PMP's gas permeability generally 

depends on its crystallinity, with permeability increasing as crystallinity decreases [176].  

The PMP material investigated in this thesis was the 3M Membrana OXYPLUS, 

Capillary Membrane, Type PMP 90/200 (3M Deutschland GmbH, Wuppertal, Germany). 

These hollow fiber membranes have an outer diameter of 380 µm and an inner diameter 

of 200 µm, a wall thickness of 90 µm, and a material porosity of around 50 %. The tensile 

strength of these fibers is around 60 cN, with an elongation at break of around 60 %. 

2.4.2 Methylmethacrylate Acrylonitrile Butadiene Styrene (MABS) 

 

Figure 2.10: Chemical structure of methylmethacrylate acrylonitrile butadiene styrene (MABS) [177]. 

Methylmethacrylate acrylonitrile butadiene styrene (MABS) is a copolymer consisting of 

four different monomers. Published research on MABS is scarce and rarely deals directly 

with its properties. Therefore, this chapter is mainly based on industry sources.  

MABS is a transparent, amorphous, thermoplastic polymer. It combines the properties of 

acrylonitrile butadiene styrene (ABS) plastic, namely high rigidity and toughness, with 

the transparency of polymethylmethacrylate (PMMA). MABS also possesses high impact 

strength and high chemical stability and is sterilizable, making it suitable for medical 

devices. MABS is mainly used in injection molding processes [178–180]. 

The MABS material used in the context of this thesis was Terlux HD 2802 (INEOS 

Stryrolation Group GmbH, Frankfurt am Main, Germany). This polymer has a density of 

1.08 g/cm3, a tensile modulus of 2.0 GPa, and a tensile strength at yield of 48 MPa. The 

unnotched impact strength reaches a value of 120 kJ/m2, while the melting temperature 

range sits at 230-260 °C [181]. 
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2.4.3 Polyurethane (PU) 

 

Figure 2.11: Chemical structure of polyurethane (PU) consisting of methylene diphenyl diisocyanate 

(MDI), polyethylene glycol (PEG), and trimethylolpropane (TMP) monomers [182, 183]. 

Polyurethanes (PU) are a class of polymers made up of polyol and di- or polyisocyanate 

monomers. The polymer is produced through a polyaddition reaction between the 

different monomers, forming the carbamate group characteristic of this class of polymer. 

Various polymeric components can be realized depending on the choice of the monomers 

encompassing duroplastic, thermoplastic, and elastomeric compounds. PU is most used 

in the form of flexible and rigid PU foams, known as insulation materials, furniture 

cushions, and packaging materials, among other applications. However, the PU class of 

interest within the scope of this thesis is the PU elastomers [184, 185].  

PU elastomers are block copolymers. They are structurally characterized by the presence 

of both rigid and flexible chain segments. The soft segments contain the polyols. The 

rigid segments contain the isocyanate molecules and, depending on the polymer, also 

short-chain polyols, so-called chain extenders. The elastic properties are caused by 

crosslinking enabled by the chain extenders. PU elastomers are generally synthesized via 

two different pathways: the prepolymer and the “one shot“ method. Diisocyanate and 

long-chain polyol are mixed in a ratio depending on the desired concentrations of flexible 

and rigid segments for the prepolymer method. The reaction is carried out until all 

available hydroxyl groups have reacted. The resulting oligomers of alternating 

diisocyanate and long-chain polyol are then mixed with the chain extender to create the 

final polymer chains [184, 186]. The “one-shot” method involves the combination of the 

diisocyanate, the long-chain diol, and the chain extender in a single step [187]. 

The properties of the PU elastomers are highly dependent on the length and concentration 

of the rigid and flexible segments. These structural factors govern parameters such as 

morphology and mechanical properties [184, 188]. The tensile strength and general 

stress-strain properties of PU elastomers range from soft rubber to hard resins. The rigid 

segments are primarily responsible for the higher strength of a given elastomer through 

energy dissipation, deflection of cracks, cavitation, and plastic deformation. The flexible 
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parts of the polymer chain also contribute to the strengthening of the material through 

processes like viscoelastic energy dissipation and strain-induced crystallization [189]. 

The effects of the rigid segment generally increase with its concentration, while the effect 

of the flexible segment reaches a maximum between 40 and 60 % [190]. The polymer's 

tensile strength, modulus, and hardness depend on the diisocyanate's structure, with 

symmetric molecules resulting in higher strength materials with MDI resulting in the 

overall highest values. Tensile strength is also affected by the type of chain extender used 

and the composition of the flexible segments. Polyester-based PU generally possesses 

higher tensile strength than polyether-based PU [184]. 

The PU material used to construct the oxygenator investigated in this thesis was a two-

component PU system. This system consisted of the resin Biresin DR404 containing TMP 

and the hardener Biresin DH41 containing a prepolymer consisting of MDI and glycols, 

both produced by Sika Deutschland GmbH (Stuttgart, Germany). The TMP acts as the 

chain extender and enables crosslinking through its third hydroxyl group. The resulting 

PU resin is sterilizable [191–193]. 

2.4.4 Polyvinyl chloride (PVC) 

 

Figure 2.12: Chemical structure of polyvinyl chloride (PVC). 

Polyvinyl chloride (PVC) is, similar to PU, a very widely used thermoplastic polymer, 

with the fourth highest annual production volume of all thermoplastics behind 

polypropylene and both high-density and low-density polyethylene [194]. The monomer 

vinyl chloride was initially discovered in 1835 by Liebig and Regnault [195]. The 

production process of PVC was then developed by F. Klatte in 1913. Commercial 

production of the polymer started in the late 1920s and early 1930s, driven primarily by 

companies such as Union Carbide and DuPont in the USA and IG Farben in Germany. 

The polymer reached mass market relevance in the 1960s with steadily increasing 

production volumes until today [196]. PVC has a wide variety of applications, the most 

prominent being in the construction sector, where it is used in window frames, flooring, 

and sewage pipes, among many others. Applications also extend into fields such as 
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electrical devices, the automotive industry, and, most notably for this thesis, medical 

applications. Medical applications of PVC include blood and plasma bags, tubing for 

dialysis, feeding systems, and extracorporeal life support [197].  

PVC is produced through a process of free radical polymerization. The monomer vinyl 

chloride (VC) itself is produced through the chlorination of ethene. This process involves 

two different chlorination mechanisms: direct chlorination and oxychlorination. Direct 

chlorination involves the direct catalyzed reaction between ethene and chlorine (Cl2). 

Oxychloronation involves the reaction of ethene with hydrochloric acid (HCl), recovered 

from the following cracking process, and oxygen. In both processes, 1,2-dichloroethane 

is formed as the product. In a second step, called EDCL cracking, VC and HCl are 

produced from 1,2-dichloroethane. PVC is then produced from VC through radical 

polymerization using compounds such as organic peroxides as initiators. The initiator 

compounds are chosen based on the desired properties of the final product. The 

polymerization reaction itself is strongly exothermic. This polymerization process can be 

conducted as a suspension, micro-suspension, emulsion, and bulk polymerization [197, 

198].  

An important aspect of PVC application is the use of plasticizers. Plasticizers are used to 

increase the flexibility of PVC and make it suitable for various applications. The 

plasticizers lower the polymer's glass transition temperature, in some cases, as far as the 

ambient temperature. PVC has a high plasticizer compatibility compared to other 

polymers. A wide range of plasticizers is used in combination with PVC. These 

compounds include phthalate, trimellitate, aliphatic, and phosphate esters. The impact of 

plasticizers on the properties of PVC is described in the next paragraph [197, 199].  

Regarding material properties, five different variants of PVC are generally differentiated. 

These are unplasticized PVC (PVC-U), impact-modified PVC-U, plasticized PVC (PVC-

P), chlorinated PVC (PVC-C), and PVC-U foam. The density of PVC is among the 

highest for a thermoplastic polymer, ranging from 1350 to 1700 kg/m3, with PVC-U and 

PVC-C generally occupying the lower and central part of that range, while PVC-P 

occupies the entire spectrum. PVC-U foam density sits at around 700 kg/m3. PVC-U has 

the highest tensile strength of 50-75 MPa, followed by PVC-C at 50-55 MPa, impact-

modified PVC-U at 40-50 MPa, PVC-P at 10-25 MPa, and PVC-U foam at 15 MPa. 

PVC-U possesses a surface Shore-D hardness of 83-84, impact-modified PVC-U 80, and 

PVC-U foam of 40-70. PVC-P possesses a Shore-A hardness of 60-90 [197]. 
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The PVC compounds of interest in the scope of this thesis are Rauclair-E, produced by 

Rehau SE (Bern Switzerland), used for the gas hoses of the oxygenator, and Raumedic 

ECC noDOP 7536, produced by Raumedic AG (Helmbrechts, Germany), used for the 

blood hoses. These compounds used the plasticizers bis(2-ethylhexyl) terephthalate 

(DOTP) (32.7 wt%) (information provided directly by the manufacturer) and tris(2-

ethylhexyl) trimellitate (TEHTM) respectively [200]. The following chapters, 2.4.4.1 and 

2.4.4.2, give a short overview of both plasticizers. 

2.4.4.1 Bis(2-ethylhexyl) Terephthalate (DOTP) 

 

Figure 2.13: Chemical structure of the bis(2-ethylhexyl) terephthalate (DOTP) plasticizer compound [201]. 

Bis(2-ethylhexyl) terephthalate (DOTP) is an alternative, phthalate-free, general-use 

plasticizer. Terephthalate-based plasticizers were introduced as a direct replacement for 

ortho-phthalate esters due to their better toxicological properties [202]. Of these 

phthalate-free plasticizers, DOTP is the most widely used [203]. It is a structural isomer 

of di-2-ethylhexyl phthalate (DEHP), the previously most widely used plasticizer [204]. 

The use of DEHP has been restricted in the USA and Europe due to its toxicity [205, 206]. 

DOTP is produced through processes of either esterification or transesterification. These 

processes combine 2-ethyl hexanol with terephthalic anhydride or acid in the case of 

esterification or terephthalate esters in the case of transesterification. These reactions are 

conducted in a hydrocarbon solvent utilizing homogenous catalysis. Organometallic 

compounds containing titanium or zirconium are used as catalysts [203, 207].  

When used as a plasticizer of PVC, DOTP shows a much better migratory behavior than 

comparable phthalate-based plasticizers, with less of the compound leaching out of the 

polymer in the same time frame. The tensile strength of PVC is lowered from 50-75 MPa 

for PVC-U down to around 22 MPa at a concentration of 40 phr of DOTP and around 

11 MPa at 80 phr. Elongation at break increases from around 650 % at 40 phr to around 

900 % at 80 phr. The surface hardness decreases from a Shore-D value of 83-84 for PVC-

U to around 65 at 80 phr [197, 208]. 
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2.4.4.2 Tris(2-ethylhexyl) Trimellitate (TEHTM) 

 

Figure 2.14: Chemical structure of the tris(2-ethylhexyl) trimellitate (TEHTM) plasticizer compound [201]. 

Like DOTP, tris(2-ethylhexyl) trimellitate (TEHTM) is a phthalate-free plasticizer with 

a close structural relationship to DEHP. TEHTM is used primarily as a plasticizer for 

PVC. PVC plasticized with TEHTM is widely used in medical applications behind 

DEHP, bis(2-ethylhexyl) adipate (DEPA), and DOTP in terms of commonality. 

Compared to DEHP, TEHTM possesses improved toxicological properties [209, 210]. 

TEHTM is produced through the esterification of trimellitic acid/anhydride and 2-

ethylhexanol. The reaction can be catalyzed with a variety of compounds ranging from 

acids such as sulfuric acid to organometallic compounds such as titanium isopropoxide 

[211]. 

At 50 phr, TEHTM decreases the tensile strength of PVC to 20.4 MPa from 50-75 MPa 

for PVC-U, with the elongation at break sitting at 339 %. The surface hardness is 

decreased to a Shore-A value of 88 [212]. 
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2.5 Fourier-Transform Infrared Attenuated Total Reflectance 

Spectroscopy (FTIR-ATR) 

2.5.1 Basic Principle 

Infrared spectroscopy is based on the interaction of electromagnetic radiation with 

molecular vibrations. IR spectra result from transitions between molecular vibrational 

energy levels through the absorption of IR radiation. The central parameters 

characterizing IR radiation are its frequency ν, wavelength λ, and wavenumber 𝜈. The 

relationship between these parameters is expressed by the following equation: 

 
ν̃ =

ν

c
=
1

λ
 

 (19) 

c is the speed of light. The energy of an IR photon is given by the following equation: 

 E = hν (20) 

h is the Planck’s constant. In IR spectroscopy, the wavenumber is the parameter 

commonly chosen to describe the IR radiation [213]. A molecular vibration caused by the 

absorption of IR radiation can be understood by approximating the bond between two 

atoms as a harmonic oscillator, with the bond between the atoms acting as a spring. For 

simple diatomic molecules, the classical harmonic oscillator can act as a good model for 

molecular vibrations. The relationship between the different parameters is described in 

the following equation: 

 

ν̃ =
1

2πc
√K(

1

m1
+

1

m2
) (21) 

K is the spring constant, c is the speed of light, and m1 and m2 are the atomic masses. K 

is dependent on the strength of the bond. The vibrational frequency can, therefore, be 

determined based on the bond energy and the masses of the atoms involved [213, 214]. 

The classical harmonic oscillator is no longer a sufficient model for larger, more complex 

molecules. The quantum mechanical harmonic oscillator provides a closer 

approximation. Here, the energy Ei of the different vibrational levels is given by the 

following equation: 

 
Ei = (υi +

1

2
) hν (22) 
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ν is the vibrational frequency of the oscillator, while υ is the quantum number of the 

energy state, which can only assume integer values. This leads to discreet, quantized 

energy states. Transitions can only happen from one state to the next higher or lower state. 

These transitions are called fundamentals. The quantized energy states of these quantum 

mechanical models also directly correlate to the well-defined resonance frequencies 

observable in the IR spectra. To take a step further towards a realistic model system, the 

harmonic oscillator can be exchanged for the anharmonic oscillator. For the anharmonic 

oscillator, the energy states are defined by the following equation: 

 
Eυ = hνe (υ +

1

2
) − hχeνe (υ +

1

2
)
2

 (23) 

The term χeνe defines the degree of anharmonicity. In the case of an anharmonic oscillator, 

transitions between energy states are no longer strictly limited to fundamental transitions. 

Transitions between states with Δυ = 2, so-called overtones, are also possible, though 

much rarer than fundamental transitions. The distance between the energy states is no 

longer equidistant, as in the case of the harmonic oscillator. Instead, the distance between 

energy states decreases with increasing energy [213, 215, 216]. 

IR spectroscopy is conducted over all existing IR frequencies. This spectrum is generally 

divided into three sections: Near-IR from 14.000 to 4000 cm-1, mid-IR from 4000 to 

400 cm-1, and far-IR from 400 to 10 cm-1. IR spectra are obtained by plotting the signal 

intensity against the wavenumber. Depending on the measurement geometry, the intensity 

represents either absorbance or transmittance. The frequencies at which signals in the 

spectra appear correspond to fundamental transitions between vibrational energy states. 

A change in the molecule's dipole moment must occur for these transitions to be IR-

active. This means that homonuclear diatomic molecules are not IR active, while 

heteronuclear molecules are. Another determining factor for IR activity is the symmetry 

of the molecule. If a vibration changes molecular symmetry, it is IR active; if the 

symmetry is maintained, it is inactive. This condition only applies to molecules with 

centers of symmetry [213, 217].  

If a molecule possesses bonds or functional groups with vibrational frequencies 

significantly different from surrounding bonds and functional groups, so-called group 

frequencies become visible in the spectrum. These group frequencies are caused by 

vibrations localized almost entirely at the bonds of a specific functional group due to the 

significant differences with their immediate environment. These group frequencies can 
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be approximated through a system of coupled oscillators. Vibrational frequencies are 

again dependent on the mass of the involved atoms and the strength of the bonds, but also 

on the angle between coupled oscillators. For a model system with three atoms of the 

masses m1, m2, and m3, the out-of-phase stretching vibration between the masses m1 and 

m2 is described by the following equation: 

 

ν̃op =
1

2πc
√K(

1

m1
+
1 − cos α

m2
) (24) 

The in-phase vibration is described by the following equation: 

 

ν̃ip =
1

2πc
√K(

1

m1
+
1 + cos α

m2
) (25) 

K is the spring constant, c is the speed of light, m1 and m2 are the masses of the atoms, 

and α is the angle between m1, m2, and m3. In-phase stretching vibrations refer to 

vibrations where the bonds between m1 and m2 and m2 and m3 contract and expand 

simultaneously. Out-of-phase stretching vibrations, on the other hand, refer to vibrations 

where one bond contracts while the other expands and vice versa [213, 218, 219]. 

As part of this thesis, measurements were conducted in the spectral range from 4000 to 

500 cm-1. Within this range, several different regions can be differentiated according to 

the characteristic signals of various functional groups: The area between 3700 and 

2500 cm-1, where the most common signals are produced by O-H and N-H, and aromatic 

and aliphatic C-H stretching vibrations. 2500 to 2000 cm-1, containing stretching 

vibrations of triple bonds and asymmetric stretching vibrations of extended double bond 

systems. The region from 1800 to 1650 cm-1 contains the signals of carbonyl groups with 

varying environments. The region from 1650 to 1500 cm-1, where signals corresponding 

to the stretching vibrations of aromatic and olefinic C-C double bonds and the stretching 

vibration of C=N and N-O bonds are located. Between 1500 and 1300 cm-1 are the signals 

of deformation vibrations of aliphatic compounds, and above that, between 1300 and 

1000 cm-1 are the C-O single bond stretching vibrations of ethers, esters, and alcohols. 

The region above 1000 cm-1 finally contains the stretching vibrations of carbon-halogen 

bonds [213, 220].  
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2.5.2 Fourier-Transform Infrared Spectroscopy (FTIR) 

FTIR is an instrumentation variant of IR spectroscopy. Spectroscopes built for FTIR 

integrate a Michelson interferometer geometry. 

 

Figure 2.15: Schematic depiction of a Michelson interferometer with Δl indicating the positional difference 

of the movable mirror [213]. 

This geometry includes a radiation source directed at a beam splitter. The IR beam is split 

into two beams. One of the beams is directed at a fixed mirror, while the other is directed 

at a movable mirror. Both beams are directed back at the beam splitter, where they are 

then redirected to the sample and detector. Throughout the measurement, the movable 

mirror moves at a constant speed. The result is a sine wave, as the beams alternate between 

constructive and destructive interference. The resulting sinusoidal interferogram is then 

Fourier transformed, resulting in the finished IR spectrum [213, 221]. 
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2.5.3 Attenuated Total Reflectance (ATR) 

IR spectroscopy uses various sampling techniques. These include transmission techniques 

such as capillary and cast films and KBr discs. The other group of sampling techniques 

is reflective techniques. These include diffuse reflectance (DRIFTS) and, crucially for 

this thesis, attenuated total reflectance (ATR).  

 

Figure 2.16: Schematic depiction of an ATR sampler. Θ is the angle of incidence, n1 is the refractive index 

of the IRE, and n2 is the refractive index of the sample [222]. 

ATR samplers are constructed around an internal reflection element (IRE). The IRE is a 

crystal with good IR transmitting properties and a high refractive index, which has direct 

contact with the sample during an IR measurement. Materials chosen for the IRE are 

diamond, germanium, zinc selenide (ZnSe), or silicon. The sampling technique overall is 

based on the phenomenon of internal reflection. Internal reflection occurs when the IR 

radiation's incidence angle exceeds the critical angle θc. θc is defined by the following 

equation: 

 θC = sin−1 (
η2
η1
) (26) 

η1 and η2 are the refractive indices of the IRE and the sample material, respectively. The 

high refractive index of the IRE leads to a moderate critical angle when investigating 

organic compounds. The following equation defines the refractive index of the sample 

material: 

 η = n + ik (27) 

The real part of the equation n is the refractive index when no absorption occurs. The 

imaginary part of the equation ik is the material's refractive index within an absorption 

band, with the parameter k directly linked to the extinction coefficient of the Lambert-

Beer law. The intensity of absorption is described by the following equation: 

 
A(θ) = ∫ α(z)e

−
z
dpdz

∞

0

 (28) 
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A(θ) is the absorption intensity dependent on the incident angle. α(z) is the absorption 

coefficient of the sample as a function of the depth z. The parameter dp is the effective 

penetration depth of the IR radiation into the sample, defined by the following equation: 

 
dp =

λ

2πnp(sin2 θ − nsp2 )
1
2

 (29) 

λ is the wavelength of the IR radiation, np is the refractive index of the IRE, θ the angle 

of incidence, and nsp is the ratio between the refractive indices of the sample and the IRE. 

The penetration depth is defined as the distance to the contact surface between the sample 

and IRE, where the intensity of the evanescent wave reaches roughly 37 % of its original 

value. In most cases, this results in a sampling depth between 2 and 15 µm, depending on 

the sample material and the wavelength of the radiation. The sampling depth increases 

with decreasing wavenumber.  

ATR is particularly suited for liquids or soft solids that are unsuitable for transmission 

IR. It is a comparatively quick and non-destructive sampling method that usually requires 

little to no sample preparation. The only requirement for the samples is complete contact 

with the IRE [213, 223]. 
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2.6 Scanning Electron Microscopy (SEM) 

2.6.1 Basic Principle 

Electron microscopy is a subcategory of microscopy utilizing high-energy electron beams 

instead of electromagnetic radiation used in optical microscopy. The central advantage of 

electron microscopy is the much higher resolution when compared with optical 

microscopy due to the much shorter wavelength of electrons [224, 225]. This wavelength 

is determined by the following equation: 

 
λ =

hc

√eV(2mc2 + eV)
 (30) 

λ is the wavelength of the electron, h the Planck constant, c the speed of light, e the 

elementary charge, V the potential, and m the mass of the electron [226]. This results in 

a resolution limit far below the 200 nm of optical microscopy [227, 228].  

 

Figure 2.17: Schematic depiction of a scanning electron microscope (SEM) [229]. 

The electron beam is shaped and focused through electron optics utilizing 

electromagnetic fields [225, 230]. The combination of the electron source and the electron 



Fundamentals 

 

39 

 

optics is known as the electron column, which connects to the sample space. The sample 

space contains the sample itself as well as the detectors. Electron microscopy 

encompasses a variety of different methods, with the two most common being 

transmission electron microscopy (TEM) and scanning electron microscopy (SEM). TEM 

is the original electron microscopy method, where the electron beam travels through a 

thin material sample before reaching the detector. The entire sample is illuminated 

simultaneously, creating the image [231]. SEM represents a further development of the 

electron microscope with even higher resolution. Here, the electron beam is focused on a 

single point of the sample [232]. The electron beam is then deflected using a magnetic 

field to scan across the sample, producing the sample image. The electron beam does not 

travel through the sample, in contrast to TEM, but the imaging is based on a variety of 

different interactions with the sample material captured by detectors located to the side 

and ahead of the sample. All electron microscopy methods are conducted under vacuum 

to avoid the electron beam being scattered by the air molecules, reducing the intensity of 

the electron beam. The samples are mounted conductively to prevent charge accumulation 

on the sample caused by the electron beam, which can interfere with the signal detection. 

Conductive samples such as metals can be analyzed with little additional sample 

preparation. Non-conductive samples, such as the polymers in the case of this thesis, are 

commonly sputter-coated with gold to facilitate electron discharge through the sample 

mounting [225, 229, 231].  

2.6.2 Backscattered Electron Detector 

SEM images are produced utilizing a variety of different detectors. These include 

secondary electron, Auger electron, back-scattered electron, characteristic X-ray, and 

cathodoluminescence detectors capturing various emission signals caused by the electron 

beam. Here, the back-scattered electron detector is discussed in more detail. 

Backscattering is based on the elastic interaction of the primary electrons of the electron 

beam with the sample material. The primary electrons are reflected from the sample 

through two different scattering events. The first event is a single large deflection caused 

by the strong Coulomb field around an atomic nucleus. The second event is comprised of 

a series of low-angle deflections. Among these primary electrons are also some secondary 

electrons caused by slight inelastic effects. Backscattered electrons originate from a 

deeper penetration depth than the more commonly used secondary electrons, allowing for 

the analysis of sample composition and crystal structure [225, 233]. 
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Detectors commonly used for back-scattered electron detection are semiconductor-based 

solid-state detectors. Here, the back-scattered electrons strike the surface of the detector, 

causing inelastic scattering and leading to the formation of electron-hole pairs. These 

electron-hole pairs can be separated before recombination, leading to the generation of an 

external charge collection current [233, 234]. These detectors allow for several different 

contrasts, such as topographical, atomic number, and crystal orientation [235]. 
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2.7 X-Ray Photoelectron Spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) is an experimental technique developed in the 

1960s utilizing the photoelectric effect to analyze sample surfaces selectively [236]. The 

samples are analyzed by irradiating their surfaces with soft X-rays. A complete transfer 

of the x-ray energy to an electron located in the 1s-orbital of a sample atom leads to the 

emission of the electron. The kinetic energy (Ekin) of the emitted electron is equal to the 

difference between the energy of the x-ray (hν) and the binding energy (Ebind) of the 

electron as expressed by the following equation: 

 Ebind = hν − Ekin −Φspec (31) 

Φspec is the spectrometer work function, a constant dependent on the instrument used. XPS 

can detect all elements except hydrogen. When using insulating compounds as samples, 

an additional term has to be added to the equation to account for the surface charging 

occurring during the measurement in the shape of the charge constant C [237–239]: 

 Ebind = hν − Ekin −Φspec − C (32) 

As mentioned, XPS is a surface-selective analytical method because although the X-ray 

can penetrate deep into the sample, the photoelectrons can only escape the sample 

material near the sample surface. The sampling depth (d) is defined by the following 

equation: 

 d = 3λ sin θ (33) 

Here, λ is the attenuation length of the photoelectron, and θ the angle between the sample 

surface and the analyzer. The sampling depth typically ranges from around two to five 

nanometers [237, 240]. 
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Figure 2.18: Schematic depiction of an XPS spectroscope [238]. 

XPS measurements are conducted in an ultra-high vacuum to avoid scattering the 

photoelectrons on their way to the analyzer. Contained within the vacuum is the X-ray 

source, the sample stage, the extraction lenses, the analyzer, and the detector. In modern 

XPS devices, monochromatic X-ray sources are used. The X-ray beam is directed at the 

sample, where the photoelectrons are produced. The photoelectrons then enter a set of 

lenses called the extraction lenses. These consist of both the electron collection and the 

electron retarding lenses. The location and size of these lenses relative to the sample 

determine the acceptance angle. After the photoelectrons have passed the collection lens, 

they are slowed down by the electron retarding lenses to improve the energy resolution 

of the XPS. After the electrons pass the electron retarding lenses, they arrive at the 

analyzer, which in modern XPS devices is a concentric hemispherical analyzer. This 

analyzer consists of two hemispheres. Voltages are applied to both, with the outer 

hemisphere being more negatively charged. Variation in these voltages allow for the 

selection of electron energies necessary to pass through the analyzer without colliding 

with either hemisphere [238]. 
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2.8 Contact Angle Measurements 

2.8.1 Basic Principle 

 

Figure 2.19: Image of a sessile drop with the contact angle indicated by the red lines. 

Contact angle measurements are a method to determine the wetting properties of a given 

surface in a partial wetting regime. The contact angle is defined as the angle between the 

surface of a solid and the surface of a liquid in contact with the solid. For smooth solid 

surfaces, the contact angle is governed by the Young equation: 

 cos θ =
γsv − γsl

γlv
 (34) 

θ is the contact angle, γsv is the solid-vapor surface tension, γsl the solid-liquid surface 

tension, and γlv the liquid-vapor surface tension [241]. From a thermodynamic point of 

view, surface wetting phenomena are divided into two regimes. The first regime is total 

wetting, where the liquid spreads completely in contact with the solid surface due to 𝛾𝑠𝑣 =

𝛾𝑠𝑙 + 𝛾𝑙𝑣 leading to a contact angle of θ = 0°. The second regime is partial wetting, where 

𝛾𝑠𝑣 < 𝛾𝑠𝑙 + 𝛾𝑙𝑣 leading to a contact angle of θ > 0°. Hydrophobic surfaces generally result 

in contact angles > 90°, while hydrophilic surfaces result in contact angles < 90°, 

assuming water as the liquid [242, 243]. The Young equation is modified by the so-called 

line tension. Line tension is the influence of the solid on γlv at the contact line. γlv is, 

therefore, dependent on the distance from the solid. Accounting for this change in surface 

tension leads to the following equation: 

 cos θi =cos θ −
τ

rbγlv
 (35) 
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θi is the ideal contact angle, τ the line tension, and rb the radius of the base of the droplet 

[244, 245]. The order of magnitude of the line tension falls somewhere between 10-11 and 

10-6 N [246]. The shape of the liquid droplet used for contact angle determinations, either 

as a sessile or pendant drop, is determined by the Young-Laplace equation: 

 
ΔP = γlv (

1

R1
+

1

R2
) (36) 

ΔP is the pressure difference across the liquid-vapor interface, and R1 and R2 are the radii 

of curvature [243, 247]. 

The Young equation presumes an ideal solid surface that is completely smooth, 

chemically homogenous, insoluble, and unreactive. However, surface smoothness and 

homogeneity can differ substantially from the ideal case and can have a significant 

impact. Both factors lead to local variations in contact angle along the contact line of a 

droplet. These localized contact angles are referred to as the actual contact angle. For 

ideal cases of sample heterogeneity, the Cassie equation can be applied to determine the 

overall contact angle: 

 cos θC = f1 cos θ1 + f2 cos θ2 (37) 

The angle θC is the Cassie angle, f1 is the fractional surface area with the contact angle θ1, 

and f2 is the fractional surface area with the contact angle θ2. The Cassie equation is more 

precise in describing real surface systems than comparable models such as Wenzel’s 

model. However, it still fails to describe systems with randomly heterogeneous surfaces 

accurately [242, 248]. Localized variations of the contact angle are not observable 

directly, as the contact angle is only observed macroscopically as the so-called apparent 

contact angle. Surface roughness and chemical heterogeneity, however, do influence 

dynamic contact angle measurements by causing contact angle hysteresis, a difference 

between the advancing (θA) and receding contact angle (θR) [249, 250]: 

 H = θA − θR (38) 
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2.8.2 Static Contact Angle 

Static contact angle measurements are performed by recording the contact angle between 

the liquid and the solid at a single point in time. This technique is comparatively simple 

and quick to execute but carries certain limitations. As discussed previously (see Chapter 

2.8.1), inhomogeneities of the sample, both in terms of surface roughness and chemical 

composition, can lead to local variations of the contact angle, which are not observable 

using this method. It also cannot analyze the slip/stick behavior of the liquid droplet on 

the surface [251, 252]. 

2.8.3 Dynamic Contact Angle 

In contrast to static contact angle measurements, dynamic contact angle measurements 

involve constantly monitoring the contact angle throughout the measurement process. 

The process itself consists of slowly increasing and decreasing the volume of the liquid 

droplet [253] or, in the case of the Wilhelmy method, inserting a solid surface into the 

liquid and retracting it again [254]. These measurements result in the recording of two 

values, the advancing θA and the receding angles θR. The difference between these two 

angles is known as the contact angle hysteresis. The size of the contact angle hysteresis 

depends on the degree of inhomogeneity and roughness of the sample surface and can, 

therefore, be used as a measure for both. This method also provides information about the 

stick/slip behavior of the liquid because the contact angles are measured continuously 

[251–253].  

2.8.4 Sessile Drop Method 

The sessile drop method is a common technique to determine the contact angle based on 

the Young equation. A droplet of liquid with a predetermined volume is deposited on the 

solid surface using a syringe. The droplet is then photographed after a set amount of time, 

and the contact angle is determined based on the angles formed by the horizontal solid 

surface and the tangents of the droplet surface at the contact line. In the case of the static 

contact angle measurement, a single photograph is taken. The dynamic contact angle 

measurement, on the other hand, involves continuous monitoring of the contact angles 

while adding and removing liquid from the droplet [242, 255].  
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2.8.5 Wilhelmy Method 

 

Figure 2.20: Graphical depiction of the Wilhelmy method with θ as the contact angle, d as the thickness of 

the plate, W as the width of the plate, and F as the downward force acting on the plate [242]. 

The Wilhelmy method is an alternative method for dynamic contact angle measurements 

for materials, such as fibers, that do not form flat surfaces suitable for the sessile drop 

technique [254]. Here, the advancing and receding angles are calculated using the 

Wilhelmy equation: 

 Fw = πdγlv cos θ (39) 

Fw is the measured force, d is the diameter of the fiber, and γlv the liquid-vapor surface 

tension [243, 256]. The measurement is conducted by inserting the fiber into a pool of 

liquid with a known surface tension and retracting it again, measuring the force 

throughout the process [254]. 
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2.9 Zeta-Potential Measurements 

2.9.1 Theoretical Background 

Zeta potential is a phenomenon that occurs on charged solid surfaces in contact with 

aqueous solutions. The surface charge is formed due to processes such as acid-base 

reactions between the aqueous solution and the functional groups located on the solid 

surface. Functional groups such as carboxylic acids, sulfonic acid, and hydroxyl groups 

can dissociate to become negatively charged, while functional groups such as amine 

groups become positively charged after dissociation. The central driving force behind this 

mechanism of surface charge formation is the pH value of the aqueous solution [257]. 

The second mechanism is the adsorption of water ions to the surface. These ions 

accumulate on unfunctionalized hydrophobic surfaces, replacing water molecules. This 

mechanism is again pH-dependent. High pH values result in an increased surface 

concentration of OH--ions on the surface, leading to a negative surface charge. In contrast, 

low pH values lead to increased H3O
+-ion concentration and a positive surface charge. 

OH--ions are generally more hydrophobic than the H3O
+-ions, which leads to 

hydrophobic surfaces typically exhibiting a negative surface charge [258]. 

 

Figure 2.21: Graphical depiction of the electrical double layer on a membrane surface [259]. 

The surface charge causes an accumulation of counterions close to the solid surface. A 

stationary layer of counterions is formed in the immediate vicinity of the surface. This 

layer remains stationary due to the strong interactions between the counterions and the 

surface charges. This stationary layer can be further subdivided into the Stern layer, 
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consisting of ions in direct contact with the solid surface, and the outer Helmholtz layer, 

which consists of ions firmly bound to the surface but not in direct contact. Outside that 

stationary layer, a gradient of counterion concentration is observable, where the 

counterion concentration decreases exponentially towards the bulk concentration. This 

area is called the diffuse layer. The interface between the stationary and diffuse layers is 

called the outer Helmholtz plane. Outside the outer Helmholtz plane, a thin 

hydrodynamically stagnant layer exists, which is differentiated from the remaining 

hydrodynamically active diffuse layer. The interface between these two parts of the 

diffuse layer is called the slip plane. The zeta potential is the difference in electrical 

potential between the slip plane and the bulk solution [257, 260–262].  

The zeta potential is a parameter characterizing the surface charging behavior of a solid 

in contact with a liquid. It is determined through the measurement of an electrokinetic 

effect. The electrokinetic effect represents a coupling of a mechanical and an electrical 

force, which can be determined if the liquid phase moves tangentially to the solid surface. 

There is a variety of different electrokinetic effects grouped into two categories. The first 

category is effects, where movement is caused by electricity, which includes effects such 

as electrophoresis or electrokinetic sonic amplitude. The second category is effects, where 

movement causes electricity. This includes effects like sedimentation or the streaming 

potential [257, 260]. 

2.9.2 Streaming Potential Method 

The streaming potential method is an experimental technique that involves streaming an 

aqueous solution through a capillary system. This capillary system can take a variety of 

shapes depending on the sample material. There are irregular capillary systems consisting 

of particles, fibers, or generally samples of irregular shape where the measurement is 

conducted in the so-called permeation mode, where the sample material is arranged in a 

plug that the aqueous solution flows through [263]. 



Fundamentals 

 

49 

 

 

Figure 2.22: Schematic depiction of a gap cell used for conducting streaming potential measurements [259]. 

For macroscopic materials with flat surfaces, two samples are arranged opposite each 

other in the measuring cell with a thin slit between both, where the aqueous solution 

passes in between the samples. This is the so-called tangential mode [264]. As the 

aqueous solution flows through the capillary system, shear forces act upon the 

counterions, forming the stationary layer on the sample surface and compensating the 

surface charge. Because of that, the ions move in the direction of the liquid flow. The 

high-impedance circuit used for streaming potential measurements then leads to a charge 

separation between the inlet and the outlet of the capillary system [260]. As a result of 

this charge separation, an electric force occurs in the capillary system, counteracting the 

liquid flow. The concentration of counterions on one end of the capillary system leads to 

an opposing current of ions inhibiting further ion travel in the flow direction. The charge 

separation resulting from the liquid flow leads to an electrical potential difference 

between both ends of the capillary system called the streaming potential. This potential 

is measured using electrodes situated at both ends of the capillary system [259].  

The streaming potential depends on several factors, including the flow rate through the 

capillary system and the ionic strength of the solution. The higher the flow rate, the higher 

the streaming potential as the shear rate of the counterions increases with increasing liquid 

flow. An increase in ionic strength of the aqueous solution leads to a lower streaming 

potential, as the counterions that are displaced by the liquid flow are readily replaced by 

the ions from the solution, leading to a decrease in charge separation [259]. 

The central equation for the calculation of the zeta potential from the streaming potential 

measurements is the Helmholtz-Smoluchowski equation, which for streaming potential 

measurements of planar samples looks as follows: 
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ζ =

dUstr

d∆p
∙

η

ε ∙ εo
∙
L

A
∙
1

R
 (40) 

ζ is the zeta potential, Ustr is the streaming potential, Δp is the flow rate of the aqueous 

solution expressed as the differential pressure in the measuring cell, η is the viscosity of 

the aqueous solution, ε its relative permittivity, and ε0 the relative permittivity of the 

vacuum. L is the channel length between the two material samples, and A is its cross-

section. Both parameters together form the cell constant. R is the electrical resistance of 

the electrical circuit. The cell constant and the electrical resistance can be summarized as 

the electrical conductance κ leading to the following equation: 

 
ζ =

dUstr

d∆p
∙

η

ε ∙ εo
∙ κ (41) 

For irregular samples where the cell constant is unknown, an approximation can be made 

by replacing κ with the conductance of the bulk solution κB [257].  

The electrolyte solution's pH value is the central parameter influencing the zeta potential. 

Therefore, zeta potential measurements are typically conducted over a wide range of pH 

values to determine the respective sample material's pH dependence and the isoelectric 

point (IEP). The zeta potential generally increases with decreasing pH value due to 

increasing adsorption of H3O
+-ions and increasing protonation of functional groups on 

the material surface. The zeta potential stays negative for samples with many acidic 

functional groups on the surface until low pH values are reached, with an IEP below 

seven. Amphoteric materials have an IEP of seven, while materials with many basic 

functional groups reach the IEP at high pH values. The surface charge at the IEP does not 

disappear but is an equilibrium of positive and negative charges. Overall, the IEP can act 

as a good indicator of the properties of the functional groups on the material surface [259].  

In application, zeta-potential measurements are a good tool for comparative 

measurements between samples, particularly in cases of surface modification processes. 

Both the value of the zeta potential and the position of the IEP can serve as indicators for 

processes like the formation of functional groups on the material surface or for surface 

adsorption processes [265, 266].  
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2.10 Hemocompatibility Tests 

2.10.1 Hemolysis 

Hemolysis describes the destruction or disruption of the red blood cell membranes, 

causing the release of Hb into the surrounding blood plasma.  

 

Figure 2.23: Graphical depiction of the basic mechanism of hemolysis. Inspired by a figure in publication 

[267]. 

Various conditions can cause hemolysis, generally differentiated as intravascular and 

extravascular hemolysis. Intravascular hemolysis can be caused by enzymopathies such 

as glucose-6-phosphate dehydrogenase deficiency (G6PD), and pyruvate kinase 

deficiencies, and infections such as HIV, Malaria, and Bartonella. Other factors include 

alloimmune diseases such as transfusion reactions, thrombotic microangiopathies such as 

the HELLP syndrome and thrombotic thrombocytopenic purpura [268]. Also included in 

this category is trauma caused by mechanical stress induced by devices such as ECMO 

circuits. Here, hemolysis is induced through shear stress, pressure variations, and 

turbulences. The pumps of these circuits, in particular, cause hemolysis due to their 

moving part, such as impellers and rollers, which cause shear stress and turbulences, as 

well as high-pressure areas close to the moving parts. At the same time, blood traveling 

through the circuit tubing experiences low-pressure areas [269]. Another factor 

contributing to the hemolytic properties of these external circuits is the large blood-

contacting polymer surfaces [270]. 

Extravascular hemolysis includes membranopathies such as hereditary spherocytosis and 

elliptocytosis. Hemoglobinopathies such as sickle cell disease and thalassemia also play 

a role. Other sources for extravascular hemolysis are factors relating to the phlebotomy 

method, such as needle size and shape, tube size and material, blood draw method, 

drawing site, and tourniquet time. Hemolysis also occurs after the blood has been drawn, 

with both processing and storage parameters influencing its progression. For processing, 

the time delay until centrifugation, as well as the centrifugation parameters such as time, 
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temperature, and force, play a role, while for storage, both storage time and temperature 

are decisive [271–273]. 

Red blood cells have a lifetime of about 120 days after being released from the bone 

marrow. If the red blood cell hemolysis progresses faster than they can be replaced, a 

condition known as hemolytic anemia arises. Hemolytic anemia is a condition that causes 

nonspecific symptoms such as fatigue, dyspnea, and hypertension. Specific symptoms of 

chronic anemia include lymphadenopathy, hepatosplenomegaly, cholestasis, and 

choledocholithiasis [268].  

2.10.2 Drabkin’s Method 

Drabkin’s method is a technique to determine the plasma Hb content of blood samples. 

Here, Hb is oxidized using potassium ferricyanide to form Met-Hb. Met-Hb then reacts 

further with potassium cyanide to form the cyanmethemoglobin complex. For application 

purposes, potassium ferricyanide and potassium cyanide are combined in an aqueous 

solution called the Drabkin’s reagent. The reaction proceeds according to the mechanism 

shown below: 

 

 

(42) 

 

 

(43) 

The cyanmethemoglobin complex resulting from this reaction is a stable pigment 

possessing a bright red color. The complex shows a strong absorption band at 540 nm, 

allowing for the quantification of Hb using UV/Vis spectroscopy [274–276]. 
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2.10.3 UV/Vis Spectroscopy 

UV/Vis spectroscopy is one of the standard methods of chemical analysis. It utilizes 

electromagnetic radiation in the ultraviolet and visible range ranging from 100 to 800 nm. 

This radiation excites the outer electrons of so-called chromophore molecules through the 

absorption of the radiation, leading to transitions into higher electronic energy states. Due 

to the quantization of these energy states, absorption is only possible at specific 

wavelengths, leading to narrow absorption bands. The combined positions of these 

absorption bands in the resulting spectra can then be used to identify the analyzed 

compounds [277, 278].  

The decrease in radiation intensity at specific wavelengths due to the absorption processes 

can be utilized to perform quantitative analysis in addition to the qualitative identification 

of compounds. The relation between incidence radiation intensity (I0) and transmitted 

radiation intensity (I) is called transmittance (T). UV/Vis spectra commonly use the 

absorbance (A) parameter in relation to the wavelength. This parameter is derived from 

transmittance and the radiation intensities according to the following equations: 

 
A = −log T = −log

I

I0
 (44) 

The dependence of the absorbance of a signal on the concentration of the respective 

compound is given by the Lambert-Beer law: 

 A = ε ∙ c ∙ l (45) 

Here, ε stands for the extinction coefficient, c for the concentration, and l for the path 

length. The extinction coefficient is a constant characteristic of the analyzed compound 

under a defined set of conditions. The path length is determined by the thickness of the 

sample container at the point where the radiation travels through the sample [277, 279, 

280].  
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Figure 2.24: Schematic depiction of a dual beam spectrophotometer [277]. 

UV/Vis spectra are recorded using UV/Vis spectrophotometers. These devices use a 

broad-band radiation source such as deuterium arc, tungsten halogen, or xenon lamps. A 

dispersive element, such as a prism or holographic grating, is then used in combination 

with an exit slit to select individual wavelengths from the continuum of the source. The 

radiation beam then travels through the sample until it reaches the detector. The detector 

is typically a photomultiplier tube or photodiode detector. Various measurement 

configurations exist, including single-beam, dual-beam, and split-beam designs. The 

configuration used for the measurements of this thesis was a dual beam configuration. 

This configuration uses a so-called chopper, which is a moving part that facilitates the 

alternate illumination of the sample and the reference, allowing for simultaneous 

measurement of both with a single detector [277, 278].   

2.10.4 Vapor Pressure Osmometry (VPO) 

The term osmometry encompasses several different methods measuring the osmotic 

pressure (π) and other related colligative properties of dilute solutions, such as vapor 

pressure lowering or freezing point depression. These methods can determine the 

osmolality of dilute solutions, as well as the average molecular weight of polymers in 

solution [281, 282]. Techniques included under the term osmometry are direct membrane 

osmometry (DMO), freezing point osmometry (FPO), and vapor pressure osmometry 

(VPO) [283–286]. VPO is the relevant technique for this thesis. It is a technique based on 

the change in vapor pressure of a solvent caused by the dissolution of non-volatile 

compounds. For infinitely dilute systems, the change is described by Raoult’s Law: 

 ps = xsps
∗ = (1 − xa)ps

∗ (46) 
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ps is the vapor pressure of the solvent containing non-volatile solutes, xs is the mole 

fraction of the solvent, xa is the mole fraction of the solute, and ps
* the vapor pressure of 

the pure solvent [283, 287]. At higher solute concentrations, the behavior of the solvent 

diverges from the linear behavior outlined by Raoult. The behavior is instead described 

by the by the Raoult-Lewis equation: 

 
π =

−RT ∙ ln(xs)

vs
≅
RT

vs
∙ xa (47) 

R is the gas constant, T is the temperature, xs is the mole fraction, and Vs is the molar 

volume of the solvent [283, 288]. The relation between the ideal osmotic pressure (πideal), 

described by the Raoult-Lewis equation, and the real osmotic pressure (πreal) is expressed 

as the osmotic coefficient g, which is defined by the following equations: 

 g =
πreal
πideal

 (48) 

 πreal = g ∙ πideal 
(49) 

Therefore, the Raoult-Lewis equation is modified for the description of πreal as follows 

[289]: 

 
πreal =

−RT ∙ g ∙ ln(xs)

vs
≅
RT

vs
∙ g ∙ xa (50) 

VPO devices consist of a thermally insulated chamber with a reservoir of pure solvent at 

the bottom, which leads to an internal atmosphere saturated with the solvent. The internal 

temperature of this chamber is electronically controlled. Built into this chamber are two 

thermistors, which are part of the circuit. This circuit includes a Wheatstone bridge to 

quantify the potential difference between both thermistors. A drop of pure solvent is 

placed on the tip of each thermistor to establish a zero point. One of the droplets is then 

replaced with the analyte solution. The compounds dissolved in that solution lead to a 

decrease in vapor pressure (Δp) compared to the pure solvent (see Equation 46) [290, 

291]. This pressure difference is proportional to the molar fraction of the solute, leading 

to the following equation: 

 Δp

ps∗
= g ∙ xa (51) 

Which, in combination with equation 50, leads to [289]: 
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 Δp

ps∗
= πreal ∙

v

RT
 (52) 

The difference in vapor pressure causes condensation of the surrounding solvent vapor 

onto the solution droplet until the vapor pressure between both droplets is equalized. The 

increase in vapor pressure of the solution droplet leads to a rise in temperature [290, 291]. 

The connection between the temperature difference (ΔT) and the vapor pressure 

difference (Δp) is described using the Clausius-Clapeyron equation: 

 
∆T𝑒𝑞 =

∆p

ps
∗
∙
RT2

∆Hv
=
RT2

∆Hv
∙ g ∙ xa = K𝑒𝑞 ∙ g ∙ xa (53) 

ΔHv is the vaporization enthalpy, ΔTeq the temperature difference under equilibrium 

conditions, and Keq is a proportionality constant under equilibrium conditions. This 

equation would apply given the existence of a thermodynamic equilibrium.  Under the 

steady state conditions the method operates under, the following equation applies: 

 ∆Tss = Kss ∙ g ∙ xa (54) 

The VPO instrument is calibrated before the measurement itself using a substance of 

known molecular weight, leading to the following equation: 

 
∆Tss = Kss ∙ πreal ∙

vs
RT

= (
Kssvs
RT

) ∙
c

Mcal
= Kss

′ ∙
c

Mcal
 (55) 

c is the concentration of the calibration substance, and Mcal is its molecular weight. In 

practice, the instrument measures the potential difference between both thermistors using 

the Wheatstone bridge. This potential difference E is related to the concentration (ca) and 

molar mass (Ma) of the solute through the following equation: 

 E

Kap
=

c𝑎
M𝑎

 (56) 

Kap is the apparatus constant, which depends on the solvent and temperature used for the 

measurement. It can be determined through calibration measurements [289, 292]. 
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3. Experimental 

3.1 Materials 

NO (10,000 ppm in N2), NO (1000 ppm in N2), and NO2 (1000 ppm in N2) were 

purchased from basi Schöberl GmbH & Co. KG (Rastatt, Germany). Samples of the 

individual gas exchanger components, including hollow fiber membranes (PMP), 

inlet/outlet caps (MABS), gas caps (MABS), polyurethane sheets (PU), silicone gaskets, 

UV-activated adhesive, gas hoses (PVC), and blood hoses (PVC) in addition to fully 

assembled oxygenators were provided by Hemovent GmbH (Aachen, Germany). The 

hollow fiber membrane was a 3M Membrana OXYPLUS, type 90/200 (3M Deutschland 

GmbH, Wuppertal, Germany). The MABS used for both the inlet/outlet caps and the gas 

caps was Terlux 2802, produced by INEOS Stryrolation Group GmbH (Frankfurt am 

Main, Germany). The PU was made up of a prepolymer consisting of methylene diphenyl 

diisocyanate (MDI) and glycols (Biresin DH41 Komp. B, Sika Deutschland GmbH, 

Stuttgart, Germany) and trimethylolpropane (TMP) (Biresin DH404 Komp. A, Sika 

Deutschland GmbH, Stuttgart, Germany) (information provided directly by Sika 

Deutschland GmbH). The gas hoses were produced by Rehau SE (Bern, Switzerland) as 

Rauclair-E, containing the plasticizer bis(2-ethylhexyl) terephthalate (DOTP) (32.7 wt%) 

(information provided directly by Rehau SE). The blood hoses were produced by 

Raumedic AG (Helmbrechts, Germany) under the name Raumedic ECC noDOP 7536, 

containing the plasticizer tris(2-ethylhexyl) trimellitate (TEHTM) [200]. The UV-

activated adhesive was produced by Dymax Europe GmbH (Wiesbaden, Germany) as 

1197-M containing 2-hydroxyethyl methacrylate, isobornyl acrylate, and 1-

vinylhexahydro-2H-azepine-2-one [293]. The silicone gasket was produced by Hokosil 

Elastomertechnik GmbH (Bredenbek, Germany) as HokoFLEX – Silikonprofile 

Extrusion – 35° Shore A – STQ/STQplus +250. Sodium chloride (>99.5 %) and 

potassium dihydrogen phosphate were purchased from Merck KGaA (Darmstadt, 

Germany). Heparin lithium salt from porcine intestinal mucosa (≥150 USP units/mg), 

potassium ferricyanide (III) (99 %), potassium cyanide (≥98.0 %), Brij L23 solution 

(30 %(w/v) in H2O), hemoglobin porcine lyophilized powder and calcium and 

magnesium free Dulbecco’s phosphate buffered saline (CMF-DPBS), and sodium 

hydrogen carbonate were purchased from Sigma-Aldrich Chemie GmbH (Steinheim, 

Germany). High-density polyethylene sheets were purchased from McMaster-Carr 
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Supply Company (Elmhurst, IL, USA). Samples of pigs’ blood were provided by the 

butcher’s shop and restaurant Bachhuber (Abensberg, Germany). 

Millipore water (≥ 18 MΩ∙cm) was used in all experiments unless mentioned otherwise. 

3.2 Analysis of NO Gas Treatment on the Oxygenator 

Materials 

3.2.1 Gas Treatment with NO and NO2 at various Concentrations 

The material samples were prepared by cutting pieces from the oxygenator components, 

which were between around 0.5 and one centimeter in both length and width. The samples 

were placed in a chamber for the gas treatment, and the gas mixture was added at a 

continuous flow rate of 2 L/min for up to four hours. For samples treated for 17 hours or 

longer, the gas mixture was added to the treatment chamber for 15 minutes to ensure 

complete displacement of the ambient air. The chamber was then closed to keep the gas 

concentration constant for the duration of the treatment. The treatment of PMP was 

slightly different for NO concentrations of 80 ppm. Instead of placing samples in the 

treatment chamber, the gas mixture was pumped through fully assembled oxygenators, 

with PMP samples being cut from the oxygenator at regular intervals. PMP was treated 

identically to the other materials for all other gas concentrations and treatment procedures. 

Gas treatments were conducted at 10,000, 1000, and 80 ppm for NO and 1000, 500, and 

50 ppm for NO2. The usual treatment durations were 30 minutes, one, two, four, and 17 

hours. Treatment durations of up to 10 and 15 days were also tested for the NO 

concentrations of 80 and 1000 ppm, respectively. Gas treatments at 1000 and 10,000 ppm 

were conducted by connecting the gas bottles directly to the treatment chamber, using a 

GT1355 Sho-Rate G rotameter (Brooks Instruments, Hatfield, PA, USA) to control and 

monitor the gas flow. At concentrations lower than 1000 ppm, a NO-A nitric oxide 

delivery system (EKU Elektronik GmbH, Leiningen, Germany) was used to add the 

desired NO/NO2 concentration to the airflow created by an Aquaforte Hi-flow V60 pump 

(Sibo Fluidra Netherlands b.V., Doornhoek, Netherlands). The gas flow rate was 

monitored using a SpiroScout EKU flowmeter (Ganshorn Medizin GmbH, Niederlauer, 

Germany).  

 



Experimental 

 

59 

 

3.2.2 Determination of Temporal Stability 

The temporal stability of the gas treatment effects was tested with material samples 

treated with either NO or NO2 at 1000 ppm for 17 hours. These tests were conducted 

under dry and wet conditions, with the tests under wet conditions limited to samples 

treated with NO (1000 ppm). The tests under dry conditions were conducted by leaving 

the samples just in contact with ambient air for a predetermined amount of time after the 

end of the gas treatment. FTIR-ATR measurements were performed after two, four, six, 

and 24 hours, as well as five, ten, and 15 days after the end of the gas treatment for the 

tests under dry conditions. The tests under wet conditions involved submerging the 

samples in either Millipore water or physiological sodium chloride solution.  The tests 

under wet conditions were limited to measurements five and ten days after the end of the 

gas treatment. The samples tested under wet conditions were dried in a desiccator over 

silica gel for 24 hours before the FTIR-ATR measurements were conducted. The samples 

submersed in sodium chloride solution were rinsed with Millipore water before drying to 

avoid salt deposits on the sample surface.  

3.2.3 FTIR-ATR Measurements 

The FTIR-ATR measurements were conducted using an Agilent Varian 670 IR 

spectroscope (Agilent Technologies Inc., Santa Clara, CA, USA) with a Pike 

Technologies GladiATR probe head (Pike Technologies, Fitchburg, WI, USA). The 

spectra recorded cover a range of wavenumbers from 4000 to 500 cm-1, with a resolution 

of 2 cm-1. The samples were pressed down onto the diamond of the ATR probe head with 

the built-in clamp to achieve consistent and complete coverage, ensuring reproducible 

signal intensities. The spectra were recorded against a background measurement of the 

unoccupied sample space. Difference spectra were recorded using untreated material 

samples as the background. All experiments were reproduced three times. 

3.2.4 Scanning Electron Microscopy 

SEM images of the polymer materials were recorded to determine whether the gas 

treatment had any macroscopic impact on the surface morphology of the polymers. 

Samples roughly one by one centimeter in size were cut from the polymer materials. 

Single fibers were used for the hollow fiber membrane, either whole or cut in half 

lengthwise. Both untreated samples and samples treated with NO (1000 ppm) for 17 hours 

were examined. The samples were sputtered with gold using a Quorum SC 7620 sputter 

coater (Quorum Technologies, Lewes, United Kingdom) for 30 seconds. A Zeiss EVO 
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MA15 scanning electron microscope (Carl Zeiss Ag., Oberkochen, Germany) with a 

backscattered electron detector was used to record the SEM images. The images were 

recorded by Ulrike Schiessl from the chair of inorganic chemistry of Professor Dr. Arno 

Pfitzner at the University of Regensburg. Images of both the inside and the outside of the 

fibers were recorded for the hollow fiber membrane. The images of the remaining 

polymer materials were recorded on the side of each material that has direct contact with 

the treatment gas in the fully assembled oxygenator.  

3.2.5 X-Ray Photoelectron Spectroscopy 

The XPS measurements were conducted using a Physical Electronics PHI 5700 (Physical 

Electronics GmbH, Feldkirchen, Germany). All measurements were performed by Dr. 

Matthias Kronseder from the Institute of Experimental and Applied Physics at the 

University of Regensburg. The polymer samples were analyzed untreated and after 

treatment with NO (1000 ppm) for 17 hours. The samples were each measured both in 

their original state and after sputtering. The sputtering process consisted of Ar-ion-

bombardment for ten minutes with a 1.9 kV acceleration voltage. The samples were 

sputtered in a square area, 49 mm2 in size. This process removed several nanometers of 

material from the sample's surface. A neutralizer was used during both the measurement 

and the sputtering process to suppress the charging effects of the insulating samples. The 

measurements were limited to PMP, MABS (inlet/outlet cap), and PU due to time 

constraints and the physical shape of the PVC samples not being suitable for XPS 

measurements.  

Additionally, long-term stability tests were performed with measurements conducted with 

MABS and PU directly after the gas treatment and six and 13 days after the end of the 

gas treatment. The samples were treated with NO (1000 ppm) for 17 hours, and XPS 

measurements were performed directly after the gas treatment and six and 13 days after 

the end of the gas treatment. The samples were left in contact with air at room temperature 

between measurements. The stability of the treatment effects was quantified based on the 

area of the peak at 407.6 eV.  
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3.2.6 Contact Angle Measurements 

Contact angle measurements were conducted to determine the influence of the gas 

treatment on the surface hydrophilicity of the polymers. Both static and dynamic contact 

angle measurements were used to achieve that goal. 

3.2.6.1 Static Contact Angle Measurements 

Static contact angle measurements were conducted using a Dataphysics OCA 15plus 

(Dataphysics Instruments GmbH, Filderstadt, Germany). Samples roughly two 

centimeters in length and one centimeter in width were cut from the polymer materials. 

The material selection was narrowed down from the FTIR-ATR measurements because 

this experimental technique required a flat, uniform surface to be conducted properly. The 

materials analyzed were, therefore, limited to the outlet cap (MABS), the gas cap 

(MABS), and the PU sheets. The material samples were treated with NO and NO2 

identically to the FTIR-ATR samples regarding gas concentrations, with treatment times 

being limited to a maximum of 17 hours. These samples were analyzed directly after the 

end of the treatment. Additional measurements were conducted to determine the stability 

of the contact angle effect of the gas treatment by reexamining samples treated with 

10,000 ppm of NO after one month. Further measurements were conducted with these 

samples after submerging them in water for 24 hours and drying them in a desiccator over 

silica gel afterward. 

The sessile drop technique was used for these experiments. A drop with a volume of 

approximately 5 µL was deposited on the polymer surface, and a photograph of the drop 

was recorded approximately 15 seconds after the droplet was deposited. The contact 

angles on both sides of the droplet were determined using the software SCA20 

(Dataphysics Instruments GmbH, Filderstadt, Germany). Both angles were averaged for 

each droplet deposition. Three drops in total were deposited on each sample, and the 

experiments for each gas concentration were reproduced three times.  

3.2.6.2 Dynamic Contact Angle Measurements 

The static contact angle measurements conducted for this thesis contained several factors 

of uncertainty, in particular, the manual droplet deposition and the variations in time 

between deposition and image recording. It was also impossible to meaningfully analyze 

the hollow fiber membranes (PMP), which constituted the biggest blood-contacting 

surfaces. So, to mitigate these uncertainties and expand the method to include the hollow 
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fiber membranes (PMP), dynamic contact angle measurements were conducted by Stefan 

Michel and Niklas Gerlach as part of a cooperation with Dr. Auernhammer's group at the 

Leibniz Institute for Polymer Research Dresden. 

The dynamic contact angle measurements were conducted using a Dataphysics OCA 35L 

(Dataphysics Instrument GmbH, Filderstadt, Germany). The results of these 

measurements were analyzed using the software SCA202. The selection of materials was 

further limited to just the polymer in direct contact with patient blood, meaning the hollow 

fiber membrane (PMP), the inlet/outlet cap (MABS), and the PU sheets. MABS and PU 

samples were analyzed using the sessile drop technique, while the hollow fiber 

membranes (PMP) were analyzed using the Wilhelmy method. 

3.2.6.3 Sessile Drop Technique 

For the sessile drop technique, samples with a size of two by one centimeter were cut 

from the larger material samples. Because variations in surface roughness could have 

substantially affected the results, care was taken to ensure consistent surface 

morphologies for both MABS and PU by cutting the samples from the same larger 

material samples and analyzing the same side of all these samples [242, 249]. Treatment 

of the samples was limited to NO (1000 ppm) for 17 hours to ensure a clearly defined 

treatment impact. The measurements were conducted by depositing a droplet of water on 

the sample surface with an initial volume of 5 µL of water. During the measurement of 

the advancing angle, water was added to the droplet at a rate of 0.1 µL/s up to a total 

volume of 20 µL. The receding angle was then measured by completely removing the 

droplet from the surface at a rate of 0.1 µL/s. Three repeat measurements were conducted 

for all samples. 

3.2.6.4 Wilhelmy Method 

For the Wilhelmy method, single fibers of the hollow fiber membrane (PMP) with a 

length of approximately 40 mm were used. The lower ends of the fibers were pressed shut 

to prevent water from ingressing into the internal space of the fiber and impacting the 

measurements. Gas treatment of these fibers was again limited to NO (1000 ppm) for 17 

hours. For the measurements, a cuvette was filled with Millipore water, and the fiber was 

inserted into the liquid to a total depth of 12 mm with a rate of 6 mm/min and then pulled 

back at the same rate, measuring both advancing and receding contact angles during this 

process. Three repeat measurements were conducted for all samples. 
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3.2.7 Zeta Potential Measurements 

The zeta potential measurements were conducted using a SurPASS 3 (Anton Paar, Graz, 

Austria). The measurements were performed by Anja Caspari in cooperation with Dr. 

Auernhammer's group at the Leibniz Institute for Polymer Research Dresden. The 

polymer materials were analyzed in the untreated state and treated with NO (1000 ppm) 

for 17 hours. MABS and PU samples two by one centimeters in size were used. Similar 

to the contact angle measurements, care was taken to keep the side of the sample material 

that was analyzed the same to avoid introducing inconsistencies into the measurements, 

as surface morphology could have impacted the measurements [294]. For this purpose, 

the backsides of the individual samples were marked before cutting them from the larger 

piece of sample material. Both materials were analyzed using an adjustable gap cell, with 

the gap being adjusted to around 100 µm. The pressure applied to the cell ranged from 

600 to 200 mbar. PMP was analyzed using a cylindrical cell. The hollow fiber membranes 

were packed tightly into the cell, with 150 mg of PMP per measurement. The resulting 

permeability index of the cell was approximately 100. All measurements used a KCl 

solution (10-3 mol/L) as the electrolyte. They were conducted over a pH range of three to 

ten, with HCl and NaOH solutions (0.05 mol/L) used to adjust the pH. Measurements 

were started at a neutral pH and adjusted up or down, with two PMP samples and four 

MABS and PU samples being used per measurement to cover the entire pH range.  

3.3 Hemocompatibility Tests 

Hemocompatibility experiments were conducted to determine whether the addition of NO 

to the perfusion gas mixture impacts the hemocompatibility of the oxygenator. These 

experiments were based on previous investigations undertaken to ensure 

hemocompatibility and, therefore, closely modeled on the ISO-10993-4 standard [295]. 

Hemocompatibility is quantified based on the inducement of hemolysis.  

3.3.1 Sample Preparation 

3.3.1.1 Drabkin’s Reagent 

Drabkin’s reagent was prepared by weighing potassium ferricyanide (III) (200 mg), 

potassium cyanide (50 mg), and potassium dihydrogen phosphate (140 mg) into a 1L 

bottle and adding Millipore water (1000 mL). After dissolving the compounds, a Brij L23 

solution (0.5 mL) was added. When not used, the Drabkin’s reagent was stored in the 

fridge at 4 °C. Before beginning any experiments, the reagent was left to come to room 
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temperature for at least 30 minutes. A new reagent solution was prepared at the beginning 

of each week. 

3.3.1.2 Calibration Curve 

A calibration curve was recorded using the lyophilized porcine Hb. The calibration 

samples were prepared by dissolving 14.4 mg of Hb in 10 mL of Drabkin’s reagent. A 

dilution series of this base sample was prepared, consisting of samples with Hb 

concentrations of 0.72, 0.6, 0.3, 0.15, 0.06, and 0.03 g/L in addition to one blank sample. 

The samples were analyzed using UV/Vis spectroscopy (see Chapter 3.3.3.1). 

3.3.1.3 Blood Samples 

Pigs’ blood was chosen for these experiments due to its availability and broad similarity 

with human blood [296]. A sterilized PET bottle was prepared with 15 mg of the anti-

coagulant heparin. A sample of around 300 mL of fresh pigs’ blood was then obtained 

from the butcher’s shop and restaurant Bachhuber (Abensberg, Germany). The Hb 

concentrations in both the whole blood and the blood plasma were determined. Samples 

of 0.02 mL of blood and 5 mL of Drabkin’s reagent were prepared to determine the total 

Hb content. The samples were mixed and left for 15 minutes to allow the Drabkin’s 

reagent to react with the Hb. To determine plasma Hb, 8 mL of blood were centrifuged at 

800 g and 20 °C for 15 minutes using a Sigma 3-18KHS (Sigma Laborzentrifugen GmbH, 

Osterode am Harz, Germany). 2 mL of the supernatant and 2 mL of Drabkin’s reagent 

were then mixed and left to react for 15 minutes at room temperature. The samples were 

analyzed using UV/Vis spectroscopy (see Chapter 3.3.3.1). The Hb contents of the whole 

blood and the plasma were determined based on the calibration measurements. All 

samples were prepared in triplicate. The blood sample was accepted for further use if the 

plasma Hb values remained below 2 g/L. The blood was then diluted with CMF-DPBS 

to reach a Hb concentration of 10 g/L, based on the whole blood’s Hb content. The Hb 

concentration of the diluted blood solution was then confirmed by an additional UV/Vis 

measurement with samples of 0.02 mL diluted blood and 5 mL Drabkin’s reagent. The 

composition of the solution was adjusted accordingly if the Hb concentration was below 

9 or above 11 g/L. In that case, the Hb concentration was determined again using the same 

method to obtain the final concentration. 
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3.3.2 Extraction Method 

3.3.2.1 Experimental Procedure 

Around 700 mL of CMF-DPBS was filled into an oxygenator with attached blood hoses 

for the extraction procedure. A section of flexible silicone tubing was connected to both 

blood hoses via hose connectors, completing the circuit. The filled oxygenator was placed 

in a drying oven, and the silicone tubing section was placed in a type 10-40-00 peristaltic 

pump (Stöckert Instrumente GmbH, Munich, Germany). The oxygenator was kept at a 

temperature of 50 °C for 72 hours while the liquid was circulated at a rate of 2 L/min 

using the peristaltic pump. The sweep gas mixture perfused through the oxygenator 

throughout this period consisted of either pure air or air with NO (40 ppm) added to it. 

After the extraction, three samples of 7 mL each were taken from the oxygenator, and 

1 mL of diluted blood was added. The samples were mixed and kept at 37 °C for three 

hours, being carefully inverted every 30 minutes to ensure homogeneity. The samples 

were then centrifuged at 800 g and 20 °C for 15 minutes using a Sigma 3-18KHS (Sigma 

Laborzentrifugen GmbH, Osterode am Harz, Germany). Afterward, 2 mL of supernatant 

was taken from the sample, mixed with 2 mL of Drabkin’s reagent, and left to react for 

15 minutes at room temperature. The samples were then analyzed using UV/Vis 

spectroscopy (see Chapter 3.3.3.1). Additional samples were taken from the oxygenator 

circuit to perform measurements of both osmolality (see Chapter 3.3.3.2) and pH value 

(see Chapter 3.3.3.3).  Due to sizeable statistical variance, both variants of gas perfusion 

were repeated a total of five times.  

3.3.2.2 Control Samples 

Several sets of control samples were prepared for each extraction process. A set of control 

blank samples containing 8 mL of CMF-DPBS, a set of positive control samples 

containing 8 mL of Millipore water, and a set of negative control samples containing 

8 mL of CMF-DPBS and HDPE sheets at a concentration of 3 cm2/mL. All sample sets 

consisted of three samples each. The samples were put in a sand bath at 50 °C for 72 

hours, being stirred throughout. Afterward, 7 mL of each sample was mixed with 1 mL 

of diluted blood and kept at 37 °C for three hours, being carefully inverted every 30 

minutes. 2 mL of each sample was then mixed with 2 mL of Drabkin’s reagent and left 

to react for 15 minutes at room temperature. The samples were analyzed together with 

the corresponding extraction samples using UV/Vis spectroscopy (see Chapter 3.3.3.1). 
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The blank control samples were further analyzed concerning both their molality (see 

Chapter 3.3.3.2) and pH value (see Chapter 3.3.3.3). 

3.3.3 Analytical Methods 

3.3.3.1 UV/Vis Spectroscopy 

UV/Vis spectroscopy was the primary analytical method for the hemocompatibility tests. 

A PerkinElmer Lambda 18 UV/Vis spectroscope (PerkinElmer Inc., Waltham, MA, 

USA) was used for all measurements, with a spectroscopic range from 300 to 700 nm 

being recorded. Pure Drabkin’s reagent was used as the background for all measurements. 

Quartz cuvettes with a thickness of one centimeter were used as sample vessels. The 

results were quantified using the absorbance of the signal at 540 nm.  

3.3.3.2 VPO Measurements 

Osmometry measurements were conducted to determine the molality of the extraction 

and blank control samples (see Chapters 3.3.2.1 and 3.3.2.2). A Knauer vapor pressure 

osmometer K-7000 (Knauer Wissenschaftliche Geräte GmbH, Berlin, Germany) was 

used for the measurements. The measurements were conducted using the extraction and 

control samples before mixing with the diluted blood at 25 °C using Millipore water as 

the solvent, with a measurement length of 300 seconds. Nine values were recorded for 

each sample. The molality of the samples was determined based on a calibration 

measurement of a NaCl standard solution with a molality of 400 mmol/kg.  

3.3.3.3 pH Measurements 

pH measurements were conducted using a VWR pHenomenal IS 2100 L (VWR 

International GmbH, Darmstadt, Germany) pH meter with a VWR pHenomenal 211 pH-

electrode (VWR International GmbH, Darmstadt, Germany). The measurements were 

conducted using the extraction and blank control samples before they were mixed with 

diluted blood (see Chapters 3.3.2.1 and 3.3.2.2). The samples were measured at room 

temperature under constant stirring until a stable pH value was established. 

 

 

 

 



Results and Discussion – NO Treatment of Oxygenator Materials 

 

67 

 

4. Results and Discussion – NO Treatment of 

Oxygenator Materials 

The first part of this thesis's Results and Discussion chapter focuses on the impact of 

treating the oxygenator’s polymer materials with NO gas of various concentrations. Parts 

of this chapter were published in the articles “Characterization of the interaction of nitric 

oxide/nitrogen dioxide with the polymer surfaces in ECMO devices” [297] and “Impact 

of nitric oxide on the surface properties of selected polymers” [298]. 

4.1 Optical Changes of the Polymer Materials 

As a first step, the change in coloration of the samples after the gas treatment was 

evaluated. The gas treatment was performed as described in chapter 3.2.1. 

 

Figure 4.1: Color change of the sample materials after the treatment with NO (10.000 ppm) for 17 hours 

and ten days. The samples shown are (a) the inlet/outlet cap (MABS), (b) the gas cap (MABS), (c) the PU 

material, (d) the gas hose (PVC), (e) the silicone gasket, (f) the UV-activated adhesive. The gas treatment 

was performed as described in chapter 3.2.1. 
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All materials except PMP changed color due to the gas treatment. The most significant 

change was displayed by PU, turning yellow after 17 hours and yellowish-brown after ten 

days (see Figure 4.1 (c)). The coloration effect for MABS (both inlet/outlet cap and gas 

cap) was more subtle, with only a slight yellowing effect after ten days (see Figure 4.1 

(a), (b)). Both PVC and silicone showed little but visible change after ten days, with a 

yellowing effect slightly weaker than MABS (see Figure 4.1 (d), (e)). Apart from the 

color change, no apparent change in mechanical properties could be observed. The 

exception was the UV-activated adhesive, which yellowed after 17 hours to a similar 

degree as PU. The coloration did not intensify after ten days of gas treatment (see Figure 

4.1 (f)). However, the material softened noticeably after those ten days of gas treatment. 

This softening effect led to a redesign of the outlet cap of the oxygenator. The redesigned 

cap integrated the hose connector into the cap construction rather than being a separate 

part glued to the cap. 
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4.2 FTIR-ATR Spectra of the Oxygenator Materials 

FTIR-ATR measurements were the primary analytical method employed to analyze the 

impact of the NO treatment on the oxygenator materials. The spectra were analyzed 

regarding the position of the signals caused by the gas treatment, the height of those 

signals compared to treatment length and treatment gas concentration, and the stability of 

these signals after the end of the gas treatment. The gas treatments and the FTIR-ATR 

measurements were performed as described in chapters 3.2.1, 3.2.2, and 3.2.3 

4.2.1 Signal Attribution 

The first step in analyzing the FTIR-ATR spectra was to identify and attribute the signal 

caused by the gas treatment. 

4.2.1.1 Treatment with NO (10,000 ppm) 

Initial experiments examining the interaction between the oxygenator materials and NO 

gas were conducted using the highest available concentration of NO, 10.000 ppm. The 

goal was to see whether any interaction between the polymers and the gas could be 

observed at all. 

 

Figure 4.2: FTIR-ATR spectra of PMP untreated and treated with NO (10,000 ppm) for two and 17 hours 

and ten days. (a) Overview of the spectra. (b) The signal at 3377 cm-1 caused by gas treatment. (c) Signals 

at 1712, 1642, and 1557 cm-1 caused by gas treatment. The marked signals were chosen based on the 

spectrum of the sample treated for ten days. The experiments were performed according to chapters 3.2.1 

and 3.2.3. 
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The spectra of the individual materials showed signals caused by both the materials 

themselves and the gas treatment. The major signals for PMP were around 3000 cm-1, 

corresponding to C-H stretching vibrations. At wavenumbers above 1500 cm-1, a variety 

of absorption bands were observed corresponding to bending vibrations of the polymer 

chain, with the most significant signals sitting at 1466, 1385, 1365, and 1169 cm-1 (see 

Figure 4.2 (a)) [213, 220]. The gas treatment caused a total of four identifiable signals. 

The first signal was a broad peak with its highest point at around 3377 cm-1 (see Figure 

4.2 (b)). The other three signals were small peaks at 1712, 1642, and 1557 cm-1 (see 

Figure 4.2 (c)). 

 

Figure 4.3: FTIR-ATR spectra of MABS (inlet/outlet cap) untreated and treated with NO (10,000 ppm) for 

two and 17 hours and ten days. (a) Overview of the spectra. (b) The signal at 3443 cm-1 caused by gas 

treatment. (c) Signals at 1630, 1549, and 1372 cm-1 caused by gas treatment. (d) Signals at 1274 and 

858 cm-1 caused by gas treatment. The experiments were performed according to chapters 3.2.1 and 3.2.3. 

For MABS, signals around 3000 cm-1 corresponding to C-H stretching vibration were 

observed. At 1727 cm-1, the material showed a signal corresponding to a carbonyl group's 
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C-O double bond stretching vibration. The small signal at 1600 cm-1 was caused by the 

quadrant stretching mode of the benzene rings contained in the styrene monomers (see 

Figure 2.3). Above 1500 cm-1, a series of signals caused by the polymer's C-H and C-C 

bending vibrations was visible. The most significant signals in this region were located at 

1494, 1452, 1239, 965, 758, and 698 cm-1. The signal at 1146 cm-1, meanwhile, was likely 

caused by a C-O stretching vibration of the ester group of the methyl methacrylate 

monomers (see Figure 4.3 (a)) [213, 220]. The gas treatment resulted in more clearly 

visible signals than with PMP. A broad signal appeared at 3443 cm-1 (see Figure 4.3 (b)). 

Further signals became visible at 1630, 1549, and 1372 cm-1 (see Figure 4.3 (c)), as well 

as 1274 and 858 cm-1 (see Figure 4.3 (d)). The height of these additional signals showed 

a clear dependence on gas exposure time.  

 

Figure 4.4: FTIR-ATR spectra of MABS (gas cap) untreated and treated with NO (10.000 ppm) for two 

and 17 hours and ten days. (a) Overview of the spectra. (b) The signal at 3443 cm-1 caused by gas treatment. 

(c) Signals at 1630, 1549, and 1372 cm-1 caused by gas treatment. (d) Signals at 1274 and 858 cm-1 caused 

by gas treatment. The experiments were performed according to chapters 3.2.1 and 3.2.3. 
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Apart from minor shifts in the fingerprint region, likely due to a coloring agent in the 

polymer, the FTIR-ATR spectra of the MABS plastic of the gas caps were largely 

identical to the inlet/outlet caps (see Figure 4.4 (a)). The signals caused by the gas 

treatment were similarly identical in both position and peak height (see Figure 4.4 (b) - 

(d)).  

 

Figure 4.5: FTIR-ATR spectra of PU untreated and treated with NO (10,000 ppm) for two and 17 hours 

and ten days. (a) Overview of the spectra. (b) The signal at 3480 cm-1 caused by gas treatment. (c) Signals 

at 1630, 1554, and 1276 cm-1 caused by gas treatment. (d) Signals at 968 and 858 cm-1 caused by gas 

treatment. Marked in red are the signals impacted by potential cross-linking and chain scission reactions at 

3332, 2926, 2855, 1721, 1706, 1164, 1114, and 814 cm-1. The experiments were performed according to 

chapters 3.2.1 and 3.2.3. 

The PU material resulted in a signal at 3332 cm-1 corresponding to an N-H stretching 

vibration caused by the N-H bonds of the polyurethane chain’s carbamate groups. A 

group of signals corresponding to C-H stretching vibrations could be observed at 2926 

and 2855 cm-1. At 1706 cm-1, a signal corresponding to the C-O double bond stretching 



Results and Discussion – NO Treatment of Oxygenator Materials 

 

73 

 

vibration of the carbonyl group contained in the carbamate group was visible. A further 

signal appeared at 1597 cm-1, caused by the quadrant stretching mode of benzene rings 

contained in the MDI monomers. At 1523 cm-1, a signal corresponding to the C-N-H 

bending vibration of the carbamate group was visible. Above 1500 cm-1, a series of 

signals corresponding to the polymer chain's C-H and C-C bending vibrations appeared, 

with significant signals at 1309, 1045, 767, and 511 cm-1. The signals at 1413 and 

1217 cm-1 were likely caused by O-H bending vibrations of the glycol or TMP monomers 

and C-N stretching vibrations of the carbamate group, respectively (see Figure 4.5 (a)) 

[213, 220]. The gas treatment resulted in the following changes: A broad signal at around 

3480 cm-1 appeared as a shoulder of the N-H signal (see Figure 4.5 (b)), in addition to 

signals at 1630, 1554, 1276, and 1164 cm-1 (see Figure 4.5 (c)) as well as signal at 968 

and 858 cm-1 (see Figure 4.5 (d)). The gas treatment also decreased the heights of several 

PU signals, with the most relevant located at 3332, 2926, 2855, 1114, and 814 cm-1 (see 

Figure 4.5 (b), (c), and (d)). The carbonyl signal changed shape with the peak maximum 

shifting from 1706 to 1721 cm-1 (see Figure 4.5 (c)). 
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Figure 4.6: FTIR-ATR spectra of PVC (gas hose), untreated and treated with NO (10,000 ppm) for two and 

17 hours and ten days. (a) Overview of the spectra. (b) The signal at 3425 cm-1 caused by gas treatment. (c) 

Signal at 1630 cm-1 caused by gas treatment. (d) Signal at 860 cm-1 caused by gas treatment. The 

experiments were performed according to chapters 3.2.1 and 3.2.3. 

The PVC spectra showed signals corresponding to C-H stretching vibrations at around 

3000 cm-1 caused by both the polymer itself and the plasticizer DOTP. The signals at 

1716 and 1267 cm-1 were caused by the plasticizer DOTP, corresponding to the C-O 

stretching vibrations of its ester groups. Between 1500 and 1350 cm-1, a group of signals 

corresponding to semicircle stretching vibrations of the aromatic ring of DOTP appeared. 

The most significant signals above 1350 cm-1 not already discussed were located at 1102, 

1019, and 611 cm-1, caused by C-C and C-H bending vibrations of both the polymer and 

the plasticizer. The signal at 730 cm-1 was caused by the C-Cl stretching vibrations of the 

polymer (see Figure 4.6 (a)) [213, 220]. The gas treatment resulted in three visible signals 

at 3425 cm-1 (see Figure 4.6 (b)), 1630 cm-1 (see Figure 4.6 (c)), and 860 cm-1 (see Figure 

4.6 (d)). 
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Figure 4.7: FTIR-ATR spectra of the silicone gasket, untreated and treated with NO (10.000 ppm) for two 

and 17 hours and ten days. (a) Overview of the spectra. (b) The signal at 3480 cm-1 caused by the gas 

treatment. (c) The signal at 1630 cm-1 caused by the gas treatment. The experiments were performed 

according to chapters 3.2.1 and 3.2.3. 

The silicone gasket displayed several signals at around 3000 cm-1, corresponding to the 

C-H stretching vibrations of the carbon side chains of the polymer. The signals between 

1500 and 1300 cm-1 were caused by C-H bending vibrations. The signal at 1257 cm-1 was 

caused by Si-C stretching vibrations, while the signals at 1065 and 1007 cm-1 were due 

to Si-O-Si stretching vibrations of the siloxane groups in the polymer chain. The final 

signal of note was the peak at 785 cm-1, which was caused by Si-O-Si bending vibrations 

(see Figure 4.7 (a)) [213, 220, 299–301]. The silicone material of the gasket showed little 

influence of the gas treatment, unlike materials such as MABS or PVC. Only two 

additional signals could be identified. One broad peak at 3480 cm-1 (see Figure 4.7 (b)) 

and one at 1630 cm-1 (see Figure 4.7 (c)). The height of both signals was inconsistent, 

with no clear relationship between gas treatment length and signal height. The signal 

intensities were also low compared to those seen for some of the other materials (see 

Figure 4.3), roughly in line with the signal strengths seen for PMP (see Figure 4.2).   
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Figure 4.8: FTIR-ATR spectra of the UV-activated adhesive, untreated and treated with NO (10.000 ppm) 

for two and 17 hours and ten days. (a) Overview of the spectra. (b) The signal at 3380 cm-1 caused by the 

gas treatment. (c) Detailed view of the spectra from 1800 to 1300 cm-1. (d) Detailed view of the spectra 

from 1300 to 500 cm-1. Marked in red are the signals impacted by potential cross-linking and chain scission 

reactions at 2950, 2873, 1727, and 1128 cm-1. The experiments were performed according to chapters 3.2.1 

and 3.2.3. 

The spectra of the UV-activated adhesive showed signals at 3380 and around 3000 cm-1 

corresponding to O-H and C-H stretching vibrations, respectively. The O-H stretching 

vibrations were likely caused by the hydroxy group of the 2-hydroxyethyl methacrylate. 

The signals at 1727 and 1636 cm-1 appeared due to C-O stretching vibrations of the 

carbonyl groups in all the UV-activated adhesive components. The signal at 1727 cm-1 

was likely caused by both 2-hydroxyethyl methacrylate and isobornyl acrylate, which 

featured the carbonyl group as part of a β-unsaturated ester group. The signal at 1636 cm-1 

likely stemmed from 1-vinylhexahydro-2H-azepin-2-one, where the carbonyl group 

neighbored a tertiary amine group. The following signal at 1530 cm-1 likely corresponded 

to the C-N-H bending vibration from the carbamate groups of the urethane compounds 



Results and Discussion – NO Treatment of Oxygenator Materials 

 

77 

 

present in the product. C-H and C-C bending vibrations appeared above 1500 cm-1, with 

the most significant signals being 1239, 1127, and 1049 cm-1. The signal at 1172 cm-1 

was caused by C-O stretching vibrations of the ester groups of 2-hydroxyethyl 

methacrylate and isobornyl acrylate. The signal at 1080 cm-1, on the other hand, was 

caused by the C-O stretching vibrations of the hydroxy group of 2-hydroxyethyl 

methacrylate (see Figure 4.8 (a)) [213, 220]. The gas treatment with NO resulted in the 

generation of only one visible signal at 3380 cm-1. Apart from this single signal, which 

only visibly changed after the maximum exposure time of ten days, a decrease in signal 

height could be observed at 2950, 2873, 1727, and 1128 cm-1 (see Figure 4.8 (b), (c), and 

(d)). 

In addition to these regular spectra, difference spectra were recorded. The difference 

spectra used measurements of the untreated material samples as the background 

measurements compared to the empty sample space of the regular spectra. This led to 

much lower signal intensities of the peaks caused by the polymers themselves, allowing 

for better identification and separation of signals caused by the NO treatment. This was 

especially useful for signals appearing in the fingerprint region of the spectra, where they 

overlapped with the multitude of material peaks, and PU, where almost all gas treatment-

related signals heavily overlapped with existing material peaks. These spectra were only 

used to better separate the signals caused by the gas treatment from the material signals. 

They were not used to analyze signal heights due to inconsistencies arising from using 

untreated materials in the background measurements. No new signals caused by the gas 

treatment were identified in these difference spectra. 
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Figure 4.9: FTIR-ATR difference spectra of (a) PMP, (b) MABS of the inlet/outlet cap, (c) MABS of the 

gas cap, (d) PU, (e) PVC, (f) the silicone gasket, and (g) the UV-activated adhesive, treated with NO 

(10,000 ppm) for 17 hours, using the respective untreated material as the background. The experiments 

were performed according to chapters 3.2.1 and 3.2.3. 

Analyzing the difference spectra resulted in, for the most part, identical findings to the 

regular spectra. A broad signal between 3500 and 3300 cm-1 was present for all materials. 

The signal at 1712 cm-1 was only visible for PMP, while the signal at 1642/1630 cm-1 was 

visible in all spectra except for the UV-activated adhesive. The signal at 1557-1549 cm-1 

was the only signal where changes compared to the regular spectra were observed. The 

signal was present in the PMP spectra and both MABS samples. It also appeared in the 

spectrum of PU, in contrast to the regular spectra, where it likely overlapped with signals 

from the material itself. The signal at 1372 cm-1 only appeared for MABS samples, while 



Results and Discussion – NO Treatment of Oxygenator Materials 

 

79 

 

the 1276/1274 cm-1 signal was visible for MABS, PU, and PVC. The signal at 968 cm-1 

only appeared for PU, and the 860-858 cm-1 signal appeared for MABS, PU, and PVC. 

Looking at the results of the gas treatment in both regular and difference spectra led to 

the identification of a total of eight different signals caused by the gas treatment. These 

signals could be attributed to a small selection of different functional groups being formed 

on the material surfaces. The signals at 1642/1630, 1276/1274, and 860/858 cm-1 were 

attributed to the formation of nitrate ester groups. The signal at 1642/1630 cm-1 was 

caused by the in-phase stretching vibration of the functional group, while the signal at 

1276/1274 cm-1 was caused by its out-of-phase stretching vibration. The signal at 

860/858 cm-1 was caused by the N-O stretching vibration of the group. The signals at 

1549-1557 cm-1 and 1372 cm-1 resulted from the formation of nitro groups on the polymer 

surfaces. The signal at 1549-1557 cm-1 was caused by the out-of-phase stretching 

vibration of the group, while the in-phase stretching vibration caused the signal at 

1372 cm-1 [213, 220]. The signals at 3500-3300, 1712, and 968 cm-1 were caused by the 

adsorption of HNO3 on the polymer surface. The signal at 3500-3300 cm-1 was caused by 

the O-H stretching vibration of the molecules, while the signal at 1712 cm-1 was caused 

by the NO2 out-of-phase stretching vibration, and the NO2 in-plane bending vibration 

caused the signal at 968 cm-1 [213, 220, 302].  

This attribution of the signals meant that HNO3 was deposited on all polymer materials. 

PMP, MABS, and PU showed signals indicating that nitro and nitrate ester groups were 

formed on the surface of these materials. Both PVC and the silicone gasket showed only 

signals corresponding to nitrate ester groups but not nitro groups, while the UV-activated 

adhesive showed no signals corresponding to the formation of these functional groups. 

Of these materials, both PMP and the silicone gasket showed signals that were 

comparatively small in height compared to materials like MABS or PVC.   

Fundamental to the reactions the gas treatment caused on the polymer surfaces was the 

reaction of NO with oxygen forming NO2 (see Chapter 2.3.2) and the subsequent 

formation of HNO3 through the reaction of NO2 with water [303, 304]: 

 
 

(57) 

 
 

(58) 
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In the context of the gas treatments conducted with NO (10,000 ppm), these reactions 

occurred as the treatment chamber was flooded with treatment gas for the first time. As 

the air was displaced from the chamber, the NO gas reacted rapidly with the oxygen of 

the air to form NO2 [305, 306]. NO2 then reacted with the moisture in the air to form 

HNO3. Both reactions ultimately left NO2 and HNO3 as the reactive agents.  

The nitro groups on the surfaces of the polymers were formed through various 

mechanisms, with the addition reaction to C-C double bonds being the most common. 

These addition reactions led to the formation of nitro and nitrite ester groups in a 3:1 ratio 

[152]. Possible attack points for this type of reaction would have been the double bonds 

of the butadiene monomers of MABS or the C-C double bonds in all three major 

components of the UV-activated adhesive. Another possible pathway for the formation 

of nitro groups is the electrophilic aromatic nitration reaction caused by HNO3. In a first 

step, NO2
+-ions were formed through the reaction of the HNO3 molecules with an acid: 

 
 

(59) 

The NO2
+-ion then reacted with an aromatic ring to form a nitro group. This reaction took 

place in a continuum between two different mechanisms. The first of these mechanisms 

was the polar mechanism: 

 

 

(60) 

The second mechanism was the single-electron transfer (SET) mechanism: 

 

 

(61) 

In the case of both the polar and the SET mechanism, the NO2+-ion formed an π-complex 

with the aromatic ring. In the case of the polar mechanism, the reaction proceeded through 

a transition state, while a SET intimate pair was formed in the case of the SET mechanism. 

Both mechanisms then moved to a σ-complex followed by a proton abstraction to form 

the final product [307, 308]. The potential attack points for this reaction would have been 
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the aromatic systems of the MDI monomers of PU, the aromatic ring of the plasticizer 

DOTP contained in PVC or the styrene monomer of MABS. 

The formation of nitrate ester groups also had multiple possible pathways. The most 

straightforward mechanism was a secondary reaction following the addition reaction of 

NO2 (see Chapter 2.3.4, Equations 6-9). Here, the unstable nitrite ester groups formed 

through the addition reaction of NO2 with C-C double bonds reacted further with NO2 to 

form nitrate ester groups. This reaction would also explain the absence of any IR signals 

related to the formation of nitrite ester groups [153, 161]. A second possible mechanism 

would have been a reaction of HNO3 with hydroxy groups [309, 310]: 

 
 

(62) 

 
 

(63) 

 

 

(64) 

 

 

(65) 

Possible attack points for this reaction would have been unreacted hydroxy groups in the 

TMP monomers of PU, where the third hydroxy group was not involved in cross-linking 

or the 2-hydroxyethyl methacrylate of the UV-activated adhesive. Further attack points 

were possible when considering a potential variant of this mechanism. This variant 

involved an acid-catalyzed hydrolysis of an ester group as a first step [311]: 

 

 

(66) 
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This reaction was followed by the hydroxy groups' nitration reaction (see Equations 62-

67). Possible points of attack for this reaction would have been the ester groups in the 

methyl methacrylate monomer of MABS, in 2-hydroxyethyl methacrylate and isobornyl 

acrylate contained in the UV-activated adhesive, and in the plasticizer DOTP contained 

in PVC.  

Connecting these mechanisms with the results obtained from the FTIR-ATR 

measurements resulted in the following interpretations: PMP and the silicone gasket 

lacked any structural features necessary for the reaction mechanisms described in the 

prior paragraphs. PMP only consists of C-C single bonds with no additional functional 

groups. The silicone used for the gasket likely only consists of a Si-O-Si main chain with 

aliphatic side chains based on the IR signals of the material itself. The small signals 

observed, despite the absence of necessary structural features, stemmed most likely from 

reactions between the treatment gas and residual monomers contained in both materials. 

MABS, on the other hand, contained a variety of structural features capable of interacting 

with both NO2 and HNO3. These structural features included the double bonds in the 

butadiene monomers, the styrene monomers' phenyl group, and the methyl methacrylate's 

ester group. PU also contained structural features that made the interaction with both 

reactive agents possible. Here, the MDI monomers' aromatic rings and the unreacted 

hydroxy groups of the TMP monomers were the likeliest attack points. The results for 

PVC were of note, as the polymer itself did not contain any functional groups or structural 

features that would have made reactions with either NO2 or HNO3 possible. Instead, the 

reactions forming nitrate ester groups only occurred with the plasticizer DOTP, which 

made up 32.7 wt% of the sample, likely through the acid-catalyzed hydrolysis of their 

ester groups, followed by nitration reactions with the resulting hydroxy groups, leading 

to the formation of nitrate ester groups. The carboxylic acid groups formed because of 

the ester hydrolysis likely also contributed part of the signal at 3425 cm-1 (see Figure 4.6 

(b)). Despite the presence of an aromatic ring in the plasticizer, no nitro groups were 

detected. The likely reason for this behavior was high steric hindrance preventing the 

aromatic nitration reactions. The UV-activated adhesive produced the most surprising 

results, which showed no reaction with either NO2 or HNO3 despite the individual 

components all containing necessary structural features in the form of C-C double bonds 

and ester groups. The absence of nitro group formation was likely explained by the double 

bonds' absence due to the components' complete polymerization in the hardened samples. 
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The reason why no reactions with the ester groups of these compounds took place 

remained unclear.  

For PU and the UV-activated adhesive, this attribution of the signals caused by the gas 

treatment still left some effects of NO on the FTIR-ATR spectra unexplained (see Figures 

4.5 and 4.8). For PU, the gas treatment decreased the signal heights of various signals, 

especially in the region above 1500 cm-1, and led to the formation of a signal at 1164 cm-1. 

The most relevant signals for this discussion were located at 3332, 2926, 2855, 1706, 

1164, 1114, and 814 cm-1 (see Figure 4.5 (b), (c), and (d)). The likely explanation for 

these changes was both cross-linking and chain scission reactions. The cross-linking 

reaction of PU proceeded as described in equations 15, 16, and 17 (see Chapter 2.3.4). 

The chain scission reaction followed from equation 16 and proceeded according to the 

following mechanism [159, 312]: 

 

 

(69) 

Chain scission reactions were related to the drop in signal heights at 2926, 2855, 1114, 

and 814 cm-1, in addition to signal height decreases for most of the signals above 

2500 cm-1 [313–315]. Cross-linking reactions, meanwhile, were connected to the signal 

height decrease at 3332 cm-1, the reduction in the height of the carbonyl signals at 

1706 cm-1, and the appearance of the signal at 1164 cm-1 (see Figure 4.5 (b), (c), and (d)) 

[316–318]. None of the other polymer materials showed signs of either reaction (see 

Figures 4.2-4.4 and 4.6-4.8). Chain scission reactions, in particular, were a potential 

concern for the mechanical stability of the PU materials if the reactions occurred in the 

bulk of the polymer. These concerns were somewhat mitigated by existing research, 

where chain scission and cross-linking reactions were only minor side reactions compared 

to the addition reaction of NO2 with C-C double bonds [157, 160]. The potential impact 

of chain scission reactions was further explored based on the XPS and SEM 

measurements presented in chapters 4.3 and 4.4. These reactions also had the potential to 

cause the formation of nitro groups through a side reaction between the product of 

equation 16 and NO2 [312]. However, the side reaction character of the chain scission and 

cross-linking reactions made it unlikely that this nitration reaction substantially 

contributed to the nitro group formation. 

Cross-linking and chain scission reactions likely also played a role in the UV-activated 

adhesive, with the signals at 2950, 2873, 1727, and 1128 cm-1 decreasing in height due to 
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the gas treatment [309–314]. The impact of these reactions seemed to have been more 

substantial here than with PU, as the material became observably softer after the gas 

treatment, which led to its removal from the oxygenator design (see Chapter 4.1). 

4.2.1.2 Treatment with NO (1000 ppm and 80 ppm) 

The initial experiments with 10,000 ppm of NO proved that NO interacted with the 

oxygenator's polymer materials (see Chapter 4.2.1.1). Further gas treatment experiments 

were conducted, lowering the NO concentration to 1000 and 80 ppm, closer to the 

planned final application concentration of below 100 ppm, to see whether these 

interactions would remain visible. The UV-activated adhesive was not further analyzed 

from this point forward, as it had been removed from the oxygenator design (see Chapter 

4.1). The blood hoses (PVC) of the oxygenator were added to the selection of polymer 

materials as it emerged that the gas and blood hoses used different plasticizers (see 

Chapter 2.4.4). This difference in material composition could have led to differences in 

the interaction with NO. Therefore, PVC (blood hose) was analyzed separately from the 

PVC (gas hose) from this point forward. Samples treated with NO (1000 ppm) were used 

for a wider variety of experiments than the other concentrations (see Chapters 4.3-4.5) 

due to the good compromise between achievable signal heights and gas consumption.  
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Figure 4.10: Overview of the spectra of (a) PMP, (b) MABS (inlet/outlet cap), (c) MABS (gas cap), (d) PU, 

(e) PVC (gas hose), and (f) silicone treated with NO (1000 ppm) for 30 minutes, one, two, four, and 17 

hours. The experiments were performed according to chapters 3.2.1 and 3.2.3. 

Treatment of the polymer materials with NO (1000 ppm) resulted in very similar behavior 

to the treatment with 10,000 ppm. The MABS, PU, and PVC samples showed the same 

signals with visually lower signal intensities compared to the treatment with NO 

(10,000 ppm) (see Figure 4.10 (b-e)). The signal at 1554 cm-1 was no longer visible due 

to the decreased signal strength and overlap with the PU signal at 1523 cm-1. PU showed 

no indications for chain scission or cross-linking reactions within the first 17 hours of 

treatment time, with the signals discussed in this context in chapter 4.2.1.1 showing no 

changes (see Figure 8.1). Prolonging the treatment duration up to 15 days revealed slight 
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changes in the signals at 1706, 1721, and 814 cm-1, consistent with crosslinking and chain 

scission reactions (see Figure 8.2). However, the effect was much weaker than with 

10,000 ppm of NO (see Figure 4.5). PMP and silicone showed no or only negligible 

signals after the gas treatment (see Figure 4.10 (a), (f)). Both materials already showed 

only small signals after the treatment with NO (10,000 ppm) (see Figures 4.2 and 4.7), 

with both materials lacking any of the structural features necessary to react with either 

NO2 or HNO3 (see Chapter 4.2.1.1). This led to an absence of any additional signals at 

lower NO concentrations. Analysis of PMP was carried out throughout the remaining 

experiments, as the material was central to the functionality of the oxygenator. On the 

other hand, the silicone gasket was only an easily replaceable accessory to the oxygenator 

and, therefore, not considered in the remaining experiments. 

 

Figure 4.11: FTIR-ATR spectra of PVC (blood hose), untreated and treated with NO (1000 ppm) for 30 

minutes, one, two, four, and 17 hours. (a) Overview of the spectra. (b) The signal at 3425 cm-1 caused by 

gas treatment. (c) Signal at 1630 cm-1 caused by gas treatment. (d) Signal at 860 cm-1 caused by gas 

treatment. The experiments were performed according to chapters 3.2.1 and 3.2.3. 
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The PVC (blood hose) spectra were largely similar to those of PVC (gas hose). At around 

3000 cm-1, a group of signals was visible, corresponding to C-H stretching vibrations 

caused by both the polymer itself and the plasticizer TEHTM. At 1722 and 1234 cm-1, 

two signals from the ester groups of TEHTM appeared. Between 1500 and 1350 cm-1
, a 

group of signals corresponding to semicircle stretching vibrations of the aromatic ring of 

TEHTM was visible. The most significant signals in terms of height above 1350 cm-1 

were located at 1114, 1067, 959, 752, and 612 cm-1. The signal at 752 cm-1 corresponded 

to the C-Cl stretching vibration of PVC, while the remaining signals were caused by C-C 

and C-H bending vibrations of both the polymer and the plasticizer (see Figure 4.11 (a)). 

The gas treatment caused the formation of a total of three signals at 3443, 1630, and 

860 cm-1 (see Figure 4.11 (b), (c), and (d)). They corresponded to the adsorption of HNO3 

in the case of the signal at 3443 cm-1 and the formation of nitrate ester groups in the case 

of the signals at 1630 and 860 cm-1 [213, 220]. Identically to the PVC (gas hose) samples, 

the nitrate ester groups were formed through the reaction of the plasticizers (in this case 

TEHTM) ester groups with HNO3 in an ester-catalyzed ester hydrolysis followed by a 

reaction between the resulting hydroxy groups and HNO3. In the case of PVC (blood 

hose), TEHTM’s exact concentration was unknown. However, given the similarities in 

mechanical properties and measurement results, it was likely similar to the 32.7 wt% of 

DOTP contained in the PVC (gas hose) samples. Like with DOTP, aromatic nitration 

reactions leading to the formation of nitro groups were likely suppressed due to steric 

hindrance. 
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The NO concentration was further reduced following the experiments at 1000 ppm to 

80 ppm, approximating the final application concentration planned below 100 ppm. 

 

Figure 4.12: Overview of the spectra of (a) PMP, (b) MABS (inlet/outlet cap), (c) MABS (gas cap), (d) PU, 

(e) PVC (gas hose), and (f) PVC (blood hose) treated with NO (80 ppm) for 30 minutes, one, two, four, and 

17 hours. The experiments were performed according to chapters 3.2.1 and 3.2.3. 

Gas treatment at 80 ppm resulted in visually weaker signal heights than treatment 

procedures at higher concentrations up to durations of 17 hours. Both PMP and PVC 

(blood hose) showed no visible signals even after 17 hours of treatment (see Figure 4.12 

(a), (f)). For MABS samples, PU, and PVC (gas hose), additional signals only became 

visible after 17 hours, with only the signal at 3443/3480/3425 cm-1 increasing at shorter 

treatment periods (see Figure 4.12 (b)-(e)). The signals at 1554 and 968 cm-1 did not 
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appear for PU. The material showed no signs of chain scission or cross-linking reactions 

either at this concentration, even with treatment durations of up to ten days (see Figures 

8.3 and 8.4). Overall, these results meant that the effects of the gas treatment remained 

relevant even at concentrations close to the final application concentration. 
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4.2.1.3 Treatment with NO2 (1000, 500, and 50 ppm) 

The experiments presented so far were conducted using various concentrations of NO 

(see Chapters 4.2.1.1 and 4.2.1.2). The interpretations of the results of these experiments 

stated that the interactions between the treatment gas mixture and the polymers were due 

to reactions with NO2 and HNO3, but not NO itself. Experiments using NO2 instead of 

NO at concentrations of 1000, 500, 100, and 50 ppm were conducted to confirm this 

interpretation.  

 

Figure 4.13: Overview of the spectra of (a) PMP, (b) MABS (inlet/outlet cap), (c) MABS (gas cap), (d) PU, 

(e) PVC (gas hose), and (f) PVC (blood hose) treated with NO2 (1000 ppm) for 30 minutes, one, two, four, 

and 17 hours. The experiments were performed according to chapters 3.2.1 and 3.2.3. 
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The FTIR-ATR spectra resulting from the treatment with NO2 (1000 ppm) showed 

essentially identical results to the treatment with the same concentration of NO. PMP 

showed no additional signal due to its lack of suitable structural features (see Figure 4.13 

(a)). The rest of the materials meanwhile showed the same signal at 3425/3443/3480, 

1630, 1549, 1274/1276, 968, and 858/860 cm-1 as with NO (see Figure 4.13 (b)-(f)). The 

signal at 1554 cm-1 was again not visible for PU at any NO2 concentration again due to 

the heavy overlap with the PU signal at 1523 cm-1. The material showed no signs of chain 

scission or cross-linking reactions either (see Figure 8.7). Going down in concentration 

resulted in the signals corresponding to the gas treatment appearing only after longer 

treatment times, similar to the results for NO (80 ppm) (see Figures 8.5, 8.6, and 4.12). 

The spectra obtained from these experiments confirmed the interpretations made in 

chapter 4.2.1.1. Not NO itself but NO2 and HNO3 resulting from reactions with oxygen 

and water (see Equations 57 and 58) were responsible for the reactions between the 

polymers and the treatment gas mixture. 

4.2.2 Signal Height Analysis 

So far, the signals caused by the treatment with NO have only been analyzed based on 

the position of the signals. To gain a better understanding of how the reactions discussed 

in chapter 4.1.1.1 progress, the signal heights of the peaks caused by the gas treatment 

were analyzed. This analysis was generally limited to signals above 1500 cm-1, as the lack 

of separation from material signals in this region made peak height analysis impossible. 

PU was not analyzed for peak heights either, as the gas treatment signals overlapped too 

heavily with the signals of the material itself. For PMP, the signals chosen were located 

at 3377, 1712, 1642, and 1557 cm-1. For both MABS samples, it was the signals at 3443, 

1630, and 1549 cm-1; for PVC, the signals at 3425 and 1630 cm-1; for silicone, the signals 

at 3480 and 1630 cm-1; and for the UV-activated adhesive, it was the signal at 3480 cm-1. 

The spectra were normalized using the signal at 1466 cm-1 in the case of PMP, the signal 

at 1720 cm-1 in the case of MABS, the signal at 2927 cm-1 in the case of PVC, the signal 

at 1257 cm-1 in the case of silicone, and the signal at 1727 cm-1 in the case of the UV-

activated adhesive.  
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4.2.2.1 Treatment with NO (10,000 ppm) 

 

Figure 4.14: Signal heights of the signals caused by the treatment with NO (10,000 ppm) for (a) PMP, (b) 

MABS (inlet/outlet cap), (c) MABS (gas cap) (MABS), (d) PVC, (e) the silicone gasket, and (f) the UV-

activated adhesive. The experiments were performed according to chapters 3.2.1 and 3.2.3. 

PMP showed overall low signal intensities, with none of the signals increasing 

significantly over the treatment period after the initial rise in signal height after two hours 

of gas treatment (see Figure 4.14 (a)). These results fitted well with the previously made 

interpretations (see Chapter 4.2.1.1) that a lack of functional groups or C-C double bonds 

led to a low surface concentration of nitro- and nitrate ester groups, which could only 
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form through reactions with residual monomers. Similar observations were made for 

silicone, where an equal lack of necessary structural features led to equally minuscule 

signal heights (see Figure 4.14 (e)).  

With MABS, on the other hand, the signal heights caused were significant, being among 

the highest of any of the tested materials with a visible tendency towards saturation (see 

Figure 4.14 (b), (c)). After a quick initial rise of the signals at 1630 and 1549 cm-1 to 

values of 0.33 and 0.24, respectively, during the first 17 hours of gas treatment, the curves 

flattened significantly, leading to final values of 0.47 and 0.46 after ten days of treatment. 

The signal at 3443 cm-1 showed a similar development, with signal height rising to 0.06 

within 17 hours and staying there after ten days of gas treatment. The samples taken from 

the inlet/outlet cap and the gas cap were largely identical regarding overall height and 

height development over time. These results aligned with the conclusions drawn in 

chapter 4.2.1.1, as MABS possessed a variety of functional groups and C-C double bonds, 

which made the formation of nitro and nitrate ester groups in large concentrations 

possible. 

The results for PVC were very similar to those of MABS (see Figure 4.14 (d)), except for 

the absence of any signal at 1549 cm-1. The signal heights at 3425 cm-1 and 1630 cm-1 

were larger than with MABS, reaching values of 0.39 and 0.52 after 17 hours and ten 

days of gas treatment, respectively. A clear tendency towards saturation was visible for 

both signals for treatment periods beyond 17 hours. As discussed in chapter 4.2.1.1, the 

signal at 1630 cm-1 was likely caused by the treatment gas reacting with the plasticizer 

DOTP.  

The UV-activated adhesive showed only one signal at 3480 cm-1 with a roughly linear 

increase in signal height over the entire gas treatment period (see Figure 4.14 (f)). The 

signal reached values of 0.04, 0.05, and 0.15 after two hours, 17 hours, and ten days, 

respectively. The signal showed no signs of saturation observed for both MABS and PVC 

(see Figure 4.14 (b)-(d)). 
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4.2.2.2 Treatment with NO (1000 ppm and 80 ppm) 

The signal heights resulting from the gas treatment procedures at 1000 and 80 ppm of NO 

were analyzed analogous to the samples treated with 10,000 ppm (see Chapter 4.2.2.1). 

In addition to measurements covering the usual period of 17 hours, longer-term exposures 

of up to 15 days were also conducted to see whether these samples would display 

saturation phenomena similar to those treated with 10,000 ppm (see Figure 4.14). PMP 

was not analyzed at these concentrations due to the absence of any visible signals at either 

concentration. 

 

Figure 4.15: Signal heights of the signals caused by the treatment with NO (1000 ppm) for (a) MABS 

(inlet/outlet cap), (b) MABS (gas cap), (c) PVC (gas hose), and (d) PVC (blood hose). The experiments 

were performed according to chapters 3.2.1 and 3.2.3. 

The initial increase in signal height during the treatment with NO (1000 ppm) was 

shallower compared to the treatment with NO (10,000 ppm). Two hours of treatment 

resulted in signal heights at 1630 cm-1 of 0.05, 0.06, 0.02, and 0.04 for the MABS and 

PVC samples, respectively (see Figure 4.15), compared to values of around 0.17 and 0.16 

for MABS and 0.28 for PVC treated with 10,000 ppm (see Figure 4.14 (b)-(d)). The 

results were essentially the same for the signal at 1549 cm-1 with the treatment with NO 
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(1000 ppm), resulting in signal heights of 0.03 and 0.026 for MABS (inlet/outlet cap) and 

MABS (gas cap) after 2 hours. Treatment with NO (10,000 ppm) resulted in signal 

heights of 0.11 with both samples (see Figure 4.14 (b), (c)). The signal at 3443/3425 cm-1 

also showed a slower initial increase with 1000 ppm than with 10,000 ppm (see Figures 

4.15 (b-d) and 4.14 (b)-(d)). The signal heights of all samples increased largely linearly 

up to 17 hours for 1000 ppm, reaching values slightly below the treatment with NO 

(10,000 ppm) in the case of the MABS samples (see Figures 4.15 (a), (b) and 4.14 (b), 

(c)). For PVC, the signal height after 17 hours was similar, with values of 0.47 and 0.44 

for NO (1000 ppm) (see Figure 4.15 (c), (d)) and 0.40 for NO (10,000 ppm) (see Figure 

4.14 (d)). No tendency towards saturation could be observed for the samples treated with 

NO (1000 ppm) during the first 17 hours of treatment. 

 

Figure 4.16: Signal heights of the signals caused by the treatment with NO (1000 ppm) for (a) MABS 

(inlet/outlet cap), (b) MABS (gas cap), (c) PVC (gas hose), and (d) PVC (blood hose) with extended 

treatment times of up to 15 days. The experiments were performed according to chapters 3.2.1 and 3.2.3. 

Expanding the treatment time to 15 days showed a clear tendency toward saturation for 

all four samples. In all cases, the signal at 3443/3425 cm-1 showed little to no increase 

after 17 hours (see Figure 4.16). For MABS (inlet/outlet cap), the signal at 1630 cm-1 
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increased from 0.20 to 0.27 (see Figure 4.16 (a)). MABS (gas cap) showed an increase 

from 0.17 to 0.27 (see Figure 4.16 (b)), PVC (gas hose) from 0.47 to 0.58 (see Figure 

4.16 (c)), and PVC (blood hose) from 0.44 to 0.87 (see Figure 4.16 (d)). The signal at 

1549 cm-1 increased from 0.26 to 0.34 for MABS (gas cap) and from 0.22 to 0.31 (see 

Figure 4.16 (a), (b)). The MABS samples' signal heights remained below the results for 

NO (10,000 ppm), while the signal heights for PVC were comparable or even slightly 

higher (see Figure 4.14). 

 

Figure 4.17: Signal heights of the signals caused by the treatment with NO (80 ppm) for (a) MABS 

(inlet/outlet cap), (b) MABS (gas cap), (c) PVC (gas hose), and (d) PVC (blood hose). The experiments 

were performed according to chapters 3.2.1 and 3.2.3. 

Moving to 80 ppm resulted in broadly similar behavior of the signal at 1630 cm-1 to the 

treatment with NO (1000 ppm) (see Figures 4.16 and 4.17). In the case of the MABS 

samples and PVC (gas hose), the values reached around 0.2 and around 0.47, respectively 

(see Figure 4.17 (a)-(c)). The signal at 3443/3425 cm-1 also showed similar behavior with 

values slightly higher overall than NO (1000 ppm) (see Figures 4.16 and 4.17). The signal 

at 1549 cm-1, on the other hand, had signal heights significantly lower than the signal at 

1630 cm-1 while showing comparable or higher heights when treated with higher 
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concentrations of NO (see Figures 4.17 (a), (b), and 4.16 (a), (b)). The outlier among the 

samples was the PVC (blood hose), with little to no increase in any of the signals (see 

Figure 4.17 (d)). 

 

Figure 4.18: Signal heights of the signals caused by the treatment with NO (80 ppm) for (a) MABS 

(inlet/outlet cap), (b) MABS (gas cap), (c) PVC (gas hose), and (d) PVC (blood hose) with extended 

treatment times of up to ten days. The experiments were performed according to chapters 3.2.1 and 3.2.3. 

Extending the treatment time to ten days resulted in stagnation of the signal heights in the 

case of the MABS signal. Compared to treatment at 1000 and 10,000 ppm, the signal 

heights leveled off at overall lower values (see Figures 4.16 and 4.17). For MABS, the 

signal at 1630 cm-1 reached values of around 0.2, while the signal at 1549 cm-1 reached 

values of just below 0.1, with the signal at 3443 cm-1 just below that (see Figure 4.18 (a), 

(b)). For the PVC (gas hose) samples, the results were less consistent, with the signal 

heights after 17 hours of treatment being significantly higher than the values after five 

and ten days (see Figure 4.18 (c)). The samples treated for up to 17 hours and those treated 

for five and ten days were treated and analyzed at different points in time, likely leading 

to the inconsistencies seen here. The signal heights reached for these samples were in line 

with the other polymers; the signal at 3425 cm-1 remained at a maximum of 0.03, and the 
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signal at 1630 cm-1 reached 0.16 after ten days of treatment (see Figure 4.18 (c)). The 

PVC (blood hose samples) also showed similar results, with signal heights increasing to 

0.04 and 0.20 for the signals at 3443 and 1630 cm-1, respectively. Visible for all samples 

was a flattening of the curves beyond 17 hours of gas treatment (see Figure 4.18), 

analogous to the behavior shown with 10,000 and 1000 ppm.  

The measurements using NO concentrations of 80 ppm showed that the reactions present 

at the higher NO concentrations (see Figure 4.14-4.16) persist even at a concentration 

125/12.5 times lower, with signal heights of comparable dimension. These results, 

therefore, proved that the interaction between NO and the polymers remained relevant 

even at relatively low application concentrations below 100 ppm. The relative 

independence of the signal heights from the gas concentration used for the gas treatment 

was also interesting. A likely explanation for this similarity in signal heights between the 

different concentrations was that the reaction sites available under the reaction conditions 

were saturated by the end of the gas treatment, even at concentrations as low as 80 ppm. 

This interpretation is supported by the tendency towards saturation visible in the signal 

height graphs of all three NO concentrations (see Figures 4.14-4.18). The other interesting 

phenomenon that became visible through the analysis of the signal heights was the heights 

of the signals at 1630 and 1549 cm-1 relative to one another. At 10,000 and 1000 ppm, 

both signals reached very similar heights (see Figures 4.14 (b), (c), 4.15 (a), (b), and 4.16 

(a), (b)). Lowering the concentration to 80 ppm resulted in a noticeable drop in height for 

the signal at 1549 cm-1, while the signal at 1630 cm-1 stayed at similar heights compared 

to the measurements at higher concentrations (see Figure 4.18 (a), (b)). As discussed in 

chapter 4.2.1.1, nitro groups were formed exclusively through reactions with NO2, while 

the nitrate ester groups could result from reactions with both NO2 and HNO3. The 

experiments at 10,000 and 1000 ppm were conducted with the bottle concentrations, 

while the experiments at 80 ppm were performed by mixing the bottled gas mixture of 

NO and nitrogen with the airflow produced by an air compressor. As already mentioned, 

NO2 was formed through the reaction with oxygen reacted with the moisture in the air to 

form HNO3. At 10,000 and 1000 ppm, this reaction only occurred at the beginning of the 

experiment, as the gas mixture displaced the air in the reaction chamber. However, at 

80 ppm, the consistent supply of air containing moisture led to HNO3 being produced 

throughout the gas treatment. This led to a lower concentration of NO2 relative to HNO3 

compared to the experiments at higher concentrations. This led to the difference in signal 
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height behavior at 1630 and 1549 cm-1 at 80 ppm of NO compared to 10,000 and 

1000 ppm. 

4.2.2.3 Treatment with NO2 (1000, 500, and 50 ppm) 

The samples treated with NO2 at various concentrations were analyzed regarding peak 

height development to gauge the similarities between the use of NO and NO2. 

 

Figure 4.19: Signal heights of the signals caused by the treatment with NO2 (1000 ppm) for (a) MABS 

(inlet/outlet cap), (b) MABS (gas cap), (c) PVC (gas hose), and (d) PVC (blood hose). The experiments 

were performed according to chapters 3.2.1 and 3.2.3. 

Treatment with NO2 (1000 ppm) resulted in peak heights very similar to the treatment 

with the same concentration of NO (see Figures 4.15 and 4.19). Both gases resulted in 

similar final peak heights of just above 0.2 for the signals at 1630 and 1549 cm-1 for the 

MABS samples (see Figure 4.19 (a), (b)), and a signal height between 0.4 and 0.5 for the 

signal at 1630 cm-1 for the PVC samples (see Figure 4.19 (c), (d)). The signal at 

3443/3425 cm-1 stayed below a height of 0.1, increasing only slightly with increasing 

treatment durations. All signals showed a clear tendency towards saturation, with the 

increase in signal height visibly leveling off after four hours. Lowering the NO2 

concentration to 500 ppm resulted in broadly similar signal heights after 17 hours of gas 
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treatment (see Figures 8.8, and 4.19). The MABS and the PVC (gas hose) samples showed 

the same tendency towards saturation at both concentrations. The primary difference at 

the lower concentration was the decrease in signal heights at 1549 cm-1 relative to the 

signal at 1630 cm-1. At 500 ppm the signal at 1549 cm-1 showed lower signal heights over 

the entire duration of the gas treatment compared to the signal at 1630 cm-1 (see Figure 

8.8 (a), (b)). At 1000 ppm, the heights of both signals were similar, with slightly greater 

heights shown by the signal at 1549 cm-1 (see Figure 4.19 (a), (b)). This difference in 

behavior between the experiments at 1000 ppm and 500 ppm was similar to the difference 

in behavior between high and low concentrations of NO (see Chapters 4.2.2.1 and 

4.2.2.2). The experiments at 500 ppm were conducted by mixing the bottle gas mixture 

with air to reach the desired concentrations, while the experiments with 1000 ppm were 

performed using pure bottle gas. The airflow provided the moisture necessary to produce 

HNO3 from NO2, leading to a higher HNO3 concentration relative to the NO2 

concentration. This, in turn, led to a decrease in the height of the signal at 1549 cm-1 

compared to the signal at 1630 cm-1 at these concentrations (see Figure 8.8 (a), (b)). The 

similarity in signal heights between the different concentrations was again explained by 

the sample surfaces being saturated at both concentrations, similar to the experiments 

with NO (see Chapter 4.2.2.1). This interpretation was supported by the visible tendency 

towards saturation observed at all the examined concentrations (see Figures 4.19 and 8.8). 

The saturation starting earlier than with NO (see Figures 4.14-4.19 and 8.8) was likely 

because NO2 was available from the start of the treatment rather than having to form 

through the reaction of NO with oxygen (see Equation 57). The treatment with NO2 

(50 ppm) finally resulted in very low signal heights compared to the other concentrations 

with no visible signs of saturation (see Figure 8.9). This gas concentration was likely too 

low to affect the polymer surfaces significantly with the treatment time limited to 

17 hours. 
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4.2.3 Stability of the Signals Generated by Gas Treatment 

The long-term stability of the functional groups formed because of the gas treatment was 

of particular interest when looking towards the application of these materials. For this 

reason, The FTIR-ATR measurements in this chapter were conducted several hours or 

days after the end of the gas treatment. The samples were left at room temperature in 

contact with air (see Chapters 4.2.3.1-4.2.3.3) or submerged in water or physiological 

saline solution (see Chapter 4.2.3.2) between measurements. The signals used to evaluate 

the signal stability were picked according to the same criteria as in chapter 4.2.2. The 

selection was limited to signals above 1500 cm-1. Again, PU was not analyzed due to the 

strong overlap of the gas treatment signals with the signals caused by PU itself. The 

spectra were normalized using the signal at 1466 cm-1 in the case of PMP, the signal at 

1720 cm-1 in the case of MABS, the signal at 2927 cm-1 in the case of PVC, the signal at 

1257 cm-1 in the case of silicone, and the signal at 1727 cm-1 in the case of the UV-

activated adhesive.  
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4.2.3.1 Signal Stability after Treatment with NO (10,000 ppm) 

The first stability measurements were conducted with samples treated with NO 

(10.000 ppm) for ten days. The samples were measured directly after the gas treatment as 

well as 24 hours and eight days after the end of the gas treatment. The samples were left 

in contact with air at room temperature between the measurements. 

 

Figure 4.20: Development of signal heights after the end of a ten-day gas treatment with NO (10,000 ppm). 

Measurements were taken directly after the gas treatment, as well as 24 hours and eight days after the end 

of the gas treatment. The materials investigated were (a) PMP, (b) the inlet/outlet cap (MABS), (c) the gas 

cap (MABS), (d) PVC, (e) silicone, and (f) the UV-activated adhesive. The experiments were performed 

according to chapters 3.2.1, 3.2.2, and 3.2.3. 
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The signal heights caused by the nitro and nitrate ester groups and the adsorbed HNO3 

molecules proved largely stable over extended periods, in this case, a maximum of eight 

days (see Figure 4.20). The signals in the PMP spectra were the most unsteady overall, 

with signal heights rising and falling, likely due to the low overall signal intensities, which 

led to more significant uncertainties than the other materials (see Figure 4.20 (a)). The 

signals of the silicone gasket showed similar behavior, also likely due to the overall low 

signal intensity (see Figure 4.20 (e)). The signals for the MABS samples were very 

consistent, with little to no decrease in intensity for any of the three selected signals (see 

Figure 4.20 (b), (c)). PVC showed overall steady signal heights with a slight increase after 

eight days (see Figure 4.20 (d). The UV-activated adhesive also exhibited similar 

behavior with overall stable signal heights over eight days (see Figure 4.20 (f)). The 

instability of some of the signals seen with PMP, PVC, and the UV-activated adhesive, 

where the signal heights increased and decreased throughout the experiment and, in the 

case of PVC, even increased in overall heights compared to the values directly after the 

gas treatment should not be overinterpreted as these experiments were only conducted 

once due to the limited availability of NO at 10,000 ppm, leaving unknown uncertainties. 

The generally observed high stability of the signals did, however, give a positive first 

indication for the application of NO in ECMO circuits, as the release of the compounds 

formed on the polymer surfaces into the bloodstream of the patients should be unlikely. 

The stability measurements were expanded significantly using NO (1000 ppm) to confirm 

these first indications (see Chapter 4.2.3.2). 

4.2.3.2 Signal Stability after the Treatment with NO (1000 ppm) 

The long-term stability of the signals caused by treatment with NO (1000 ppm) was 

analyzed analogously to the treatment with NO (10,000 ppm) (see Chapter 4.2.3.1), 

leaving the samples in contact with air at room temperature after the end of the gas 

treatment. In addition to those experiments, the stability of the signals was also tested by 

submerging them in either Millipore water or physiological saline solution to mimic the 

conditions during the application of the ECMO circuit, where most of these materials are 

in direct contact with blood. Water was chosen as the simplest liquid system to introduce 

no additional influencing factors. Physiological sodium chloride solution was selected as 

the second liquid because of its significance in the application of ECMO circuits. It is 

commonly used as a priming liquid for these circuits before connecting them to the 

patient's bloodstream [319].  
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Figure 4.21: Development of signal heights after the gas treatment with NO (1000 ppm) for 17 hours. 

Measurements were taken directly after the gas treatment and two, four, and six hours and five, ten, and 15 

days after the end of the gas treatment. The materials investigated were (a) MABS (inlet/outlet cap), (b) 

MABS (gas cap), (c) PVC (gas hose), and (d) PVC (blood hose). The experiments were performed 

according to chapters 3.2.1, 3.2.2, and 3.2.3. 

Signal height stability under dry conditions was high. All signals showed a slight decrease 

during the first 24 hours of testing, with the signal heights staying mostly constant after 

that point (see Figure 4.21). The signal at 3443/3425 cm-1 lost around 40 % for MABS 

(inlet/outlet cap), 71 % for MABS (gas cap), 39 % for PVC (gas hose), and 20 % for PVC 

(blood hose) over the entire duration. The signal at 1630 cm-1 lost a total of 14 % for 

MABS (inlet/outlet cap), 30 % for MABS (gas cap), 23 % for PVC (gas hose), and 2 % 

for PVC (blood hose). The signal at 1549 cm-1 lost 5 % and 10 % for MABS (inlet/outlet 

cap) and MABS (gas cap), respectively. The signal at 3443/3425 cm-1 was the least stable 

overall compared to the signals at 1630 and 1549 cm-1. The PVC samples showed overall 

greater signal stability than the MABS samples. 
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Figure 4.22: FTIR-ATR spectra of PMP treated with NO (1000 ppm) for 17 hours and then submersed in 

Millipore water ((a), (b)) and physiological sodium chloride solution ((c), (d)) for five (green) and ten 

(purple) days compared to an untreated sample (grey) and the sample directly of the NO treatment (red). 

(a), (c) Close-up of the broad signal at around 3377 cm-1. (b), (d) Close-up of the spectra in the 1850 to 

1550 cm-1 range. (e) Time evolution of the peak heights of the signal at 3377 (grey), 1712 (blue), and 

1642 cm-1 (red) for PMP after the submersion in Millipore water and (f) physiological sodium chloride 

solution. The experiments were performed according to chapters 3.2.1, 3.2.2, and 3.2.3. 

Submersing the PMP samples in either Millipore water or saline solution resulted in an 

almost complete decline of all relevant signals caused by the gas treatment (see Figure 

4.22). The saline solution had an overall slightly more substantial impact on the signals 

than the Millipore water, looking at the signal at 1642 cm-1 in particular (see Figure 4.22 

(e), (f)). 
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Figure 4.23: FTIR-ATR spectra of MABS (inlet/outlet cap) treated with NO (1000 ppm) for 17 hours and 

then submersed in Millipore water ((a), (b)) and physiological sodium chloride solution ((c), (d)) for 5 

(green) and ten (purple) days compared to an untreated sample (grey) and the sample directly of the NO 

treatment (red). (a), (c) Close-up of the broad signal at around 3443 cm-1. (b), (d) Close-up of the spectra 

in the 1700 to 1500 cm-1 range. (e) Time evolution of the peak heights of the signal at 3443 (grey), 1630 

(red), and 1549 cm-1 (green) for MABS after the submersion in Millipore water and (f) physiological 

sodium chloride solution. The experiments were performed according to chapters 3.2.1, 3.2.2, and 3.2.3. 

The MABS (inlet/outlet cap) results showed a pronounced difference between 

submersion in Millipore water and saline solution. The results for the submersion in 

Millipore water were largely identical to the results obtained for the stability tests under 

dry conditions (see Figures 4.21 (a) and 4.23 (e)). The signals at 3443 and 1630 cm-1 

decreased slightly, losing 1 and 9 % of their original signal height, respectively. The 

signal at 1549 cm-1 meanwhile maintained its height entirely. Submersing the samples in 

saline solution, on the other hand, led to a decrease in signal height of 79 % and 26 % for 
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3443 and 1630 cm-1, respectively. The signal at 1549 cm-1 decreased by 3 %, meaning 

submersion in saline solution led to an overall more substantial decrease in signal heights, 

particularly concerning the signal at 3443 cm-1. 

 

Figure 4.24: FTIR-ATR spectra of MABS (gas cap) treated with NO (1000 ppm) for 17 hours and then 

submersed in Millipore water ((a), (b)) and physiological sodium chloride solution ((c), (d)) for five (red) 

and ten (green) days compared to an untreated sample (grey) and the sample directly of the NO treatment 

(blue). (a), (c) Close-up of the broad signal at around 3443 cm-1. (b), (d) Close-up of the spectra in the 1700 

to 1500 cm-1 range. (e) Time evolution of the peak heights of the signal at 3443 (grey), 1630 (red), and 

1549 cm-1 (green) for MABS after the submersion in Millipore water and (f) physiological sodium chloride 

solution. The experiments were performed according to chapters 3.2.1, 3.2.2, and 3.2.3. 

The results for MABS (gas cap) were largely identical to those for MABS (inlet/outlet 

cap), with a more substantial decrease in signal height after submersion in saline solution 

than in Millipore water. The signal affected the most by the liquid submersion was again 
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the signal at 3443 cm-1, while the signals at 1630 and 1549 cm-1 remained largely steady 

(see Figure 4.24 (e), (f)). 

 

Figure 4.25: FTIR-ATR spectra of PU treated with NO (1000 ppm) for 17 hours and then submersed in 

Millipore water ((a), (b)) or physiological sodium chloride solution ((c), (d)) for five (red) and ten (green) 

days compared to an untreated sample (grey) and the sample directly after the NO treatment (blue). (a), (c) 

Close-up of the signal at around 3480 cm-1. (b), (d) Close-up of the signal at around 1630 cm-1. The 

experiments were performed according to chapters 3.2.1, 3.2.2, and 3.2.3. 

As stated in chapter 4.2.3.1, a signal height analysis of PU was not possible due to the 

substantial overlap between the signals caused by the material, and the gas treatment 

overlapped too heavily. The signals at 3480 and 1630 cm-1 were, therefore, only visually 

observed. The signal at 3480 cm-1 disappeared almost entirely after only five days of 

submersion in both cases (see Figure 4.25 (a), (c)), while the signal at 1630 cm-1 remained 

constant throughout the experiment, with no observable decrease in signal height (see 

Figure 4.25 (b), (d)). No significant difference between the submersion in Millipore water 

and saline solution could be observed.  



Results and Discussion – NO Treatment of Oxygenator Materials 

 

109 

 

 

Figure 4.26: FTIR-ATR spectra of PVC (gas hose) treated with NO (1000 ppm) for 17 hours and then 

submersed in Millipore water ((a), (b)) and physiological sodium chloride solution ((c), (d)) for five (red) 

and ten (green) days compared to an untreated sample (grey) and the sample directly of the NO treatment 

(blue). (a), (c) Close-up of the broad signal at around 3425 cm-1. (b), (d) Close-up of the spectra in the 1700 

to 1500 cm-1 range. (e) Time evolution of the peak heights of the signal at 3425 (grey) and 1630 cm-1 (red) 

for PVC after the submersion in Millipore water and (f) physiological sodium chloride solution. The 

experiments were performed according to chapters 3.2.1, 3.2.2, and 3.2.3. 

The PVC (gas hose) samples showed a clear difference in signal height development 

between submersion in saline solution and Millipore water. The water submersion did not 

impact the signal heights at either 3425 or 1630 cm-1, with both signals remaining 

constant over the entire experiment duration (see Figure 4.26 (e)). Submersion in saline 

solution, on the other hand, resulted in a 20 % decrease in the signal height at 1630 cm-1. 

The signal at 3425 cm-1 decreased by 19 % (see Figure 4.26 (f)).  
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Figure 4.27: FTIR-ATR spectra of PVC (blood hose) treated with NO (1000 ppm) for 17 hours and then 

submersed in Millipore water ((a), (b)) and physiological sodium chloride solution ((c), (d)) for five (red) 

and ten (green) days compared to an untreated sample (grey) and the sample directly of the NO treatment 

(blue). (a), (c) Close-up of the broad signal at around 3443 cm-1. (b), (d) Close-up of the spectra in the 1700 

to 1500 cm-1 range. (e) Time evolution of the peak heights of the signal at 3443 (grey) and 1630 cm-1 (red) 

for PVC after the submersion in Millipore water and (f) physiological sodium chloride solution. The 

experiments were performed according to chapters 3.2.1, 3.2.2, and 3.2.3. 

The measurements of PVC (blood hose) samples also displayed a higher stability of the 

relevant signals with water than with saline solution. The signals at 3443 and 1630 cm-1 

remained stable with the samples submerged in Millipore water (see Figure 4.27 (e)). 

Submersion in saline solution resulted in a 6 % drop in signal height at 1630 cm-1. The 

signal height at 3443 cm-1 remained stable throughout the experiment (see Figure 4.27 

(f)). 
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The stability measurements with NO (1000 ppm) painted an overall similar picture to the 

measurements with NO (10,000 ppm) (see Figures 4.20 and 4.21). The signals generated 

by the gas treatment remain stable over extended periods, with the signals at 1630 and 

especially at 1549 cm-1 showing high degrees of stability (see Figure 4.21). This stability 

was largely maintained in contact with Millipore water and saline solution (see Figure 

4.22-4.27 (e), (f)). The overall stability of these signals, even when in contact with the 

liquids, led to a positive outlook for the application of NO in ECMO circuits, as it 

indicated that the compounds formed on the surface of the polymers would not be 

transferred to the patient’s blood in large quantities, as already mentioned in chapter 

4.2.3.1. The experiments with liquid submersion also allowed for the differentiation 

between the signals caused by covalently bound functional groups in the shape of nitro 

and nitrate ester groups and HNO3, which was adsorbed on the sample surface. The 

signals at 1630 and 1549 cm-1 corresponding to the covalently bound functional groups 

remained mostly stable, similar to the experiments under dry conditions. The signal at 

3443 cm-1, on the other hand, decreased more strongly when the samples were brought in 

contact with water (see Figures 4.22-4.27 (e), (f)). This difference in behavior supported 

the attribution of the signal at 3480/3443/3425 cm-1 to the adsorption of HNO3, which 

was likely washed away during the submersion process or, in the case of the saline 

solution, potentially displaced by the adsorption of sodium chloride ions on the polymer 

surface [320, 321]. The stronger covalent bonds of the functional groups prevented this 

from happening, leading to more stable signal heights. The more substantial signal 

decrease observed for the submersion in the saline solution was likely due to the 

additional washing steps before the drying process (see Chapter 3.2.2). The slight 

reduction in signal height observed for the signal at 1630 cm-1 under both dry and wet 

conditions (see Figures 4.21-4.27) was likely due to acid-catalyzed hydrolysis, as 

Millipore water, saline solution, and humidity in the air were slightly acidic due to the 

absorption of CO2 from the atmosphere [322, 323]. The overall more substantial decline 

of the signal heights with the saline solution compared to Millipore water (see Figures 

4.22-4.27) was again likely due to the additional washing steps ahead of the drying 

process (see Chapter 3.2.2) already mentioned before. The sodium chloride in the solution 

should not have impacted the reaction rates at the concentration used in this context [324]. 

The signal with the overall highest stability was the signal at 1549 cm-1, which showed 

little to no decrease over time, independent of treatment conditions (see Figures 4.21 (a), 

(b), 4.23, and 4.24).  
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4.2.3.3 Signal Stability after Treatment with NO2 (1000 ppm) 

The stability of the signal heights after the end of the gas treatment was also analyzed for 

the experiments using NO2. In this case, the stability measurements were limited to 

experiments with NO2 (1000 ppm). The signal stability was analyzed analogously to the 

treatment with NO (10,000 ppm) (see Chapter 4.2.3.1). 

 

Figure 4.28: Development of signal heights after the gas treatment with NO2 (1000 ppm) for 17 hours. 

Measurements were taken directly after the gas treatment and two, four, and six hours and five, ten, and 15 

days after the end of the gas treatment. The materials investigated were (a) MABS (inlet/outlet cap), (b) 

MABS (gas cap), (c) PVC (gas hose), and (d) PVC (blood hose). The experiments were performed 

according to chapters 3.2.1, 3.2.2, and 3.2.3. 

The results of the stability measurements with NO2 were similar to the same experiments 

conducted with NO at the same concentration (see Figure 4.21). For the MABS samples, 

the signals at 1630 and 1549 cm-1 were stable throughout the experiment, with the signal 

at 1630 cm-1 losing 20 and 14 % of the initial signal height for MABS (inlet/outlet cap) 

and MABS (gas cap), respectively. The signal at 1549 cm-1 decreased by 20 % and 8 %, 

while the signal at 3443 cm-1 decreased by 18 % and 58 % (see Figure 4.28 (a), (b)). With 

the PVC samples, the signal at 1630 cm-1 decreased by 19 % and 30 %, respectively. The 
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signal at 3443/3425 cm-1 decreased by 29 % and 18 % (see Figure 4.28 (c), (d)). The 

MABS samples showed the overall highest signal stability, with both PVC samples 

showing more substantial decreases over time. The stability of the signals at 1630 and 

1549 cm-1 was overall lower compared to the same experiment using NO (1000 ppm). 

Meanwhile, the signal at 3443/3425 cm-1 was more stable than with NO (see Figure 4.21). 

The results, however, remained comparable despite these differences.  
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4.3 XPS Measurements 

The XPS measurements were conducted to verify the results obtained with FTIR-ATR 

and to support the interpretations made so far. The method was also used to gain an 

understanding of whether the gas treatment only changed the surface chemistry of the 

polymers or also caused changes in the bulk material. For this purpose, a sputtering 

process that removed several nanometers from the surface of the polymer samples was 

employed (see Chapter 3.2.5). The selection of samples was again limited to the blood-

contacting surfaces PMP, MABS (inlet/outlet cap), and PU. The PVC (gas hose) and PVC 

(blood hose) samples were unsuitable for these measurements due to their shape. A single 

NO concentration of 1000 ppm was used for these measurements. All spectra were 

aligned to the normal C-C peak position of the C-1s peak to compensate for a constant 

energetic shift of all spectra caused by charging effects. The spectra analysis focused on 

the N-1s peak located in the binding energy range from 398 to 400 eV (see Figures 4.29-

4.31) to detect changes in the spectra caused by the formation of nitro and nitrate ester 

groups. The spectra were analyzed between 420 and 380 eV, focusing exclusively on the 

N-1s peaks present in the spectra. The spectra were fitted, and the visible peaks were 

deconvoluted using a Gauss peak function. The experiments were performed according 

to chapters 3.2.1 and 3.2.5. For the stability measurements, the peak area at 407.6 eV was 

determined for MABS and PU. 

 

Figure 4.29: Results of the XPS measurements of PMP samples both (a) untreated and (b) treated with NO 

(1000 ppm) for 17 hours. None of the samples were sputtered. The experiments were performed according 

to chapters 3.2.1 and 3.2.5. 

The XPS measurements with the PMP samples showed no changes caused by the gas 

treatment, with the weak nitrogen peak remaining at 399.9 eV (see Figure 4.29). 
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Sputtering of the samples proved to be impossible due to unstable and long-term charging 

effects of the samples. The measurements showed no significant impact of the gas 

treatment, with no peaks related to nitrogen-containing species such as nitro- and nitrate 

ester groups or HNO3 molecules appearing. These results supported the findings of the 

FTIR-ATR measurements (see Figure 4.10 (a)). Both methods showed that the lack of 

suitable structural features of the polymer inhibited the formation of the mentioned 

functional groups (see Chapter 4.2.1.1). 

 

Figure 4.30: XPS spectra of (a) untreated, (b) untreated and sputtered, (c) treated, and (d) treated and 

sputtered MABS (inlet/outlet cap) samples. Gas treatment was conducted with NO (1000 ppm) for 17 

hours. The experiments were performed according to chapters 3.2.1 and 3.2.5. 

The MABS samples showed a clear impact of the gas treatment with a prominent 

additional peak at 407.6 eV and a small peak at 404.4 eV appearing in the spectrum of 

the treated sample in addition to the regular N-1s peak at 399.8 eV (see Figure 4.30 (c)). 

The peak at around 399 eV was likely caused by the nitrile groups present in the 

acrylonitrile monomers of MABS [325]. The peak at 407.6 eV was caused by the 

formation of nitrate ester groups and the adsorption of HNO3 molecules [240, 326]. These 

results were confirmed by two additional samples used for stability measurements (see 
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Figure 8.10 (a), (b)). The peak at 407.6 eV disappeared after sputtering the treated sample, 

leaving the peak at 399.6 eV and a small shoulder at 404.4 eV (see Figure 4.30 (d)). The 

peak at 404.4 eV was within the fit error and, therefore, not attributable. 

 

Figure 4.31: XPS spectra of (a) untreated, (b) treated, and (c) treated and sputtered PU samples. Gas 

treatment was conducted with NO (1000 ppm) for 17 hours. The experiments were performed according to 

chapters 3.2.1 and 3.2.5. 

The spectra of PU again showed the regular N-1s peak around 400 eV caused by the 

urethane groups of the polymer (see Figure 4.31 (a)) [327]. After the gas treatment, a peak 

at 407.4 eV appeared, likely corresponding to both the formation of nitrate ester groups 

and HNO3 adsorption on the surface (see Figure 4.31 (b)) [240, 326]. These results were 

confirmed by two additional samples used for stability measurements (see Figure 8.11 

(a), (b)). The signal at 407.4 eV disappeared after the sputtering process, similar to 

MABS, with the peak at 399.4 eV remaining in place and a small shoulder appearing at 

404.7 eV (see Figure 4.31 (c)). The peak at 404.7 eV was within the fit error and, 

therefore, not attributable. Measurements with the sputtered untreated sample were not 

possible due to excessive charging of the sample.  
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In addition to these experiments, stability measurements were conducted with MABS and 

PU to see whether the high degrees of stability observed during the FTIR-ATR 

measurements could also be observed with XPS (see Chapter 4.2.3). 

 

Figure 4.32: Development of the peak area at around 407.6 eV after the end of the gas treatment for both 

MABS (grey) and PU (red) samples. The experiments were performed according to chapters 3.2.1 and 

3.2.5. 

The peak area at 407.6 eV observed for MABS and PU showed high stability. With 

MABS, the area decreased from 5727 CPSeV to 4816 CPSeV after 13 days, a 16% drop. 

With PU, the peak area stayed completely stable (see Figure 4.32).  

The results of the XPS measurement confirmed the results obtained from the FTIR-ATR 

measurements, with all three sample materials showing similar behaviors when treated 

with NO gas mixtures (see Figure 4.10 (a), (b), and (d)). PMP did not react at all due to 

missing any structural features necessary for interaction with the treatment gas, as already 

discussed in chapter 4.2.1.1. For both MABS and PU, XPS showed clear evidence of the 

formation of nitrate ester groups and the adsorption of HNO3, with the peaks appearing 

at 407.6 and 407.4 eV, respectively, confirming the results of the FTIR-ATR 

measurements (see Chapter 4.2.1.1). A signal corresponding to nitro groups could not be 

observed for either polymer, likely due to limitations in the resolution of the spectra, as 

the corresponding peak would be expected around 406 to 407 eV [326, 328]. The stability 

measurements showed similar degrees of stability compared to the FTIR-ATR 

measurements, confirming the results in chapter 4.2.3 (see Figure 4.32). What the XPS 

measurements also clearly showed was that the changes caused by the gas treatment were 

entirely located at the surface of the polymers, as the peaks corresponding to these 

changes at 407.6 and 407.4 eV disappeared after the sputtering process had removed the 

topmost layer of material (see Figures 4.30 (d), and 4.31 (c)). This was of particular 



Results and Discussion – NO Treatment of Oxygenator Materials 

 

118 

 

importance for PU, which had shown signs of chain scission and cross-linking reactions 

with the potential to influence the structural properties of the polymer. Based on these 

results, that should not be an issue, as the reactions only occurred on the surface of the 

polymer. The XPS measurements overall strongly indicated that the gas treatment of the 

oxygenator materials should not influence the structural properties of the polymers. 
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4.4 SEM Recordings of the Polymer Surfaces 

SEM images were recorded to investigate whether the treatment of the polymer materials 

with NO would impact the surface morphology of the polymers. The primary concern 

was the hollow fiber membranes made of PMP. The gas permeability of these fibers is 

based on their microporous structure. Changes in morphology due to the gas treatment 

could potentially impact the gas permeability and, therefore, interfere with the 

functionality of the oxygenator. The secondary concern was that the gas treatment could 

change the surface morphology of the polymers. Materials such as PMP, MABS 

(inlet/outlet cap), PU, and PVC (blood hose) are in constant contact with the patient’s 

blood throughout the device’s application, meaning a change in surface morphology 

could have an impact on their blood compatibility [329]. The experiments were performed 

according to chapters 3.2.1 and 3.2.4. 

 

Figure 4.33: SEM images of (a) the inside of an untreated hollow fiber membrane, (b) the inside of a hollow 

fiber membrane treated with NO (1000 ppm) for 17h hours, (c) the outside of an untreated hollow fiber 

membrane, and (d) the outside of a hollow fiber membrane treated with NO (1000 ppm) for 17 hours at 

10,000x magnification. The experiments were performed according to chapters 3.2.1 and 3.2.4. 

For the PMP samples, images of the hollow fibers' inside and outside were recorded. 

Visible in the SEM images was the microporous structure inside the hollow fiber 
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membranes (see Figure 4.33 (a), (b)). The images of the outside of the fiber show the 

smooth diffusion layer covering the outside surface of the fiber (see Figure 4.33 (c), (d)). 

The images of both the inside and the outside of the fiber clearly showed that the treatment 

with NO (1000 ppm) had no impact on the morphology of the polymer. The porous 

structure on the inside of the fiber remained unchanged, as did the diffusion layer on the 

outside. The visible gash in the diffusion layer was likely due to the handling of the hollow 

fiber (see Fig. 4.33 (d)). 

 

Figure 4.34: SEM images of (a) untreated MABS (inlet/outlet cap) and (b) MABS (inlet/outlet cap) treated 

with NO (1000 ppm) for 17 hours. 

 

Figure 4.35: SEM images of (a) untreated MABS (gas cap) and (b) MABS (gas cap) treated with NO 

(1000 ppm) for 17 hours at 3000x magnification. The experiments were performed according to chapters 

3.2.1 and 3.2.4. 

MABS (inlet/outlet cap) was of secondary concern as it represented a major structural 

component of the oxygenator and is in constant contact with the patient’s blood during 

the application of the oxygenator. It was, therefore, important that the material did not 

display changes to the material surfaces that would indicate either changes to the 

structural properties of the polymers or significant changes to the surface morphology of 
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the materials. MABS (gas cap), on the other hand, was only of minor concern, as it 

represented a replaceable accessory to the body of the oxygenator, which is not in contact 

with the patient’s blood during application. MABS (inlet/outlet cap) had an overall 

smooth surface (see Figure 4.34 (a)), while MABS (gas cap) showed clear signs of the 

machining done to the parts during production (see Figure 4.35 (a)). Neither material 

showed any significant change after the treatment with NO (see Figures 4.34 (b) and 4.35 

(b). 

 

Figure 4.36: SEM images of (a) untreated PU at 151 times magnification, (b) untreated PU at 1000 times 

magnification, (c) PU treated with NO (1000 ppm) for 17 hours at 151x magnification, (d) PU treated with 

NO (1000 ppm) for 17 hours at 1000x magnification. The experiments were performed according to 

chapters 3.2.1 and 3.2.4. 

Like MABS (inlet/outlet cap), PU represented a major structural component and a blood-

contacting surface of the oxygenator. The investigated PU samples had a much rougher 

surface than the other materials (see Figure 4.36 (a)). This increased surface roughness 

resulted from the manufacturing process where PU was shaved down to the correct size. 

The surface facing the patient’s blood is significantly smoother but inaccessible for 

sampling. Therefore, the rougher samples of cut off PU were chosen for practicality 

reasons. No change in surface morphology could be observed after the treatment with NO 
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(1000 ppm) (see Figure 4.36 (b)). This lack of change was also a strong indicator that 

chain scission and cross-linking reaction were not a significant part of the interaction 

between the treatment gas and the polymer. Significant degradation in the polymer 

structure would have led to visible changes in the surface morphology [318].  

 

Figure 4.37: SEM images of (a) untreated PVC (gas hose) and (b) PVC (gas hose) treated with NO 

(1000 ppm) for 17 hours at 3000x magnification. The experiments were performed according to chapters 

3.2.1 and 3.2.4. 

 

Figure 4.38: SEM images of (a) untreated PVC (blood hose) and (b) PVC (blood hose) treated with NO 

(1000 ppm) for 17 hours at 3000x magnification. The experiments were performed according to chapters 

3.2.1 and 3.2.4. 

The PVC samples were only of minor concern, as the gas hoses were only an accessory 

to the oxygenator, which would be quickly replaceable if needed. The blood hoses were 

also a minor concern, as they would not be in direct contact with the treatment gas mixture 

during the application of the oxygenator. The surface of the PVC (gas hose) sample was 

overall visually smooth (see Figure 4.37 (a)). The treated sample showed no change in 

surface morphology compared to the untreated sample. The wrinkles that formed on the 

surface were likely due to the electron beam being focused on one part of the sample for 
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too long, visible on the right edge of the image (see Figure 4.37 (b)). The sample remained 

smooth on the undamaged left side of the image, indicating no significant changes 

happened due to the gas treatment. The PVC (blood hose) samples also showed a smooth 

surface in the untreated state (see Figure 4.38 (a)). Unlike the other materials (see Figures 

4.33-4.37), the gas treatment with NO (1000 ppm) caused the surface of the material to 

become visibly slightly rougher (see Figure 4.38 (b)). The reason for this change in 

surface structure could have been the hydrolysis reaction of the plasticizer used in the 

PVC material, catalyzed by HNO3 (see Chapter 4.2.1.1). Why the same effect was not 

visible for the PVC (gas hose) samples where the treatment gas also primarily reacted 

with the plasticizer remained unclear. As PVC (blood hose) is not in direct contact with 

the treatment gas mixture during the application of the oxygenator, this behavior should 

not have any consequences for the functionality of the oxygenator.  

What the results of the SEM recordings showed overall was that the materials that are 

both in blood contact and in contact with the treatment gas mixture, namely PMP, MABS 

(inlet/outlet cap), and PU, were not affected by the NO treatment with regards to their 

surface morphology (see Figures 4.33, 4.34, and 4.36). This meant that the treatment with 

NO did not impact the materials' structural or blood-contacting properties. In the case of 

PMP, they showed that the gas treatment had no negative impact on the gas permeation 

properties of the material either. MABS (gas cap) and PVC (gas hose) samples showed 

no effect of the gas treatment either (see Figures 4.35 and 4.37). The only exception was 

the PVC (blood hose) samples, which showed a slight impact of the gas treatment on the 

surface roughness of the sample (see Figure 4.38). This effect, however, should have no 

relevance to the actual application conditions, as the blood hoses have no direct contact 

with the sweep gas of the oxygenator. These results showed that, overall, the addition of 

NO to the sweep gas of the oxygenator should have no negative impacts on its 

functionality or the blood-contacting properties of the polymer surfaces.  
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4.5 Contact Angle and Zeta Potential Measurements 

Static and dynamic contact angle measurements and zeta potential measurements were 

performed to understand how the gas treatment with NO affected the surface properties. 

Surface hydrophilicity was of interest for the application of these materials, as an increase 

in surface hydrophilicity would improve the blood-contacting behavior of the oxygenator 

surfaces, leading to better blood compatibility [330–332].  

4.5.1 Static Contact Angle Measurements 

The static contact angle measurements were performed with MABS (inlet/outlet cap), 

MABS (gas cap), and PU, as these were the only materials where a flat sample geometry 

was achievable. The experiments were performed according to chapters 3.2.1 and 3.2.6.1. 

4.5.1.1 Treatment with NO (10,000 ppm) 

 

Figure 4.39: Static contact angle measurements of (a) MABS (inlet/outlet cap), (b) MABS (gas cap), and 

(c) PU treated with NO (10,000 ppm) for up to 17 hours. The experiments were performed according to 

chapters 3.2.1 and 3.2.6.1. 

At an NO concentration of 10,000 ppm, all three samples showed a clear tendency 

towards lower contact angles with increasing treatment time. The contact angle for MABS 

(inlet/outlet cap) decreased from 91.6° to 70.3° (see Figure 4.39 (a)), while for MABS 

(gas cap), the angle decreased from 87.8° to 73.6° (see Figure 4.39 (b)). For PU, the 
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contact angle decreased from 85.8° to 72.7° (see Figure 4.39 (c)). The contact angle 

curves of all three samples showed a steep initial decrease in contact angle, leveling off 

after four hours in the case of both MABS. The PU sample reached saturation after only 

30 minutes of exposure. The conclusion from these results was that the formation of the 

nitro- and nitrate ester functional groups and the deposition of the HNO3 on the polymer 

surface discussed in chapter 4.2.1.1 led to an increase in surface hydrophilicity.  

Following these results, the contact angle measurements were expanded to test the 

stability of these effects. As already seen in chapter 4.2.3.1, the signal connected to the 

functional groups and HNO3 showed a high degree of stability. The goal of repeating the 

contact angle measurements of the samples treated with 10,000 ppm of NO after one 

month was to see whether this stability visible in the FTIR-ATR spectra (see Figure 4.20) 

would translate into a permanent change in the surface properties of the polymers. 

 

Figure 4.40: Static contact angle measurements of (a) MABS (inlet/outlet cap), (b) MABS (gas cap), and 

(c) PU treated with NO (10,000 ppm) for up to 17 hours after a waiting period of one month. The 

experiments were performed according to chapters 3.2.1 and 3.2.6.1. 

The waiting period of one month resulted in a less pronounced drop in the contact angles 

in the case of both MABS samples (see Figure 4.40 (a), (b)). For the MABS (inlet/outlet 

cap), the contact angle dropped from 91.7° to 77.1° (see Figure 4.40 (a)). The total drop 
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in contact angle, therefore, decreased from 21.3° directly after the gas treatment (see 

Figure 4.40 (a)) to 14.6° after the waiting period (see Figure 4.40 (a)). For MABS (gas 

cap), the contact angle dropped from 94.2° to 84.7°, with the difference in contact angle 

decreasing from 14.2° to 9.5° after the waiting period. For PU, the contact angle dropped 

from 87.6° to 68.6°, meaning the drop in contact angle increased slightly from 23.1° to 

29° after the waiting period. These results aligned with the stability measurements 

conducted via FTIR-ATR (see Figure 4.20), with all samples retaining a significant drop 

in contact angle over increasing gas treatment time (see Figure 4.40). 

The stability of the gas treatment effect was further analyzed by submersing the samples 

in Millipore water for 24 hours, drying them in a desiccator for another 24 hours, and 

analyzing them afterward. 

 

Figure 4.41: Static contact angle measurements of (a) MABS (inlet/outlet cap), (b) MABS (gas cap), and 

(c) PU treated with NO (10,000 ppm) for up to 17 hours after a waiting period of one month and submersion 

in Millipore water for 24 hours. The experiments were performed according to chapters 3.2.1 and 3.2.6.1. 

The submersion in Millipore water resulted in the complete disappearance of the contact 

angle decrease for both MABS samples (see Figure 4.41 (a), (b)). PU retained part of the 

contact angle decrease with the angle dropping from 88.3° to 71.6° (see Figure 4.41 (c)). 

This meant the overall contact angle drop decreased from 23.1° and 29° for the previous 
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measurements (see Figures 4.39 and 4.40) to 16.7° after the water submersion (see Figure 

4.40). The results obtained after the water submersion indicated that some of the 

compounds formed on the surface of the polymer samples due to the gas treatment did 

not remain on the sample's surface after contact with water. The compound most likely 

affected by the submersion in water were the HNO3 molecules adsorbed to the surface of 

the polymer, as that interaction is much weaker than the covalent bonds of the nitro and 

nitrate ester functional groups. This was also shown in chapter 4.2.3, with the signal 

corresponding to the HNO3 molecules being less stable over extended periods than the 

nitro and nitrate ester signals. The strong impact of the water submersion on the contact 

angle curves, therefore, indicated that the HNO3 molecules were likely the main 

contributors to the increase in surface hydrophilicity caused by the gas treatment with 

NO.  

Under application conditions in contact with blood, the effect seen here with the materials 

in contact with air would likely be lessened significantly. The HNO3 molecules mainly 

responsible for the increase in surface hydrophilicity would not adhere to the surface in 

significant numbers due to the constant liquid flow. The reactions of the treatment gas 

with the polymer would also likely be inhibited significantly due to the NO being 

consumed by the blood before it reaches polymers such as MABS and PU. So overall, 

while this effect on the surface hydrophilicity was observable under lab conditions, it 

would likely be much less pronounced under application conditions. A potential risk of 

the dissolution of the HNO3 molecules into the surrounding liquid would be its influence 

on the pH value of the liquid. However, given the application concentration of NO of 

below 100 ppm, the already mentioned decreased effect of NO on the surfaces while in 

contact with blood, and the substantial buffering capacity of blood at 38.5 mEq/L/pH, this 

should not be an issue during the actual application [333]. The impact of the addition of 

NO to the sweep gas on the pH value of the liquid in the oxygenator was examined in 

more detail in chapter 5.2.2. 
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4.5.1.2 Treatment with NO (1000 ppm and 80 ppm) 

Static contact angle measurements were also conducted at 1000 and 80 ppm of NO, 

analogous to the samples treated with NO (10,000 ppm) (see Chapter 4.5.1.1). 

 

Figure 4.42: Static contact angle measurements of (a) MABS (inlet/outlet cap), (b) MABS (gas cap), and 

(c) PU treated with NO (1000 ppm) for up to 17 hours. The experiments were performed according to 

chapters 3.2.1 and 3.2.6.1. 

Using 1000 ppm of NO resulted in a slower decline of the contact angle for MABS 

(inlet/outlet cap) compared to the treatment with NO (10,000 ppm) (see Figure 4.39 (a)). 

The contact angle decreased almost linearly by 20.2°, from 92.5° to 72.3° (see Figure 

4.42 (a)). For MABS (gas cap), the decrease in contact angle was strongly reduced 

compared to the treatment with NO (10,000 ppm) (see Figure 4.39 (b)), with a total 

reduction of 7.4° from 90.1° to 82.7° (see Figure 4.42 (b)). PU showed essentially the 

same behavior as with NO (10,000 ppm), with a decrease of 17.7° from 96.1° down to 

78.4° (see Figure 4.42 (c)). The total reduction of the contact angle for MABS (inlet/outlet 

cap) and PU was comparable to the drop caused by treatment with NO (10,000 ppm), 

although in both cases, the decrease took longer with 1000 ppm than with 10,000 ppm 

(see Figures 4.39 (a), (c) and 4.42 (a), (c)). The contact angle decrease for MABS (gas 
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cap), on the other hand, was just overall weaker due to the drop in NO concentration (see 

Figures 4.39 (b) and 4.42 (b)). 

 

Figure 4.43: Static contact angle measurements of (a) MABS (inlet/outlet cap), (b) MABS (gas cap), and 

(c) PU treated with NO (80 ppm) for up to 17 hours. The experiments were performed according to chapters 

3.2.1 and 3.2.6.1. 

Reducing the concentration of NO further to 80 ppm resulted in both MABS samples 

displaying a constant contact angle independent of gas treatment duration (see Figure 4.43 

(a), (b)). PU, however, still showed a noticeable decrease in contact angle despite the 

lower gas concentration. Overall, the contact angle decreased from 95.0° to 76.6°, a drop 

of 18.4°, comparable to the drop at higher gas concentrations. The decrease of the contact 

angle was slower than at 10.000 and 1000 ppm (see Figures 4.39 (c), 4.42 (c) and 4.43 

(c)).  

The results with NO (80 ppm) and NO (1000 ppm) showed that PU had a far higher 

affinity for the deposition of HNO3 molecules compared to the MABS samples, assuming 

that HNO3 molecules were the major contributors to the drop in contact angle (see Chapter 

4.5.1.1). The results also showed that effects on the surface properties of the materials 

persisted even at concentrations as low as 80 ppm. 
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4.5.1.3 Treatment with NO2 (1000, 500, and 50 ppm) 

Contact angle measurements were also conducted using samples treated with various 

concentrations of NO2, analogous to the FTIR-ATR measurements.  

 

Figure 4.44: Static contact angle measurements of (a) MABS (inlet/outlet cap), (b) MABS (gas cap), and 

(c) PU treated with NO2 (1000 ppm) for up to 17 hours. The experiments were performed according to 

chapters 3.2.1 and 3.2.6.1. 

The treatment of the samples with NO2 decreased contact angles for all tested materials, 

like the treatment with NO. For MABS (inlet/outlet cap), the contact angle decreased by 

19.5° from 90.6° to 81.1° (see Figure 4.44 (a)). The contact angle for MABS (gas cap) 

decreased by 15.1° from 95.7° down to 80.6° (see Figure 4.43 (b), and for PU by 23.7° 

from 102.5° to 88.8° (see Figure 4.44 (c)). The impact of the gas treatment with NO2 

(1000 ppm) was weaker than the results of the same concentration of NO (see Figure 

4.42). The drop in contact angle for MABS and PU was significantly smaller, and the 

decrease happened more slowly in the case of PU. For MABS (gas cap), the drop in 

contact angle was slightly larger than with NO (1000 ppm) (see Figures 4.42 (b) and 4.44 

(b)). Decreasing the NO2 concentration to 500 ppm resulted in similar results to 1000 ppm 

(see Figure 8.12). Reducing the concentration of NO2 further to 50 ppm resulted in little 

or no drop in contact angle for MABS (gas cap) and PU (see Figure 8.13 (b), (c)). The 
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contact angle for MABS (inlet/outlet cap) meanwhile still showed a decrease comparable 

to the results at 1000 ppm (see Figures 8.13 (a) and 4.44 (a)).  

Treating the polymer samples with NO2 had similar effects to the treatment with NO. The 

gas treatment caused the contact angle to lower with increasing treatment times (see 

Figures 4.44, 8.12, and 8.13). The impact of NO2 was overall slightly weaker than 

comparatively concentrated NO. The material most affected by NO was PU, while with 

NO2, it was MABS (inlet/outlet cap). The exact reason for the two gases' behavior 

differences is unknown. A likely explanation would be the significant uncertainties of the 

analytical method represented by the comparatively sizeable standard deviations present 

in the corresponding figures. 
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4.5.2 Dynamic Contact Angle and Zeta Potential Measurements 

The selection of analytical methods was expanded beyond FTIR-ATR and static contact 

angle measurements for samples treated with NO (1000 ppm). This expansion included 

the dynamic contact angle and streaming potential measurements discussed in this 

chapter. Due to the limited measurement time and extensive preparations necessary for 

both analytical methods, samples were limited to the materials in direct blood contact 

during the application of the oxygenator, as well as a single NO concentration of 

1000 ppm. The materials, therefore, included PMP, MABS (inlet/outlet cap), and PU. The 

experiments were performed according to chapters 3.2.1, 3.2.6.2, and 3.2.7. 

 

 

Figure 4.45: (a) Dynamic contact-angle measurements of PMP. Represented are the average results for both 

the untreated samples and samples treated with NO (1000 ppm) for 17 hours. The gray bars represent the 

advancing contact angle θA, and the red bars represent the receding contact angle θR. (b) Zeta potential 

measurements of PMP. Visible are the pH-dependent curves of an untreated sample (grey) and a sample 

treated with NO (1000 ppm) for 17 hours (red). The experiments were performed according to chapters 

3.2.1, 3.2.6.2, and 3.2.7. 

For PMP, neither the contact angle nor the zeta potential measurements showed 

significant changes due to the gas treatment (see Figure 4.45). The advancing angle θA 

showed a slight but insignificant change from 65° to 70°, with a standard deviation of 9° 

and 11°, respectively. Treated and untreated samples showed a contact angle hysteresis 

(θA − θR) of 41° and 36° (see Figure 4.45 (a)). 

The zeta potential measurements resulted in nearly identical values above pH 6, 

plateauing at approximately -85 mV (see Figure 4.45 (b)). A slight difference between 

the treated and untreated samples could be observed in the lower pH ranges, with the 
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treated samples resulting in slightly higher values across the lower pH range. This effect 

was most likely caused by the samples' inhomogeneities, not the NO treatment. At the 

IEP, both samples converged again at a pH value of approximately three. 

These results aligned with the FTIR-ATR measurements at the same gas concentration, 

which showed no changes in the spectra either (see Figure 4.10 (a)). 

 

Figure 4.46: (a) Dynamic contact-angle measurements of MABS. Represented are the average results for 

both the untreated samples and samples treated with NO (1000 ppm) for 17 hours. The gray bars represent 

the advancing angle 𝜃𝐴 , and the red bars the receding angle 𝜃𝑅. (b) Zeta-potential measurements of MABS. 

Visible are the pH-dependent curves of an untreated sample (grey) and a sample treated with NO 

(1000 ppm) for 17 hours (red). The experiments were performed according to chapters 3.2.1, 3.2.6.2, and 

3.2.7. 

For MABS (inlet/outlet cap), the contact angle measurements showed a significant 

decrease in both the advancing angle θA and the receding angle θR. θA decreased from 

103° to 74° due to the gas treatment, while θR decreased from 64° to below 10°. This also 

meant that the contact angle hysteresis increased from 39° to more than 64° (see Figure 

4.46 (a)). 

The zeta potential measurements of MABS (inlet/outlet cap) showed no significant 

change between the untreated and treated samples. Below pH six, both curves were 

completely identical, reaching an IEP of roughly 3. Both samples reached a minimum 

value of around -90 mV, with the treated samples displaying slightly higher values than 

the untreated sample above pH 6 (see Figure 4.46 (b)). This difference in potential values 

was not significant and was caused by sample inhomogeneities, like with PMP. These 

sample inhomogeneities likely also caused the jump in values between the acidic and the 

basic measurements (see Figure 4.45 (b)).  
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Figure 4.47: (a) Contact-angle measurements of PU. Represented are the average results for both the 

untreated samples and samples treated with NO (1000 ppm) for 17 hours. The gray bars represent the 

advancing angle 𝜃𝐴 , and the red bars the receding angle 𝜃𝑅. (b) Zeta-potential measurements of PU. Visible 

are the pH-dependent curves of an untreated sample (grey) and a sample treated with NO (1000 ppm) for 

17 hours (red). The experiments were performed according to chapters 3.2.1, 3.2.6.2, and 3.2.7. 

The contact angle measurements for PU showed a significant decrease in both θA and θR 

caused by the gas treatment. θA decreased from 106° to 68° and θR from 49° to 15° (see 

Figure 4.47 (a)). Unlike MABS (inlet/outlet cap) (see Figure 4.47 (a)), there was no 

significant increase in contact angle hysteresis. Instead, contact angle hysteresis 

decreased slightly from 57° to 53° after the gas treatment (see Figure 4.47 (a)).  

The zeta potential measurements of PU showed a significant difference between treated 

and untreated samples, unlike both PMP (see Figure 4.45 (b)) and MABS (inlet/outlet 

cap) (see Figure 4.46 (b)). The curve of the untreated PU samples decreased steeply with 

rising pH values, reaching a final potential of about -120 mV with little to no plateau 

formation at high pH values. The IEP was located at a pH of 3.6. The gas treatment 

resulted in a flattening of the curve, with the IEP shifting to a pH of 2.7. The curve also 

had a more pronounced plateau, with a minimum potential of around -100 mV (see Figure 

4.47 (b)). 

The dynamic contact angle measurements aligned with the results gathered from the 

FTIR-ATR measurements (see Figure 4.10 (a), (b), and (d)), with PMP showing no 

impact, while the gas treatments resulted in a significant decrease in both θA and θR for 

MABS (inlet/outlet cap) and PU (see Figures 4.45 (a), 4.46 (a), and 4.47 (a)). These 

results also fit with the static contact angle measurements conducted at 10,000 and 

1000 ppm (see Figures 4.39 and 4.42), showing significant decreases in contact angle 
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caused by the gas treatment. The conclusion from this decrease in contact angle was that 

the formation of nitro and nitrate ester groups and the adsorption of HNO3 molecules onto 

the surface of the polymers led to an increase in surface hydrophilicity. The additional 

piece of information that the dynamic contact angle measurements provided compared to 

the static measurements was the contact angle hysteresis. Contact angle hysteresis could 

have been caused by various factors, with swelling, surface roughness, and chemical 

heterogeneity being of interest in this case [242, 246, 253, 334]. The results obtained from 

the dynamic contact angle measurements showed a significant increase in contact angle 

hysteresis for MABS (inlet/outlet cap) (see Figure 4.46 (a)) compared to PU, where it 

remained constant after the gas treatment, despite the overall drop in contact angle (see 

Figure 4.47 (a)). Of the factors mentioned above influencing the contact angle hysteresis, 

swelling, and surface roughness could be discounted as both factors should be constant 

between the samples. This left the chemical heterogeneity of the samples as the likely 

explanation for the increase in hysteresis seen for MABS (inlet/outlet cap). MABS was a 

copolymer consisting of four different monomers (methyl methacrylate, acrylonitrile, 

butadiene, and styrene) (see Figure 2.10). As discussed in chapters 2.3.4 and 4.2.1.1, the 

most likely points of attack for NO2 and HNO3 were the double bonds of the butadiene 

monomers, the phenyl group of the styrene monomers, and the ester groups of the methyl 

methacrylate. On the other hand, the acrylonitrile monomers lacked any suitable 

structural features to react with either NO2 or HNO3. This meant that reactions with the 

treatment gas only occurred on three out of four monomers. This led to increased chemical 

heterogeneity as the functional groups were not uniformly distributed across the polymer 

chain. The adsorption of HNO3 also likely happened preferentially at monomers with 

polar functional groups such as methyl methacrylate, increasing chemical heterogeneity 

further. PU, on the other hand, had a more defined structure with alternating between 

TMP monomers and MDI-glycol prepolymers (see Figure 2.11). Potential reaction sites 

were free hydroxy groups of TMP and the aromatic rings of MDI. This meant that the 

functional groups formed due to the gas treatment were distributed more evenly across 

the polymer chain. The same logic applies to the HNO3 molecules, which were likely 

adsorbed more evenly across the polymer surface. This, in turn, led to the chemical 

heterogeneity not increasing and to the contact angle hysteresis staying mostly constant 

after the gas treatment (see Figure 4.47 (a)).  

The zeta-potential measurements of PMP showed no change caused by the gas treatment 

(see Figure 4.45 (b)), in agreement with both the FTIR-ATR and the contact angle 
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measurements (see Figures 4.10 (a) and 4.45 (a)). MABS (inlet/outlet cap) showed no 

impact of the gas treatment on the zeta potential curves either (see Figure 4.46 (b)) despite 

the clearly visible effect of the gas treatment in both the FTIR-ATR and the contact angle 

measurements (see Figures 4.10 (b) and 4.46 (a)). PU was the only sample that showed a 

significant impact from the gas treatment, with the potential curve becoming flatter, 

indicating a more hydrophilic surface, and the IEP shifting from 3.6 to 2.7, indicating the 

formation of acidic compounds on the sample surface (see Figure 4.47 (b)) [265, 335]. 

The combination of these effects on the potential curves suggested that the adsorption of 

HNO3 molecules to the surface of the polymer was the major influencing factor rather 

than the formation of nitro and nitrate ester groups. The difference between MABS 

(inlet/outlet cap) and PU regarding the zeta potential curves was likely explained by a 

difference in the surface concentration of HNO3. The results of the liquid submersion 

experiments (see Figures 4.23 (a), (c), 4.25 (a), (c)) showed that the signal at 

3480/3443 cm-1 was more pronounced for PU than for MABS (inlet/outlet cap). PU was 

also the sample material that showed the most substantial drop in contact angles 

throughout the static contact angle measurements (see Figures 4.39-4.43 (c)), an effect 

also mainly attributed to the adsorption of HNO3 molecules (see Chapter 4.5.1.1). The 

impact of the gas treatment on the surface hydrophilicity of PU was the longest-lasting 

compared to the other materials (see Figures 4.40 and 4.41). This meant that the decrease 

in surface concentration of HNO3 throughout the streaming potential measurements was 

less pronounced for PU than for MABS. Based on these results, the likely explanation for 

the different zeta potential results was that the HNO3 concentration on the MABS surface 

was too low to influence the potential curve. In contrast, the surface concentration with 

PU was high enough to have a significant impact. These results aligned with the 

interpretation made in chapter 4.5.1.1 that the HNO3 molecules deposited on the surface 

of the polymers were the main contributor to the reduction of the contact angles.  

Overall, both the static and dynamic contact angle and the zeta potential measurements 

indicated an increase in surface hydrophilicity for both MABS and PU, likely improving 

the blood-contacting properties of these materials. Existing research suggested that this 

improvement took the shape of increased thromboresistance, which would be a positive 

indicator regarding the oxygenator lifespan [330–332]. However, further experiments 

would be necessary to confirm these findings for the polymers investigated in this thesis. 

This effect should also be attenuated significantly under application conditions due to the 

constant blood flow across these materials’ surfaces by washing away the HNO3 
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molecules and consuming at least part of the NO gas before it reaches the polymer 

surfaces, as already discussed in chapter 4.5.1.1. 
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5. Results and Discussion – Impact of NO 

Treatment on Hemolysis 

The second smaller chapter of the “Results and Discussion” part of this thesis focused on 

the potential influence of NO on the oxygenator's hemolytic properties. This influence 

was analyzed using UV/Vis spectroscopy, vapor pressure osmometry, and pH 

measurements. The concentration of NO used in this chapter was reduced to 40 ppm to 

approximate the actual final application concentration more closely. 

5.1 Impact of NO Treatment on the Optical Appearance of the 

Blood Samples 

 

Figure 5.1: Photograph of the extraction and control samples after mixing with diluted blood and heating 

to 37 °C for three hours (see Chapter 3.3.2). The samples from left to right were the blank control samples, 

the negative control samples, the extraction samples, and the positive control samples. NO (40 ppm) was 

added to the perfusion gas. 

The control and extraction samples resulted in several distinct optical appearances after 

completing both the extraction process and the mixing process with diluted blood. The 

blank and negative control samples were bright red and turbid. The positive control 

samples had a very similar red color while being completely clear. The extraction samples 

were identical in appearance to the blank and negative control samples when using just 
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air as the perfusion gas. Adding NO to the perfusion gas resulted in the extraction samples 

with a distinct brownish color (see Figure 5.1). The reason for the color change was likely 

Met-Hb formation caused by nitrates and nitrites present in the extraction samples due to 

the perfusion with NO. The formation of Met-Hb did not affect the analysis of the 

extraction samples, as Drabkin’s method already utilized it as an intermediary. The 

formation of Met-Hb was one of the potential concerns for the application of NO to 

ECMO circuits. However, the results visible here (see Figure 5.1) should not be taken as 

an indication of methemoglobinemia, as the experiments were conducted with blood 

outside of a functioning organism, which could counteract the Met-Hb formation with 

Met-Hb reductase [130, 336].  

5.2 Impact of the NO Treatment on the Oxygenator’s 

Hemolytic Properties 

The impact of NO on the oxygenator's hemolytic properties was determined using UV/Vis 

spectroscopy as the primary analytical method, with VPO and pH measurements as 

supplementary methods. The experiments were performed according to chapters 3.3.1, 

3.3.2, and 3.3.3. 

5.2.1 UV/Vis Spectroscopy 

5.2.1.1 Calibration 

 

Figure 5.2: (a) UV/Vis spectra of the calibration measurements with Hb concentrations between 0.03 and 

0.72 g/L. (b) Signal height at 540 nm plotted against the Hb concentration. The experiments were 

performed according to chapters 3.3.1.1, 3.3.1.2, and 3.3.3.1. 

Calibration measurements were performed using lyophilized porcine Hb (see Chapter 

3.3.1.2). The calibration samples showed a linear relationship between the Hb 
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concentration and the absorbance at 540 nm (see Figure 5.2). The final calibration curve 

was defined by the following equation: 

 
Absorbance(sample) = 0.59818

mL

mg
∙ c(Hb) − 3.14441 ∙ 10−4 (70) 

5.2.1.2 Determination of Total and Plasma Hb Concentrations 

Each batch of pig’s blood was analyzed for the total concentration of Hb in the blood and 

the concentration of free Hb in the blood plasma directly after receiving the blood sample 

to ensure its suitability for the following experiments. The aim was to mimic the 

parameters established by the previous investigation. There, the total Hb concentration 

range was set between 110 and 180 g/L, and the limit for free Hb at two g/L (see Chapter 

3.3.1.3) [295].  

 

Figure 5.3: (a) UV/Vis signal at 540 nm of determining the total Hb concentration of the blood batches 

seven to thirteen. (b) Total Hb concentrations of the blood batches seven to 13. The experiments were 

performed according to chapters 3.3.1.1, 3.3.1.3, and 3.3.3.1. 
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Figure 5.4: (a) UV/Vis signal at 540 nm of determining the plasma Hb concentration of the blood batches 

seven to thirteen. (b) Plasma Hb concentrations of the blood batches seven to 13, with the upper limit of 

2 g/L indicated as a red line. The experiments were performed according to chapters 3.3.1.1, 3.3.1.2, and 

3.3.3.1. 

The blood batches ranged from around 160 to 175 g/L of total Hb concentration, except 

for batch ten, with 200 g/L (see Figure 5.3 (b)). This meant that all batches were broadly 

within an acceptable range of Hb concentration, which would indicate healthy source 

animals [337]. Differences in concentration between batches were equalized through the 

following dilution step (see Chapter 3.3.1.3). The analysis of the free Hb concentration 

showed acceptable values for all batches except batch nine, which had a free Hb 

concentration of 2.1 g/L (see Figure 5.4 (b)). Therefore, no experiments were performed 

using blood from batch nine. The remaining batches had free Hb contents well below 

one g/L and were suitable for the experiments. 

 

Figure 5.5: Blood Hb concentration after dilution with CMF-DPBS for batches seven, eight, ten, eleven, 

twelve, and 13. The lower limit of 9 g/l and the upper limit of 11 g/L are indicated in red. The experiments 

were performed according to chapters 3.3.1.1, 3.3.1.2, and 3.3.3.1. 
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After determining the total and plasma Hb concentrations, the blood was diluted with 

CMF-DPBS to achieve a Hb concentration between 9 and 11 g/L, ideally ten g/L (see 

Chapter 3.3.1.3). This concentration was achieved for batches seven, eight, ten, eleven, 

twelve, and 13. Diluted blood from batch ten was used despite the Hb concentration being 

marginally high at 11.1 g/L (see Figure 5.5). 
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5.2.1.3 Analysis of the Extraction Process 

The extraction samples were analyzed in conjunction with the blank control, negative 

control, and positive control samples (see Chapter 3.3.2). The free Hb content of the 

samples was corrected by subtracting the value of the blank samples and expressed as a 

percentage of the total Hb concentration. 

 

Figure 5.6: The percentage of blank corrected hemolysis of the extraction samples using just air as the 

perfusion gas, the negative control samples, and the positive control samples at the end of the experimental 

procedure. The experiments were performed according to chapters 3.3.1.1, 3.3.2, and 3.3.3.1. 
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Figure 5.7: The percentage of blank corrected hemolysis of the extraction samples using air mixed with NO 

(40 ppm) as the perfusion gas, the negative control samples, and the positive control samples at the end of 

the experimental procedure. The experiments were performed according to chapters 3.3.1.1, 3.3.2, and 

3.3.3.1. 

The extraction experiments showed very similar low concentrations of free Hb in the 

extraction samples, the control blank, and the negative control samples. Using the free 

Hb concentrations of the positive samples as a reference showed that none of the other 

samples had any significant amount of free Hb (see Figures 8.16 and 8.17). The blank 

corrected hemolysis values showed that neither the perfusion with air nor the perfusion 

with NO resulted in any significant hemolytic effect with hemolysis values around 0 % 
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(see Figures 5.6 and 5.7). The results for the negative control samples reached values 

around 0 %, with the positive controls reaching between 90 and 100 % hemolysis (see 

Figure 5.6 and 5.7). Both results were as expected and proved that the testing 

methodology was sound. 

Subtracting the negative control's blank-corrected hemolysis values from the extraction 

samples' blank-corrected hemolysis values led to the so-called hemolytic index. 

According to the previous investigation, the hemolytic index was subdivided into three 

parts. Samples with a hemolytic index between 0 and 2 % were non-hemolytic, samples 

between 2 and 5 % were slightly hemolytic, and samples above 5 % were hemolytic 

[295]. 

 

Figure 5.8: Hemolytic index of the extraction samples using (a) just air and (b) air mixed with NO (40 ppm) 

as the perfusion gas. The red line indicates the value of 2 %, above which the samples would have been 

considered slightly hemolytic. The experiments were performed according to chapters 3.3.1.1, 3.3.2, and 

3.3.3.1. 

The hemolytic indexes of the samples perfused with air and those perfused with NO 

(40 ppm) did not reach the upper limit of 2 %. In both cases, the values of the hemolytic 

index remained slightly below 0 % (see Figure 5.8). These results clearly showed that the 

addition of NO to the perfusion gas did not affect the hemolytic properties of the 

oxygenator. Therefore, the application of NO to the perfusion gas should be safe 

regarding hemolysis.  
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5.2.2 Vapor Pressure Osmometry and pH Measurements 

VPO and pH measurements of the blank control and the extraction samples were 

conducted to determine the osmolality of the samples as well as their pH value. The 

samples analyzed here were taken before the extraction samples, and the control samples 

were mixed with the diluted blood. 

 

Figure 5.9: Results of the (a) vapor pressure osmometry measurements and (b) the pH measurements for 

the blank control samples, the extraction samples perfused with air, and the extraction samples perfused 

with NO (40 ppm). The experiments were performed according to chapters 3.3.1.1, 3.3.2, 3.3.3.2, and 

3.3.3.3. 

The extraction samples with air and with NO (40 ppm) possessed a significantly increased 

osmolality compared to the blank control samples. The blank control samples had an 

average osmolality of 258 mOsmol/kg. The extraction samples perfused with air reached 

an average value of 435 mOsmol/kg, while those perfused with NO (40 ppm) reached an 

average of 370 mOsmol/kg. This increase in osmolality for the extraction samples was 

likely due to the evaporation of the CMF-DPBS solution during the extraction duration 

due to the elevated temperature of 50 °C and the long hoses connecting the oxygenator to 

the peristaltic pump likely allowed for the evaporation of the fluid. This was also 

confirmed visibly; the liquid content in the oxygenator was significantly lower towards 

the end of the extraction process. These results showed that the addition of NO (40 ppm) 

did not increase the concentration of osmotically active compounds in the extraction 

liquid either, with the samples reaching slightly lower but similar values than the samples 

perfused with just air (see Figure 5.9 (a)).  

The pH measurements showed a slight decrease in the pH values of the extraction samples 

compared to the blank control samples. The blank control samples had a pH of 7.24 on 

average. The extraction samples perfused with just air led to a slight decrease to a pH of 
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7.16. Adding NO (40 ppm) to the perfusion gas resulted in a further reduction to a value 

of 7.02 (see Figure 5.9 (b)). In both cases, at least part of the decrease was due to the 

dissolution of CO2 from the air into the extraction liquid. For the extraction samples with 

added NO (40 ppm), the reaction between NO2 and water also contributed to the lowering 

of the pH through the formation of HNO3 in the extraction liquid, explaining the more 

significant decrease compared to the extraction samples perfused with just air (see 

Equations 57 and 58) [303, 304]. The pH decrease observed here could be a concern for 

the practical application of NO as part of the gas mixture added to an ECMO device, as 

the pH of the blood is essential to ensuring its functionality. However, the buffer capacity 

of the CMF-DPBS was very low compared to actual blood, with a buffer concentration 

of only 9.57 mM. The CMF-DPBS had a starting pH value of 7.23, meaning a buffer 

capacity of 5.2 mEq/L/pH. Blood, on the other hand, has a buffer capacity of 

38.5 mEq/L/pH [333]. Therefore, it is unlikely that the addition of NO to the perfusion 

gas of the oxygenator would significantly impact the pH of the patient’s blood at the 

desired application concentration below 100 ppm. Concentrations significantly above 

that, like the 1000 and 10.000 ppm of NO used in some of the experiments in this thesis, 

would, however, likely impact the blood pH, with the associated negative consequences 

for the patient [338]. 
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6. Conclusion and Outlook 

This thesis aimed to investigate whether the addition of NO to the sweep gas of an ECMO 

circuit was a viable pathway toward suppressing the thrombus formation inside these 

circuits. The focus of the investigation was on the impact of NO on the materials used in 

the oxygenator part of the ECMO circuit, with the majority of the measurements focusing 

on the hollow fiber membranes made from PMP, the inlet/outlet caps, and gas caps, both 

made from MABS, the PU materials forming the major structural component of the 

oxygenator, and the gas and blood hoses connected to the oxygenator both made from 

PVC with different plasticizers. The investigation of the materials incorporated FTIR-

ATR and XPS measurements to determine the chemical interactions of the materials with 

NO. Static and dynamic contact angle and streaming potential measurements were 

performed to quantify the impact of NO on the surface properties. SEM images of the 

polymer surfaces were recorded to investigate the possible effects of the NO treatment on 

the surface morphology of the materials. Finally, the impact of NO on the hemolytic 

properties of the oxygenator was investigated using UV/vis spectroscopy, vapor pressure 

osmometry, and pH measurements. 

The FITR-ATR measurements proved that the contact between the polymer materials 

used in the oxygenator with NO led to the formation of both nitro and nitrate ester groups 

as well as the deposition of the HNO3 on the surface of the polymers (see Chapter 4.2.1.1). 

The silicone gasket and the UV-activated adhesive were only briefly investigated as 

neither showed any significant signs of interaction with NO at concentrations below 

10,000 ppm. Materials such as MABS and PU showed signals for all three compounds 

even at NO concentrations as low as 80 ppm (see Chapter 4.2.1.2). The PVC samples did 

not show any signals related to the formation of nitro groups but behaved similarly to the 

MABS samples regarding the other two compounds. The big exception was PMP, which 

showed only a minor impact of NO at 10,000 ppm and no visible changes to the spectra 

at any of the lower concentrations (see Chapter 4.2.1). Additionally, PU and the UV-

activated adhesive showed signs of chain scission and cross-linking reactions when 

treated with 10,000 ppm of NO. The softening of the adhesive, which was likely caused 

by these reactions, led to its removal from the oxygenator design. For PU, no signs of 

either reaction could be detected at lower concentrations of NO and NO2, likely making 

them irrelevant at application concentrations. 
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The formation of these functional groups was attributed not to NO directly but to NO2 

and HNO3 formed through reactions of NO with oxygen and the subsequent reaction of 

NO2 with water, forming HNO3 (see Equations 57 and 58). The nitro groups were formed 

through addition reactions between NO2 and C-C double bonds. Nitrate ester groups were 

formed through reactions of HNO3 with hydroxy and carbonyl groups. They were also 

formed through a reaction between nitrite ester groups and NO2 following the already 

mentioned addition reaction (see Chapter 4.2.1.1). This interpretation of the FTIR-ATR 

results was further supported by measurement conducted with NO2 replacing NO as the 

treatment gas, leading to essentially identical results (see Chapter 4.2.1.3). Gas treatment 

over more extended periods exposed a tendency towards saturation at all the trialed NO 

concentrations (see Chapter 4.2.1.2). 

Stability measurements both under dry conditions and in contact with Millipore water and 

physiological saline solution showed in their FTIR-ATR spectra that the covalently bound 

nitro and nitrate ester groups remained stable on the sample surfaces even after extended 

periods. The HNO3 molecules adsorbed to the surface showed a less stable bond to the 

sample surface (see Chapter 4.2.3). The high stability of the signals associated with the 

newly formed functional groups was the first positive indicator for using NO as a sweep 

gas additive, as it meant that these compounds were unlikely to dissolve into the patient’s 

blood during the actual application of the ECMO circuit.  

XPS measurements of PMP, MABS, and PU were conducted to support the findings of 

the FTIR-ATR measurements and to determine how deep the reaction with the treatment 

gas reached into the polymer materials. The measurements confirmed the conclusions of 

the FTIR-ATR measurements, with both MABS and PU showing signals corresponding 

to nitro groups and HNO3 molecules, with PMP again showing no impact from the gas 

treatment. These measurements proved that the interaction between the polymers and the 

treatment gas was only a surface phenomenon, as the sputtering process that removed a 

few nanometers from the sample surface resulted in the disappearance of the signals 

corresponding to the gas treatment (see Chapter 4.3). These results meant that the addition 

of NO would not impact the structural integrity of the oxygenator. Additionally, stability 

measurement conducted with MABS and PU samples using XPS measurements 

confirmed the results obtained with FTIR-ATR (see Chapters 4.2.3 and 4.3) 

The SEM images recorded showed that the treatment with NO caused no macroscopic 

changes in surface morphology. This showed that the gas treatment had no negative 
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impact on either the gas permeation abilities of PMP or the blood-contacting properties 

of materials such as MABS or PU. For PU in particular, this result proved that the gas 

treatment resulted in no significant degradation due to chain scission reactions. The only 

exception was the PVC (blood hose) samples, which showed slightly rougher surfaces 

(see Chapter 4.4). This should not be a concern for the actual application of NO as the 

blood hose is not in direct contact with the oxygenator sweep gas in that case. 

Both static and dynamic contact angle measurements showed a strong impact of the NO 

treatment on the polymers' surface hydrophilicity, corresponding strongly to the results 

of the FTIR-ATR measurements. MABS and PU samples showed an apparent decrease 

in contact angle following the gas treatment, with PU exhibiting these effects even at 

concentrations as low as 80 ppm (see Chapter 4.5). In contrast to the chemical changes 

observed through FTIR-ATR, these changes in surface hydrophilicity proved less long-

lasting. This led to the conclusion that the main compound responsible for the decrease 

in contact angle had been the adsorbed HNO3 molecules to the polymer surface, as they 

had also proved to be less long-lasting than the nitro and nitrate ester functional groups 

(see Chapters 4.5.1 and 4.5.3). Of note was the increase in contact angle hysteresis 

observed during the dynamic contact angle measurements conducted with MABS, likely 

caused by increased chemical heterogeneity (see Chapter 4.5.2). The effect was only 

present for MABS, likely due to a more uneven distribution of adsorption and reaction 

sites than PU. The big exception was again PMP, which showed no change in contact 

angle independent of gas treatment (see Chapter 4.5). This behavior was expected, given 

the lack of any reaction with NO observed during the FTIR-ATR experiments (see 

Chapter 4.2.1.2).  

The zeta potential measurements showed no impact of the gas treatment for PMP or 

MABS. In contrast, the measurements with PU resulted in a shift of the IEP to a lower 

pH value and flattening of the potential curve, indicating a more hydrophilic and acidic 

surface (see Chapter 4.5.2). These results again showed that the leading cause of surface 

property changes was likely the adsorbed HNO3 molecules. The difference between PU 

and MABS was likely a matter of HNO3 surface concentration, which was too low on the 

MABS surface to impact the zeta potential curve. This result was also in agreement with 

the contact angle measurements, where PU was overall the material showing the most 

substantial decrease in contact angle following the gas treatment (see Chapter 4.5.1). 

These results, therefore, supported the interpretation that the adsorption of HNO3 
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molecules was the main cause of the changes in contact angle observed. The 

measurements with PMP showed no changes identically to both the FTIR-ATR and 

contact angle measurements (see Chapters 4.2.1.2 and 4.5.1). Both zeta potential and 

contact angle measurements indicated an increase in surface hydrophilicity for MABS 

and PU, which should positively impact their blood compatibility, specifically their 

thromboresistance (see Chapter 4.5.2). Under application conditions, these effects on both 

the zeta potential and the contact angles should be attenuated significantly due to constant 

blood flow across the material surfaces (see Chapter 4.5.1.1) 

In addition to the analysis of the NO treatment on the polymer materials of the 

oxygenator, experiments were conducted to analyze the impact of NO on the hemolytic 

properties of the oxygenator. These experiments showed that the addition of NO to the 

sweep gas of the oxygenator did not affect the hemolytic properties of the oxygenator 

(see Chapter 5.2.1). The vapor pressure osmometry results showed no significant 

differences when adding NO to the sweep gas compared to just using air either. The only 

difference was a slightly lower pH observed for the samples treated with NO (see Chapter 

5.2.2). This effect should, however, not be an issue under actual application conditions, 

as the buffer capacity of blood is much higher than that of the CMF-DPBS solution used 

for these experiments.  

Overall, the results gathered throughout this thesis painted a widely neutral to slightly 

positive picture of NO as a sweep gas additive. The functional groups formed due to the 

NO treatment were highly stable, indicating a minimal risk to the patient connected to the 

ECMO circuit. The structural integrity of the oxygenator was not impacted, as the 

chemical reactions were only a surface phenomenon. The morphology of these surfaces 

remained unchanged, retaining the polymer materials' blood contacting and gas perfusion 

properties. The surface hydrophilicity of the polymer materials increased, likely leading 

to an improvement in the polymers’ thromboresistance properties, although this effect is 

likely not as strong under actual application conditions. Experiments showed that NO had 

no adverse effects on the hemolytic properties of the oxygenator either. So, in summary, 

no significant adverse effects of NO on the properties of the materials making up the 

oxygenator were detected, with existing literature indicating a potential slight 

improvement of the thromboresistance properties of the polymer surfaces.  

The results presented in this thesis still leave room for further research. A possible next 

step would be a quantitative determination of the surface concentration of the nitro and 
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nitrate ester functional groups and of the adsorbed HNO3 molecules. Measurements with 

analytical methods such as zeta-potential or XPS were so far only conducted with a single 

concentration of NO and a limited set of polymer materials (see Chapters 4.3 and 4.4) and 

could, therefore, be expanded to a level of detail similar to the FTIR-ATR measurements. 

Investigations into the mechanical properties of the polymers and the impact of NO 

treatment on them would also be an interesting path forward. The results gathered so far 

stemmed from investigations conducted under conditions relatively far from the actual 

application of the ECMO circuit. Therefore, it would be beneficial to perform both animal 

and human trials with ECMO circuits with NO added to the sweep gas to test the results 

gathered so far for their applicability under real-world conditions. These trials would also 

be necessary because, while the experiments discussed in this thesis showed that NO had 

no adverse effects on the functionality of the oxygenator materials, its impact on the 

thrombotic properties of the ECMO circuit still remains to be analyzed. 
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8. Appendix 

8.1 NO Treatment of the Oxygenator Materials 

8.1.1 FTIR-ATR Spectra 

 

Figure 8.1: Close-up FTIR-ATR spectra of PU treated with NO (1000 ppm) for 30 minutes, one, two, four, 

and 17 hours in the wavenumber ranges of (a) 4000 to 2700 cm-1, (b) 1800 to 1100 cm-1, and (c) 1100 to 

700 cm-1. The experiments were performed according to chapters 3.2.1 and 3.2.3. 

 

Figure 8.2: Close-up FTIR-ATR spectra of PU treated with NO (1000 ppm) for five, ten, and 15 days in 

the wavenumber ranges of (a) 4000 to 2700 cm-1, (b) 1800 to 1100 cm-1, and (c) 1100 to 700 cm-1. The 

experiments were performed according to chapters 3.2.1 and 3.2.3. 
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Figure 8.3: Close-up FTIR-ATR spectra of PU treated with NO (80 ppm) for 30 minutes, one, two, four, 

and 17 hours in the wavenumber ranges of (a) 4000 to 2700 cm-1, (b) 1800 to 1100 cm-1, and (c) 1100 to 

700 cm-1. The experiments were performed according to chapters 3.2.1 and 3.2.3. 

 

Figure 8.4: Close-up FTIR-ATR spectra of PU treated with NO (80 ppm) for five and ten days in the 

wavenumber ranges of (a) 4000 to 2700 cm-1, (b) 1800 to 1100 cm-1, and (c) 1100 to 700 cm-1. The 

experiments were performed according to chapters 3.2.1 and 3.2.3. 
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Figure 8.5: Overview of the spectra of (a) PMP, (b) MABS (inlet/outlet cap), (c) MABS (gas cap), (d) PU, 

(e) PVC (gas hose), and (f) PVC (blood hose) treated with NO2 (500 ppm) for 30 minutes, one, two, four, 

and 17 hours. The experiments were performed according to chapters 3.2.1 and 3.2.3. 
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Figure 8.6: Overview of the spectra of (a) PMP, (b) MABS (inlet/outlet cap), (c) MABS (gas cap), (d) PU, 

(e) PVC (gas hose), and (f) PVC (blood hose) treated with NO2 (50 ppm) for 30 minutes, one, two, four, 

and 17 hours. The experiments were performed according to chapters 3.2.1 and 3.2.3. 
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Figure 8.7: Close-up FTIR-ATR spectra of PU treated with NO2 (1000 ppm) for 30 minutes, one, two, four, 

and 17 hours in the wavenumber ranges of (a) 4000 to 2700 cm-1, (b) 1800 to 1100 cm-1, and (c) 1100 to 

700 cm-1. The experiments were performed according to chapters 3.2.1 and 3.2.3. 

 

Figure 8.8: Signal heights of the signals caused by the treatment with NO2 (500 ppm) for (a) MABS 

(inlet/outlet cap), (b) MABS (gas cap), (c) PVC (gas hose), and (d) PVC (blood hose). The experiments 

were performed according to chapters 3.2.1 and 3.2.3. 
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Figure 8.9: Signal heights of the signals caused by the treatment with NO2 (50 ppm) for (a) MABS 

(inlet/outlet cap), (b) MABS (gas cap), (c) PVC (gas hose), and (d) PVC (blood hose). The experiments 

were performed according to chapters 3.2.1 and 3.2.3. 

 

 

 

 

 

 

 

 

 

 

 



Appendix 

 

193 

 

8.1.2 XPS Measurements 

 

Figure 8.10: Results of the XPS measurements of MABS samples treated with NO (1000 ppm) for 17 hours 

(a), (b) directly after the gas treatment, (c), (d) six days, and (e), (f) 13 days after the end of the gas treatment. 

The experiments were performed according to chapters 3.2.1 and 3.2.5. 
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Figure 8.11: Results of the XPS measurements of PU samples treated with NO (1000 ppm) for 17 hours 

(a), (b) directly after the gas treatment, (c), (d) six days, and (e), (f) 13 days after the end of the gas treatment. 

The experiments were performed according to chapters 3.2.1 and 3.2.5. 
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8.1.3 Contact Angle Measurements 

 

Figure 8.12: Static contact angle measurements of (a) MABS (inlet/outlet cap), (b) MABS (gas cap), and 

(c) PU treated with NO2 (500 ppm) for up to 17 hours. The experiments were performed according to 

chapters 3.2.1 and 3.2.6.1. 
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Figure 8.13: Static contact angle measurements of (a) MABS (inlet/outlet cap), (b) MABS (gas cap), and 

(c) PU treated with NO2 (50 ppm) for up to 17 hours. The experiments were performed according to 

chapters 3.2.1 and 3.2.6.1. 
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8.2 Impact of NO Treatment on Hemolysis 

 

Figure 8.14: UV/Vis spectra of the signal at 540 nm for the extraction samples of oxygenators perfused 

with air (grey), the blank control samples (red), the negative control samples (blue), and the positive control 

samples (green). The experiments were performed according to chapters 3.3.1.1, 3.3.2, and 3.3.3.1. 
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Figure 8.15: UV/Vis spectra of the signal at 540 nm for the extraction samples of oxygenators perfused 

with NO (40 ppm) (grey), the blank control samples (red), the negative control samples (blue), and the 

positive control samples (green). The experiments were performed according to chapters 3.3.1.1, 3.3.2, and 

3.3.3.1. 
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Figure 8.16: Free Hb concentrations of the extraction samples using only air as the perfusion gas, the blank 

control, negative control, and positive control samples at the end of the experimental procedure. The 

experiments were performed according to chapters 3.3.1.1, 3.3.2, and 3.3.3.1. 
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Figure 8.17: Free Hb concentrations of the extraction samples using air mixed with NO (40 ppm) as the 

perfusion gas, the blank control, negative control, and positive control samples at the end of the 

experimental procedure. The experiments were performed according to chapters 3.3.1.1, 3.3.2, and 3.3.3.1. 
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