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Summary 

In the following, the development of a liposome-based complement assay platform was 

investigated with the aim to improve upon traditional hemolysis assays used in complement 

diagnostics and research. The complement system is a fundamental part of innate immunity 

and plays a critical role in pathogen defense, inflammation, and immune regulation. While 

traditional assays generally have enabled the study of complement activation, they fall short in 

providing pathway-specific and functional lysis-based insights for all three activation pathways. 

The research in this thesis aimed to provide an assay which is capable of pathway specific 

readouts for all three complement pathways and an easier-to-perform, more reproducible and 

standardizable alternative to the established hemolysis assay and enzyme-linked 

immunosorbent assay (ELISA). 

Inspired by the idea of a multiplexed assay for all pathways, encapsulation of three 

fluorophores and their influence on the lipid bilayer and the biological reactivity, i.e. on the 

complement system, were investigated. Once the feasibility of their simultaneous detection 

had been confirmed, the fluorophores IR-783, sulforhodamine B (SRB), and 1,3,6,8-

pyrenetetrasulfonic acid (PTSA) were encapsulated. Spectroscopic and small-angle X-ray 

scattering (SAXS) analyses, together with subsequent liposome-based complement assay 

measurements revealed distinct behaviors for each dye. IR-783 exhibited strong interactions 

with the lipid bilayer. SAXS data showed that IR-783 significantly altered the bilayer’s electron 

density, suggesting the integration of IR-783 into the lipid bilayer. This interaction prevented 

liposome formation in low cholesterol formulations and required extensive purification for high 

cholesterol formulations. This indicates its profound impact on the membrane structure. For 

SRB, SAXS analysis indicated fluorophore adsorption onto the bilayer without significantly 

altering its internal structure. In contrast to both other dyes, PTSA showed minimal interaction 

with the lipid bilayer. SAXS and dialysis experiments confirmed that PTSA remained confined 

to the aqueous solutions and could be removed completely from the liposome exterior. 

Subsequent analysis of the liposomes in the complement assay revealed altered complement 

activation patterns when IR-783 and PTSA were entrapped in comparison to the established 

SRB encapsulating liposomes. In both cases, decreased complement-induced lysis was 

obtained for the liposomes investigated (including low and high cholesterol content and 

antibody or lipopolysaccharide (LPS) modification) compared to the respective SRB 

encapsulating equivalents. These findings emphasize the importance of considering 

encapsulant effects in the design of liposomes which are applied in biological systems. The 

altered complement activation for each fluorophore furthermore restricted the subsequent 

development of a multiplexed liposome-based pathway specific complement assay. 



Summary 

14 

Building on this understanding, the aim of developing a platform for complement pathway 

specific analysis was still pursuit. Mannan functionalized liposomes (Man-Liposomes) which 

specifically activated the lectin pathway were achieved through careful optimization of mannan 

amination chemistry and coupling conditions. These liposomes were shown to trigger 

complement-mediated lysis via mannose-binding lectin (MBL). A panel of inhibitors targeting 

the complement proteins C1q, C1s, MBL, MASP-2, Factor B, and C5 was used to confirm their 

specificity. Subsequent analysis demonstrated long-term stability of the Man-Liposomes. 

Additionally, validation on a cohort of 97 healthy human serum samples showed strong 

correlation with ELISA-based C3b deposition assays (Pearson’s r = 0.77). The platform was 

then further extended to also assess the classical and alternative pathways specifically. For 

the classical pathway, two liposome designs were evaluated: antibody modified liposomes and 

liposomes with high cholesterol content (hiChol-Liposomes). Liposomes functionalized with 

biotin and subsequently bound anti-biotin antibodies reliably triggered specific classical 

pathway activation, which was confirmed by inhibitor studies. HiChol-Liposomes were 

investigated as a simpler alternative to antibody modification. For those, specific classical 

pathway activation was also confirmed. However, hiChol-Liposome lysis revealed no 

correlation to the ELISA-based C3b deposition assay, suggesting that cholesterol mediated 

activation may involve additional factors compared to the antibody triggered control assay. For 

the alternative pathway, liposomes were modified with LPS and specificity was confirmed 

under Mg²⁺/EGTA conditions, which were used to suppress classical and lectin pathway 

activity. However, a significant number of serum samples failed to induce LPS-Liposome lysis 

despite showing activation in the ELISA. This highlights the need for further optimization of 

liposome surface chemistry or for LPS trigger substitutes for reliable alternative pathway 

readouts in the future. 

Fundamental studies investigating the potential applicability of plasma as an alternative to 

human serum in the future demonstrated the assay’s versatility. EDTA- and citrate-treated 

serum, once replenished with calcium and magnesium ions, restored complement activity. 

ETDA-treated serum was determined to be better suited for this assay with 90 % recovery of 

untreated serum as reference compared to citrate serum with 71 % recovery. The application 

of citrate serum was limited in this assay due to liposome destabilization, assumed to be 

caused by too high ion concentrations which were required due to its weaker chelation 

efficiency. The assay was further tested with animal sera, revealing species-specific 

differences in complement reactivity. While murine serum exhibited no liposome lysis, porcine 

and rat sera induced complement-mediated lysis depending on the liposomes used. Contrary 

to human serum, porcine serum lysed low-cholesterol liposomes more effectively than high-

cholesterol ones. Further experiments with pegylated liposomes of varying cholesterol content 

revealed a dose-dependent response, peaking at 20 %mol. cholesterol. Reactivity across all 
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investigated rat strains was similar with moderate lysis of low cholesterol liposomes and slightly 

higher lysis levels of high cholesterol formulations. LPS-modified liposomes exhibited further 

enhanced lysis while pegylated liposomes remained stable unless modified with antibodies. In 

summary, while further refinement in liposome surface chemistry optimization and correlation 

studies will be essential to fully realize this assays potential, this liposome-based assay 

platform offers a powerful and versatile approach for functional pathway specific complement 

analysis in diagnostics, therapeutic monitoring, and fundamental research. 

 



Zusammenfassung 

16 

Zusammenfassung 

Im Folgenden wurde die Entwicklung einer liposomen-basierten Komplement-Assay Plattform 

mit dem Ziel untersucht, traditionelle Hämolyse-Assays, die in der Komplementdiagnostik und 

-forschung verwendet werden, zu verbessern. Das Komplementsystem spielt als elementarer 

Teil der angeborenen Immunität eine entscheidende Rolle bei der Abwehr von 

Krankheitserregern, bei Entzündungen und bei der Immunregulation. Im Allgemeinen haben 

herkömmliche Assays zwar die Untersuchung der Komplementaktivität ermöglicht, bieten 

jedoch nicht für alle drei Aktivierungswege eine pfadspezifische und funktionelle, auf Lyse 

basierende Analysemöglichkeit. Die Forschung dieser Arbeit zielte darauf ab diese Lücke 

durch eine funktionelle liposomenlyse-basierte Alternative zu den etablierten Hämolyse- und 

ELISA-Assays zu schließen, die einfacher durchzuführend, besser reproduzierbar und 

standardisierbar ist. Ziel war es alle drei Komplementaktivierungswege spezifisch auszulesen 

zu können. 

Inspiriert von der Idee eines Multiplex-Assays für alle Komplementwege wurde zu Beginn die 

Verkapselung von drei Fluorophoren und deren Einfluss auf die Lipidmembran und auf die 

biologische Reaktivität anhand des Komplementsystems untersucht. Nachdem die Möglichkeit 

des simultanen Nachweises der drei Fluorophore bestätigt war, wurden die Farbstoffe IR-783, 

Sulforhodamin B (SRB) und 1,3,6,8-Pyrentetrasulfonsäure (PTSA) in Liposomen eingekapselt. 

Spektroskopische und Kleinwinkel-Röntgenstreuungsanalysen (SAXS) sowie anschließende 

liposomen-basierte Komplement-Assay-Messungen ergaben für jeden Farbstoff 

unterschiedliche Verhaltensweisen. IR-783 wies starke Wechselwirkungen mit der 

Lipiddoppelschicht auf. SAXS-Daten zeigten, dass IR-783 die Elektronendichte der 

Doppelschicht erheblich beeinflusste, was auf eine Integration des Farbstoffs in die 

Lipidmembran schließen lässt. Diese Wechselwirkung verhinderte die Liposomenbildung bei 

Formulierungen mit niedrigem Cholesteringehalt und erforderte eine umfassende Abtrennung 

des überschüssigen Farbstoffs bei Formulierungen mit hohem Cholesteringehalt. Dies weist 

ebenfalls auf seine tiefgreifende Interaktion mit der Membranstruktur hin. Im Falle von SRB 

zeigten SAXS-Analysen, dass der Fluorophor an der Lipiddoppelschicht adsorbiert, ohne 

deren innere Struktur wesentlich zu verändern. PTSA zeigte eine minimale Wechselwirkung 

mit der Lipidmembran. SAXS- und Dialyseexperimente bestätigten, dass PTSA auf die 

wässrigen Lösungen beschränkt blieb und vollständig von der Liposomenoberfläche entfernt 

werden konnte. Im Vergleich zu den etablierten Liposomen, die SRB verkapselten, zeigten 

Liposome, die IR-783 und PTSA einschlossen, veränderte Komplementaktivierungsmuster. In 

beiden Fällen wurde für die untersuchten Liposomen (mit niedrigem und hohem 

Cholesteringehalt, Antikörper- oder Lipopolysaccharid (LPS)-modifiziert) im Vergleich zu den 
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entsprechenden SRB-verkapselnden Äquivalenten eine geringere komplementinduzierte Lyse 

erzielt. Diese Ergebnisse zeigen welche Auswirkungen Moleküle bei der Verkapselung in 

Liposomen auf deren Eigenschaften haben können und unterstreichen die Notwendigkeit der 

Analyse solcher Effekte bei der Entwicklung von liposomen-basierten Anwendungen im 

Diagnostikbereich. Die abweichenden Reaktivitäten bei Verwendung der unterschiedlichen 

Fluorophore schränkten außerdem eine anschließende Entwicklung eines 

Multiplex-Komplement-Assays ein. 

Aufbauend auf diesem Verständnis wurde das Ziel, eine Plattform zur spezifischen Analyse 

der drei Komplementwege zu entwickeln, trotzdem weiterverfolgt. Mannan-funktionalisierte 

Liposomen (Man-Liposomen) zur selektiven Aktivierung des Lektinwegs wurden durch 

sorgfältige Optimierung der Mannan-Aminierung und der Kopplungsbedingungen erreicht. Es 

konnte gezeigt werden, dass diese Liposomen die Lyse durch das Komplement System über 

das mannose-bindende Lektin (MBL) auslösen. Die Spezifität wurde mit Inhibitoren bestätigt, 

die die Funktion der Komplementproteine C1q, C1s, MBL, MASP-2, Faktor B und C5 

einschränken. Die Man-Liposome erwiesen sich als langzeitstabil und wurden an einer 

Kohorte von 97 gesunden humanen Serumproben validiert. Dabei konnte eine starke 

Korrelation mit einem C3b-ELISA gezeigt werden (Pearson's r = 0.77). Anschließend wurde 

der Assay für die spezifische Analyse des klassischen und des alternativen Wegs angepasst. 

Für den klassischen Weg wurden zwei Liposomendesigns untersucht: Antikörper-modifizierte 

Liposomen und Liposomen mit hohem Cholesteringehalt (hiChol-Liposomen). Mit Biotin 

funktionalisierte Liposomen, an die anschließend anti-Biotin Antikörper gebunden wurden, 

lösten zuverlässig die spezifische Aktivierung des klassischen Wegs aus. Dies konnte durch 

Inhibitorstudien bestätigt werden. HiChol-Liposomen wurden als einfachere Alternative zur 

Antikörpermodifikation untersucht. Mittels Inhibitorstudien konnte auch für diese die 

spezifische Aktivierung des klassischen Komplementwegs bestätigt werden. Allerdings 

zeigten hiChol-Liposomen keine Korrelation mit dem C3b-ELISA, was darauf hindeutet, dass 

bei der durch Cholesterin ausgelösten Aktivierung zusätzliche Faktoren im Vergleich zum 

Antikörper getriggerten Kontrolltest eine Rolle spielen könnten. Für den alternativen Weg 

wurden die Liposomen mit LPS modifiziert, und die Spezifität wurde unter Mg²⁺/EGTA 

Bedingungen bestätigt. Mg²⁺/EGTA wurde verwendet um die Aktivität des klassischen und des 

Lektinwegs zu unterdrücken. Jedoch konnte eine signifikante Anzahl der Serumproben keine 

Lyse der LPS-Liposomen induzieren, obwohl sie im ELISA eine ausreichende Aktivität zeigten. 

Dies unterstreicht, dass für eine zuverlässige Messung des alternativen Weges eine weitere 

Optimierung der Liposomen-Oberflächenchemie oder die Verwendung von 

Komplementtriggeralternativen, anstelle von LPS notwendig ist. 
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Grundlegende Studien, in denen die zukünftige Anwendbarkeit von Plasma als Alternative zu 

Humanserum untersucht wurde, zeigten die Vielseitigkeit des Assays. EDTA- und citrat-

behandeltes Serum stellte nach Wiederherstellung ausreichend hoher Kalzium- und 

Magnesiumionenkonzentrationen die Komplementaktivität wieder her. ETDA-behandeltes 

Serum erwies sich als besser geeignet, da 90 % der Aktivität einer unbehandelten 

Serumkontrolle wieder hergestellt werden konnte im Vergleich zu 71 % bei Citrat-behandeltem 

Serum. Höhere Aktivitäten konnten im Falle von Citrat-Serum nicht wiederhergestellt werden, 

da die Liposomen destabilisiert wurden, vermutlich durch zu hohe Ionenkonzentrationen, die 

aufgrund der geringeren Effizient der Komplexierung von Citrat erforderlich waren. Dies 

schränkt die Anwendung von Citrat-Serum bzw. Citrat-Plasma in diesem liposomen-basierten 

Assay ein. Zuletzt wurde der Assay mit Tierseren getestet. Dabei zeigten sich artspezifische 

Unterschiede in der Komplementreaktivität. Während Mäuseserum keine Liposomenlyse 

zeigte, führten Schweine- und Rattenseren in Abhängigkeit von den verwendeten Liposomen 

zu einer komplement-induzierten Lyse. Im Gegensatz zu Humanserum, lysierte 

Schweineserum Liposomen mit niedrigem Cholesteringehalt effektiver als solche mit hohem 

Cholesteringehalt. Weitere Experimente mit pegylierten Liposomen mit unterschiedlichem 

Cholesteringehalt zeigten eine dosisabhängige Reaktion, die bei 20 %mol. Cholesterin ihren 

Höhepunkt erreichte. Bei allen untersuchten Seren unterschiedlicher Rattenstämme wurde 

eine ähnliche Reaktion ermittelt. Liposomen mit niedrigem Cholesteringehalt lösten eine 

mäßige Lyse und Liposomen mit hohem Cholesteringehalt lösten eine etwas stärkere Lyse 

aus. LPS-modifizierte Liposomen verstärkten die Lyse weiter, während pegylierte Liposomen 

stabil blieben, sofern sie nicht mit Antikörpern modifiziert wurden. Zusammenfassend bietet 

diese auf Liposomen basierende Assay-Plattform einen leistungsstarken und vielseitigen 

Ansatz für die funktionelle Komplementanalyse in der Diagnostik, Therapieüberwachung und 

Grundlagenforschung, trotzdem bedarf es noch weiterer Optimierung der 

Liposomenoberflächenchemie und Korrelationsstudien, um das volle Potenzial dieses Assays 

auszuschöpfen. 
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1 Motivation and Structure of the Thesis 

The first descriptions of the complement system already date back to over one hundred years 

ago.1 Since then, the complement system has been uncovered as a crucial part of the human 

immune system, which connects innate and adaptive immune responses.1,2 Assays measuring 

the lysis of red blood cells from animals facilitated the readout of complement activity in the 

1960s.3 Since its discovery, research on the complement system has revealed a complex 

enzymatic cascade involving three major activation pathways with over 50 participating 

proteins.2 These proteins gain growing interest as therapeutic targets in diagnostics since 

complement dysregulation is increasingly unveiled to play an important role in several 

diseases.4 A reliable and specific determination of functionality and activity of the complement 

activation pathways is therefore crucial in both research and diagnostics. However, the 

methods for lysis-based functional activity determination of the complement system have not 

changed much since the delicate hemolysis assays were established. Studies on the 

functionality of complement proteins, the development of complement therapeutics and the 

screening of functional complement activity in patients, as examples, would all benefit from an 

assay enabling mechanistic and functional studies which take the entire cascade into account. 

Therefore, this thesis focuses on the development of an easy-to-perform, reproducible and 

standardizable functional liposome lysis-based assay which is capable to determine all three 

complement pathways specifically. 

To provide a theoretical foundation for the development of a new complement assay, 

fundamentals of the complement system and liposomes are introduced in Chapter 2. This is 

initiated by outlining the biological role of the complement cascade in immune defense with 

focus on the activation mechanisms of the three complement pathways, which all result in the 

formation of pores through the membrane attack complex (MAC). This functional pore 

assembly is the basis for most of the research performed in this thesis. The clinical importance 

of complement analysis, particularly in diagnosing immune-related and inflammatory diseases 

are discussed, emphasizing the need for suitable analysis techniques. This is followed by 

reviewing state-of-the-art diagnostic methods, from ELISAs and hemolytic assays to more 

complex genetic analyses. Limitations of current complement activity determination methods 

are critically highlighted, especially the lack of lytic functional assays for the lectin pathway. 

Subsequently, the potential advantages of liposome-based approaches as substitutes for 

erythrocytes in complement assays are discussed. In addition, insights into the complement 

field as raising market, critical parameters in complement analysis and the demand for more 

standardization in complement analysis provide critical information for the development 

concept of a liposome-based complement assay in the subsequent chapters. 
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Our research group developed liposomes which are complement stable and can be 

subsequently modified with complement triggers.5 Critical parameters to obtain stable 

liposomes which do not get lysed in presence of the complement system are the cholesterol 

content in lipid formulations, as well as the used encapsulant concentration.5 The general 

concept was developed using the fluorophore sulforhodamine B (SRB) as encapsulant, which 

allows an analytical signal upon release after pore formation of the MAC in the lipid bilayer, but 

was also transferred to encapsulated chemiluminescent probes or electroactive substances.5  

Building on this basis, flexibility in encapsulant and lipid composition together with the need for 

specific analysis of each complement pathway originated in the idea to develop a multiplexed 

liposome-based assay. Fundamental studies, investigating the influence of the encapsulant on 

the lipid bilayer structure and complement response were performed and are described in 

chapter 3. Due to most experience with SRB as encapsulant in our research group, also in 

other applications,6,7 and the simplicity of the readout, two additional, simultaneously 

detectable fluorophores, i.e. IR-783, and 1,3,6,8-pyrenetetrasulfonic acid (PTSA) were 

encapsulated in liposomes. Initial investigations focused on proving the simultaneous 

detectability of the three fluorophores. Subsequent analysis via small angle X-ray scattering 

and dialysis experiments of empty liposomes incubated with the dyes revealed significant 

differences in their influence on the bilayer structure. The relevance of these differences on 

the reactivity of the complement system were studied with the liposome-based complement 

assay. Even though the results of these studies limited the development of a multiplexed 

complement assay, since also the complement response between the liposomes 

encapsulating the varying fluorophores were not interchangeable, complement specific 

readouts were still investigated in parallel.  

Chapter 4 describes the development of liposomes with the goal of a platform which is capable 

of assessing the functional activity of all three complement pathways specifically via liposome 

lysis. As mentioned in the introduction, an essential part missing in current complement activity 

analysis is a lysis-based readout of the lectin pathway. However, this was not yet achieved 

since no erythrocytes have been described to trigger the lectin pathway specifically. 

Furthermore, liposomes can not as easily be modified with known lectin pathway complement 

triggers as it has been described for antibodies in classical pathway specific readouts.8 

Therefore, functionalization of mannan with amino-groups was investigated and is described 

in this chapter allowing the covalent immobilization of these molecules onto the liposome 

surface. Through a series of thorough optimizations and inhibitor-based validations, specific 

lectin pathway liposomes were achieved. The assay’s reliability was investigated through 

correlation with a commonly applied C3b-ELISA in a cohort of 97 healthy human sera. 

Repeated investigations in the complement assay and liposome characteristics showed the 
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stability of the prepared liposomes. Adaptations for the classical pathway included studies on 

antibodies and high cholesterol contents as complement triggers. The alternative pathway was 

investigated with lipopolysaccharides as complement trigger in combination with Mg2+/EGTA 

containing buffers to inhibit classical and lectin pathway activation.9 For both pathways inhibitor 

studies were conducted to proof pathway specificity. Cohort studies were performed to 

investigate their reliability through correlation studies to the C3b-ELISA. The chapter concludes 

by highlighting the platform’s potential for high-throughput diagnostics, mechanistic studies, 

and therapeutic monitoring, but lastly also discusses the current limitations observed for the 

classical and alternative pathway. 

In chapter 5 fundamental proof-of-principle studies of anticoagulant (EDTA and citrate) 

containing serum are described, to evaluate the potential applicability of plasma samples in 

the liposome-based complement assay. The here investigated anticoagulants normally limit 

the applicability of plasma for complement activity studies since they complex the relevant Ca2+ 

and Mg2+ ions. However here, restored complement function after reconstitution of these 

bivalent ions was investigated. Plasma as alternative to serum would be desirable since 

complement is a heat labile system and requires careful sample handling to avoid preliminary 

complement consumption before analysis.10 However, this is minimized in plasma when 

complement is inactivated through ion complexation until use. Apart from plasma also 

investigations on animal sera, i.e. murine, porcine and rat serum, in the liposome-base 

complement assay are described in chapter 5. This is relevant since animal models are often 

applied in studies exploring the mechanisms of the complement system,11,12 but the obtained 

results may not be interchangeable between species. By evaluating different liposome 

formulations, including variations in cholesterol content, PEGylation, and surface modifications 

with LPS or antibodies, the general applicability of these sera in the liposome assay but also 

the obtained interspecies differences were investigated. While animal sera were found to be 

generally applicable to this assay, the study highlights the need for caution when extrapolating 

animal data to human systems due to interspecies differences in reactivities. 

Chapter 6 concludes the outcomes and accomplishments achieved during the development 

of the liposome-based complement assay in this study. The main advantages as well as the 

limitations of the developed assay are highlighted. Finally, perspectives for future investigative 

approaches are given that could be employed to address remaining issues.  
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2 The Complement System and Liposomes: 

Challenges and Opportunities in Functional 

Complement Analysis 

2.1 Introduction 

The complement system is a crucial effector pathway of the human immune system going 

through a cascade-dependent activation and resulting in a pore-forming complex and 

pathogen lysis.1 Dysregulation of the complement system affects millions of people to suffer 

from inflammation-driven diseases causing complement consumption, damage and 

destruction of surfaces on which the complement system has been activated including 

infections and autoimmune diseases.2 Diagnosis of such diseases can be time consuming and 

difficult due to the current state of the art in complement analysis with a lack of fast, easy-to-

perform and standardized assays. Central laboratories perform specialized protein-based 

enzyme-linked immunosorbent assays (ELISA) to quantify complement proteins, and 

hemolytic assays based on animal erythrocytes to assess complement functionality.3,4 For a 

subset of those, a liposome-based assay had been established in the 1990s.5 The hemolysis 

assay could in theory provide the highest content value, however, the animal-derived 

erythrocytes come with high setup variability from lab-to-lab, difficulties in reproducibility and 

are prone to age-related effects making standardization very challenging. Furthermore, no 

erythrocytes from any species have been identified that specifically trigger the lectin pathway, 

i.e. one of the three main complement pathways. Hence, its functional specific readout is left 

to protein quantification via ELISAs. The subsequent chapter will introduce the complement 

field and liposomes, with the objective of highlighting the significance of complement analysis 

and elucidating the current status of liposome-based functional complement assays and their 

benefits. 

2.2 The complement system 

The complement system first described as a complementary mechanism supporting the role 

of antibodies as the first line of defense against pathogens has been revealed by subsequent 

research as a much more versatile system and an important part of the innate immune 

system.6,7 Complement proteins have been identified throughout the course of evolution, 

spanning a period of over 600 million years.8 This finding indicates that they represent one of 

the most ancient innate immune systems, whose evolution has commenced prior to that of 

mammals.8 
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Complement comprises more than 50 components circulating in blood, expressed on cell 

surfaces, or located intracellularly.1,9 The complement system is essential for recognizing and 

eliminating invading pathogens, linking innate and adaptive immune responses, immune 

surveillance, homeostasis and removing immune complexes, cellular debris and apoptotic 

cells.1,10 In fact, it has been demonstrated to be active not only in blood, but also in tissues.9 

The activation of the complement system follows mostly a similar and straightforward 

enzymatic cascade that includes particle recognition and opsonization, self-amplification of the 

cascade, generation of effector molecules (for example the membrane-attack-complex (MAC)) 

(Figure 2-1) and induction of other immune responses.1,6 Initiation of the complement cascade 

can be described in a simplified manner in three distinct pathways, the classical, lectin and 

alternative pathway, each resulting in the terminal pathway.1,6,7 

The classical pathway has a critical role for pathogen detection via its pattern recognition 

protein C1q.11,12 C1q binds a variety of different recognition elements including immune 

complexes containing antibodies like IgG and IgM,13,14 surface-bound pentraxins like C-

reactive protein (CRP)15,16 or pathogen-associated molecular patterns including 

lipopolysaccharide (LPS)17 and bacterial porins18. Besides pathogens, C1q can recognize 

apoptotic cells via intracellular molecules that are exposed on the outer cell surface upon 

apoptosis like phosphatidylserine19,20 or double-stranded DNA21. Overall, activators or 

recognition elements, must be clustered on the surface forming a distinctive pattern.13 Single 

activators typically result in reduced complement activation.1,13 C1q binding ultimately leads to 

C4 and C2 cleavage via the proenzyme C1r2C1s2.
22–24 The resulting fragments C4b and the 

large C2 cleavage product C2b form the C3 convertase complex C4b2b (Figure 2-1) for the 

classical and lectin pathway.10 C2b is also called C2a in literature as the nomenclature is not 

consistent for C2 cleavage products.25 Important is that the larger cleavage product forms the 

C3 convertase. This C3 convertase is able to cleave the complement protein C3 to bioactive 

fragments C3a and C3b.6,10 

Similar to the classical pathway, the lectin pathway comprises pattern recognition proteins, 

specifically mannose-binding lectins (MBL), ficolins and collectins.26 All of them primarily 

recognize carbohydrates.26 The binding event of the recognition element activates 

MBL-associated serine proteases (MASP) or ficolin associated MASPs which cleave C4 and 

C2.27 This results again in the classical and lectin pathway C3 convertase formation C4b2b. 
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Figure 2-1: Schematic overview of the complement cascade. Simplified, the complement system consists of 
three distinct activation pathways: the classical, lectin and alternative pathway. The classical and lectin pathway 
activate via surface bound pattern recognition molecules C1q or MBL, ficolin or collectin. Subsequent cleavage of 
C2 and C4 by the C1 complex C1qr2s2 or MASPs cause C3 convertase C4bC2b formation. The alternative pathway 
relies on spontaneous surface deposition and hydrolysis of C3 and forms the C3 convertases C3bBb or C3(H2O)Bb. 
C3 bound Factor B (FB) is cleaved by Factor D (FD). Properdin (P) stabilizes C3bBb or C3(H2O)Bb. These C3 
convertases cleave the central molecule C3. C3b can further opsonize target membranes, amplifying C3 
convertases C3bBb formation. Additionally, C3b can bind to the former C3 convertase which then results in 
formation of the C5 convertases: C4bC2bC3b or C3bBbC3b. C5 convertases split C5 into the fragments C5a and 
C5b. C5b can start the assembly of the membrane attack complex (MAC). In a sequential manner C5b, C6, C7, C8 
and up C9 molecules gather and bind together to form a MAC. 
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The alternative pathway lacks a pattern recognition protein, a characteristic that differentiates 

it from the classical or lectin pathway. It is described that the alternative pathway maintains a 

low-level complement activity enabling continuous pathogen detection through a process 

known as “tick-over mechanism”.1 This process is based on the spontaneous hydrolysis of 

complement protein C3, resulting in a fluid phase C3(H2O).1 However, it is under debate, 

whether the subsequently formed fluid phase C3 convertase C3(H2O)Bb is really capable of 

cleaving C3 into C3a and C3b in physiological relevant quantities, thereby determining its 

ability to effectively initiate the complement cascade.28–30 However, interaction of C3 with 

surfaces such as gas bubbles, material surfaces like polystyrene, glass or polypropylene, LPS 

or lipid surfaces29,31 can result in “C3b-like” activity of surface-bound C3(H2O), causing 

alternative pathway activation via the surface-bound C3 convertase C3(H2O)Bb (Figure 2-1) 

and subsequent C3 cleavage.1,29 Following C3b binding to non-protected surfaces lacking 

regulator receptors, initiates covalently fixed alternative pathway C3 convertases (C3bBb), 

which also cleave C3 into C3a and C3b.1,32 This self-amplifying process is referred to as 

amplification loop, which in turn causes more opsonization of the pathogen with C3b or C3bBb, 

respectively.1 In general, the alternative pathway is not merely an alternative to the classical 

or lectin pathway but rather can be responsible for the major response of the terminal 

complement activity with its amplification loop also amplifying C3b opsonization initiated 

through the other two pathways.1,32,33 

In all pathways, the resulting C3 convertases of the classical, lectin and alternative pathway 

C4b2b and C3bBb are also fundamental components of the C5 convertases.34,35 For 

biologically active C5 convertases an additional C3b molecule is required for effective C5 

cleavage.34,35 C5 cleavage and therefore activation of the terminal complement pathway 

results in the formation of the MAC.1 This complex forms approximately 10 nm wide pores in 

the target membrane and consists of the protein complex C5b-C6-C7-C8β-C8αγ-C9 (Figure 

2-1).36,37 

An additional protection provided by the complement system stems from the anaphylatoxins 

C3a and C5a, crucial signaling effectors, produced during complement activation which 

modulate subsequent biological responses.1,38 Both engage their regulatory effects by binding 

to their specific transmembrane G-protein-coupled receptors C3aR and C5aR expressed on 

cell membranes.39 While traditionally, both anaphylatoxins were described as 

pro-inflammatory, more recently the role of C3a was described as more complex, revealing a 

more delicate balance between anti- and pro-inflammatory mode of action, depending on the 

cell type of the immune system.38,40 On the one hand C3a can have anti-inflammatory effects 

on LPS-primed, nonadherent peripheral blood mononuclear cells (PBMCs), pathogens or 

neutrophils, while on the other hand C3a can cause pro-inflammatory reactions on LPS-
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primed, adherent PBMCs, eosinophils, mast cells, macrophages/monocytes and T cell 

responses.40 C5a shows potent pro-inflammatory influence by inducing chemoattracting 

effects on neutrophils, monocytes/macrophages or mast cells at the inflammation cite.38,41 

Overall, the complement system comprises a complex cascade, of which the significance in 

diseases is becoming increasingly unveiled. Only recently, complement dysregulation was 

shown to be a prevalent aspect of long COVID affecting approximately 5 % of all individuals 

recovering from acute SARS-CoV-2 infection.42,43 This revelation of the complement system’s 

influence in a viral disease responsible for a pandemic, thereby affecting the global population, 

can be regarded as parameter indicative for increasing importance of and interest in 

complement analysis in the diagnostic field worldwide. 

2.3 Indications for complement analysis 

Complement system defects are generally described to be caused by either hereditary 

(primary) or acquired (secondary) complement deficiencies2,44 and can occur throughout the 

whole complement cascade.45 Primary complement deficiencies are in most cases a 

consequence of autosomal recessive traits, which cause deficient levels of the respective 

functional complement protein.46 The prevalence of primary complement deficiencies is low, 

with approximately 0.03 % of the general population affected,2 excluding homozygous MBL 

deficiency, which is estimated to occur in about 5 % of the population.47 An investigation of 

patient cases from French medical departments over the period from 1988 to 2018 revealed 

that the majority of patients exhibited defects in the terminal pathway (56 %), followed by the 

classic pathway (27 %), and, finally, the alternative pathway (17 %).48 However, clinically more 

relevant are secondary complement deficiencies which are typically the result of complement 

consumption due to overactivation through inflammation, decreased protein synthesis, 

increased catabolism or due to autoantibodies against complement proteins.44,45,49 

In general, recurrent bacterial infections, autoimmune manifestations, angioedema without 

urticaria and certain diseases associated with dysregulation of the complement system 

particularly involving the kidneys and eyes, such as atypical hemolytic uremic syndrome 

(aHUS), C3 glomerulopathy (C3G), age-related macular degeneration (AMD), as well as 

paroxysmal nocturnal hemoglobinuria (PNH) characterized by erythrocyte lysis, have been 

described (Table 2-1) as indications for complement dysregulation and require complement 

analysis.2,45,50 All benefit from complement analysis for precise diagnosis or treatment 

monitoring.45,51 Individuals with primary, inherited complement deficiencies are particularly 

vulnerable to recurrent bacterial infections largely presenting in childhood, given the important 

role of the complement system in host defense against pathogens.44,48,52 Based on data of the 

European Society for Immunodeficiencies (ESID) registry approximately 65 % of patients with 
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complement deficiencies are susceptible to such infections, which are predominantly caused 

by encapsulated bacteria.53 While patients with hereditary deficiencies of C3, alternative 

pathway regulators factor H and factor I or components of the classical pathway especially C1, 

C2 or C4 are generally vulnerable to bacterial infections such as Streptococcus pneumoniae, 

Neisseria meningitidis or Hemophilus influenza,45,53–55 deficiencies of terminal complement 

pathway (C5-9) or alternative pathway components like properdin and factor D are more 

strongly associated with meningococcal infections.45,46,53,56,57 Apart from encapsulated 

bacteria, also susceptibility towards viral, fungal or protozoan infections are under debate for 

deficiencies in the lectin pathway especially in immunosuppressive states, for example during 

the neonatal period, or during immunosuppressive treatments.55,58,59 

In addition to infections, complement analysis is also indicated in the context of autoimmune 

diseases (Table 2-1). Frequently associated autoimmune diseases to the complement system 

comprise systemic lupus erythematosus (SLE), rheumatoid arthritis, autoantibody anti-

neutrophil cytoplasmic antibody (ANCA)-associated vasculitis and other autoimmune 

disorders.60,61 In many cases of SLE, the presence of autoantibodies, particularly those 

directed against the classical pathway protein C1q have been observed.62 Consequently, 

complement consumption occurs due to a lack of functional C1q (acquired or inherited) and 

therefore ongoing immune complex formation as a result of the inability to effectively eliminate 

immune complexes and apoptotic materials.63 It was shown, that the association between SLE 

and complement deficiency increases from deficiencies in the complement protein C2 (10 %) 

to C1r/s (50-57 %) to C4 (75 %) to C1q (90-93 %).64 

Whilst hereditary or acquired angioedema are not complement-mediated diseases, instead 

they are classified as bradykinin-mediated or histaminergic diseases, the symptoms have 

traditionally been investigated using complement analysis.65 The presence of angioedema 

without urticaria often manifests as subcutaneous and mucosal swellings affecting the face, 

upper airways, extremities, genitals or intestinal tract.45 Several subtypes have been described 

partially connected to deficiencies or malfunction of the complement regulator C1-INH.65 C1-

INH not only serves as classical and lectin pathway regulator, but also regulates components 

in the contact system like factor XIIa66 and kallikrein67, in the coagulation system like factor 

XIa68 and in the fibrinolytic system, such as thrombin69. Excessive bradykinin generation 

leading to angioedema can be caused by impaired inhibition of these enzymes.70 Hence, 

analysis of the complement system protein levels and function, i.e. of C1-INH have been 

described as useful tools for diagnosis.65 

In the case of aHUS, C3G and AMD, the key factor is the dysregulation of the alternative 

pathway, mostly inducing overactivation and consumption of the complement cascade.71,72 

aHUS is often caused due to genetic mutations in complement regulatory proteins, 
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predominantly factor H (FH) or the presence of anti-FH autoantibodies.73 In the majority of 

cases, aHUS-related mutations have been shown to impair the complement regulation on host 

cells by for example comprising the binding of FH to endothelial cells.74 This results in a 

subsequent absence of host cell protection, leading to microvascular thrombi, hemolytic 

anemia, thrombocytopenia, and kidney damage.75 C3G is also driven by overactivation of the 

alternative complement pathway, leading to C3 deposition in the kidney’s glomeruli.76 C3G 

comprises two major subgroups, the dense deposit disease (DDD) and C3 glomerulonephritis 

(C3GN), which have overlapping clinical and pathological manifestations.77 The deposition of 

C3 can result from genetic mutations, but mainly by acquired factors affecting complement 

regulation, such as autoantibodies.78 The disease manifests as kidney dysfunction and has a 

poor prognosis without targeted therapies.76 AMD is widely regarded as a leading cause of 

blindness in elderly individuals.79 It is a multifactorial disease that is influenced by genetic 

predisposition, environmental factors, such as smoking, physical activity and diet, and the age 

of the patient.72 Dysregulation of the complement system, particularly the alternative pathway 

regulator FH, plays a significant role in AMD.80,81 Genetic studies have identified risk variants 

in complement-related genes, such as from FH and C3, which contribute to complement 

activation and inflammation in the retina.82 This dysregulation can lead to chronic inflammation, 

increased susceptibility to oxidative stress, and extracellular matrix instability, all of which are 

risk factors for AMD.83 Complement activation products, such as C3b and the MAC, 

accumulate in retinal tissues, potentially increasing damage to retinal pigment epithelial cells 

and Bruch's membrane.83 In its advanced stages AMD leads to vision loss due to retinal 

degeneration or neovascularization.72 

PNH is a very rare, hematopoietic stem cell disorder caused by somatic mutations in the PIG-A 

gene, leading to deficient glycosylphosphatidylinositol-anchored proteins (GPI-APs) 

responsible for anchoring other proteins to the surface of erythrocytes.51,84–86 The absence of 

the GPI-anchored complement regulatory proteins CD55 and CD59 results in complement-

mediated intravascular hemolysis, thrombosis, and bone marrow failure.85 The clinical 

manifestations include anemia, hemoglobinuria, fatigue, abdominal pain, and thrombotic 

events.85 Diagnosis is confirmed through flow cytometry to detect the absence of GPI-

anchored proteins in granulocytes, monocytes and erythrocytes.86 Treatment options include 

supportive care (e.g., supplementation, transfusions and anticoagulation) in addition to 

targeted complement inhibition for example via eculizumab, a monoclonal antibody that inhibits 

complement activation to prevent hemolysis.86 

The multitude, severity and increasing awareness of these indications and diseases 

demonstrate a clear need for reliable, standardized and easy-to-perform complement assays 

to be able to assist in accurate analysis, diagnosis and treatments.  
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Table 2-1: Complement-related diseases and their causes. 

Disease Complement-related cause 

Recurrent bacterial infections 
Streptococcus pneumoniae, Neisseria meningitidis 
or Hemophilus influenza 

 
Complement deficiencies throughout the 
complement cascade impair host defense45,46,53–57 
 

Viral, fungal, protozoan infections  
Under debate if linked to lectin pathway 
deficiencies, especially in immunosuppressed 
states (e.g., neonates, immunosuppressive 
therapy)55,58,59 

Autoimmune manifestations 
Systemic lupus erythematosus (SLE) 
 
 
 
 
Rheumatoid arthritis 
 
 
 
 
 
 
ANCA-associated vasculitis 
 
 
 

 
 
Inherited or acquired (autoantibodies) deficiencies 
(especially of / against C1q, C1r/s, C2, C4) leading 
to impaired clearance of immune complexes and 
apoptotic cells62–64 
 
Complement activation often triggered by deposited 
autoantibodies, e.g rheumatoid factor, hence 
immune complexes, dying cells or exposed 
cartilage proteins in arthritic joints; mediating local 
inflammation through anaphylatoxins C3a and 
C5a87,88 
 
Mechanism not yet fully revealed; complement 
activation of the alternative pathway, feedback 
amplification loop between ANCA, neutrophils and 
complement activation, anaphylatoxin C5a plays a 
key role89–91 

Angioedema without urticaria  
Not complement but bradykinin-mediated; often due 
to C1-INH deficiency or dysfunction affecting 
regulation of contact, coagulation, and fibrinolytic 
systems65–70 

Atypical hemolytic uremic syndrome (aHUS)  
Often dysregulation of the alternative pathway; 
genetic mutations in factor H or anti-FH 
autoantibodies impairing host cell protection73–75 

C3 glomerulopathy (C3G)  
Dysregulation of the alternative pathway; C3 
deposition in kidneys due to genetic mutations or 
acquired dysregulation, e.g. via autoantibodies76–78 

Age-related macular degeneration (AMD)  
Dysregulation of the alternative pathway; genetic 
risk variants, such as from FH and C3, can lead to 
chronic inflammation and retinal damage80–83 

Paroxysmal nocturnal hemoglobinuria (PNH)  
Somatic mutation in PIG-A gene; absence of 
GPI-anchored proteins (CD55, CD59), hence 
complement regulation causing 
complement-mediated hemolysis51,84–86 

 

2.4 State-of-the-art in complement analysis 

Investigations of complement system activity have traditionally been accomplished with 

hemolytic assays, allowing the analysis of the membrane attack complex (MAC) formation, the 

terminal step of the complement cascade. This provides insight into the functionality of the 

cascade reaction in its entirety, since complement activation is dependent on the integrity of 

each of the contributing components.52 As such, they are instrumental in the investigation of 
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suspected complement dysregulation. Hemolytic assays are based on animal erythrocytes and 

protocols are often based on the method described by Mayer in 1961.92 For the classical 

pathway, this protocol involves antibody-sensitized sheep erythrocytes and a full serum 

titration in Ca2+ and Mg2+ containing buffers for the determination of the CH50 value (Figure 

2-2), the reciprocal serum dilution needed to achieve 50 % lysis of a fixed number of 

erythrocytes.93 Similarly, the alternative pathway can be investigated with the AH50 value 

mostly analyzed using rabbit erythrocytes without antibody-modification in the presence of 

EGTA containing buffers supplemented with Mg2+ to remove biologically available Ca2+ ions 

(Figure 2-2).93 This effectively blocks the activation of the classical and lectin pathway, 

enabling alternative pathway specific readouts.94 Over the years also simplified variations have 

been developed reducing the serum titration to one single serum dilution enabling higher 

throughput analyses in diagnostic screenings.95 Furthermore, hemolysis assays performed in 

agarose gels were developed to qualitatively screen for complement deficiencies.96 The 

advantage of this approach is the direct visual readout but it lacks precise lysis quantification. 

Liposome-based approaches substituting animal erythrocytes with marker encapsulating 

liposomes were investigated occasionally97,98 offering advantages especially in long-term 

stability and reproducibility. For the classical pathway, an automated, high-throughput 

liposome-based assay encapsulating an enzyme for signal amplification is established 

commercially, and is now widely implemented in clinical diagnostic settings (Figure 2-3).5 

However, it is important to note that currently no lysis-based assay analyzing the lectin pathway 

cascade functionality is available, neither through erythrocytes nor liposomes.  

Overall, diagnostics of patients with suspected complement-associated diseases are often 

initiated by such hemolytic or liposome-based lysis assays assessing the total complement 

activity via titration of its serum.99 This provides an overview on the general functionality of the 

complement system and its pathways to initiate subsequent, more refined analysis where 

needed. 
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Figure 2-2: Lysis-based hemolytic assays for functional activity determination of the classical and 
alternative pathway. Hemolytic assays for the classical and alternative pathway differ in the applied animal red 
blood cells (RBCs) and buffers. Readout of the classical pathway requires sheep RBCs sensitized with antibodies 
and buffers with Mg2+ and Ca2+. Readout of the alternative pathway requires rabbit or guinea pig RBCs lacking 
factor H protection, hence allowing alternative pathway mediated lysis and buffers with Mg2+/EGTA to complex Ca2+ 
to inhibit both other pathways. Serial dilutions of patient sera incubated with the RBCs cause complement activation 
resulting in MAC formation and hemolysis. Absorbance readout allows the CH50 or AH50 determination. Both 
values represent the serum dilution required to cause 50 % lysis of the respective red blood cells. No hemolytic 
assay for the lectin pathway has been described. 

 

Figure 2-3: Liposome lysis-based complement assay for functional activity determination of the classical 
pathway. Liposomes encapsulating glucose-6-phosphate dehydrogenase (G6P) and functionalized with 
dinitrophenyl (DNP) are used as substitutes for animal red blood cells. Liposomes sensitized with anti-DNP 
antibodies as complement trigger cause classical pathway specific complement activation of the serum. 
Subsequent MAC formation causes G6P leakage depending on the respective complement activity. Released G6P 
reduces nicotinamide adenine dinucleotide (NAD+) in the surrounding buffer to NADH, detected via absorbance 
measurements at 340 or 700 nm. No liposome-based assay for specific alternative and lectin pathway determination 
is commercially available. 
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Supplementary to functional assays based on erythrocyte or liposome lysis, functional 

enzyme-linked immunosorbent assays (ELISA) enable the detection of activation fragments 

throughout the complement cascade. These activation products include split fragments such 

as C3a, C3b, C4a, C4d, C5a, and Bb as well as inhibitor complexes like C1rs-C1 inhibitor or 

macromolecular complexes like the convertases or the soluble terminal complement complex 

(sC5b-9).4 Specific monoclonal antibodies that recognize epitopes exposed only upon 

activation-induced conformational changes in complement proteins allows for the direct 

capture of activation fragments without interference from non-activated components.100–105 The 

most prominent example is a semiquantitative, commercially available ELISA enabling the 

specific readout of the three main activation pathways (the classical, alternative, and lectin 

pathways) followed by the terminal pathway until sC5b-9 formation in their entirety and has 

come into wide use in routine diagnostic since commercialization (Figure 2-4).106 In contrast 

to the currently available lysis-based approaches, this assay allows the functional readout of 

the lectin pathway, more precisely the activation via the mannose-binding-lectin pathway. In 

addition to this commercially available assay another ELISA enabling the readout of the lectin 

pathway via the ficolin 3-activation route has been described in literature, but not 

commercialized.107 

 

Figure 2-4: ELISA-based complement assays for all three complement pathways via soluble membrane 
attack complex determination (sC5b-9). Classical pathway readout is based on IgM plate coating, lectin pathway 
readout is based on mannan plate coating and alternative pathway readout is based on lipopolysaccharide (LPS) 
coated plates. Readout of the classical and lectin pathway requires buffers with Mg2+ and Ca2+. Readout of the 
alternative pathway requires buffers with Mg2+/EGTA to complex Ca2+ to inhibit both other pathways. The lectin 
pathway readout is performed including anti-C1q antibodies during incubation with serum to inhibit classical 
pathway activation. Assay follows standard ELISA procedures with coated plates, incubation with serum dilution(s), 
conjugate and substrate addition including washing steps in between each incubation step. An alkaline 
phosphatase-labelled detection antibody against C9 is often used in commercial assay kits. Absorbance 
measurements at 405 nm enable the evaluation of the respective complement activation. 

The analysis of complement activity by an initial screening with general functional assays, 

investigating the complement cascade in its entirety can be refined by followed 

immunochemical assays focusing on the quantification of individual initial complement 

components, regardless of their functional activity. Applied immunochemical methods 

comprise various techniques, including immunoprecipitation assays like radial 
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immunodiffusion (RID) or nephelometry, ELISAs, and Western blots measuring concentrations 

of specific proteins.52,108 In immunoprecipitation assays RID measures the concentration of the 

proteins by forming immune complexes in a gel109 and nephelometry determines the 

concentration in homogeneous solution by detecting the light scattered by these immune 

complexes.110 In routine diagnostics, the most frequently measured components are C3 and 

C4 in order to assess suspected immunodeficiencies.52 In instances where a deficiency is also 

confirmed through immunochemical methods, further refined functional analysis of the 

individual complement proteins may not be necessary. Conversely, in cases where no 

deficiency is detected, additional assays focusing on the functionality and activity of the 

individual components may be required. 

Apart from these methods focused on the complement proteins themselves, autoimmune 

diseases need the analysis of potential autoantibodies targeting the individual’s own 

complement proteins and thereby altering complement activation and regulation. Most relevant 

are the analysis of antibodies directed against C1q, C1-INH, the C3 convertase and FH.4 

Detection of antibodies against C1q, C1-INH and FH are mostly based on commercial or in-

house ELISAs quantifying the antibodies bound to the respective target immobilized in a micro 

titer plate.4,111–113 Autoantibodies directed against the C3 convertase (C3 nephritic factors, 

C3NeF) stabilize the convertase and therefore cause increased complement consumption of 

the downstream cascade. Their analysis either comprises mere quantification or preferably 

includes verification of their actual ability to influence the C3 convertase stability in a functional 

assay, which provides the more relevant information for subsequent treatment.114 Whereas 

quantification of C3NeF is mostly based on ELISAs, functional assays are currently all 

hemolysis-based using animal erythrocytes.114 

Genetic analyses are acquired to confirm inherent complement deficiencies or investigate 

complement component mutations or polymorphisms in certain diseases. Inherent 

complement deficiencies are very rare since they are often based on rare homozygous 

mutations.2,115 Since genetic analyses are more expensive and time consuming compared to 

other methods, they are not performed for screening purposes.116 Furthermore, it is often 

already sufficient to identify missing or malfunctioning complement components with the 

aforementioned methods.116 Nevertheless, they can be advantageous in verifying hereditary 

mutations and identifying carriers of such mutations among relatives or help to distinguish 

clinically similar diseases 116. Genetic analyses generally include amplification of the respective 

exons and sequencing of the amplified DNA strands to detect mutations.116 

Despite its frequent application in general proteomics, mass spectrometry is not a routinely 

utilized technique in complement analysis. Nonetheless, "complementomics" have recently 
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been described as a suitable method to quantify complement proteins in a multiplexed 

approach for determining complement deficiencies.117 

It can be concluded that initial and general complement diagnostics are primarily based on 

either erythrocyte or ELISA based. While the main disadvantages of the erythrocyte assay are 

high setup variability from lab-to-lab and difficulties in their reproducibility as well as the lack 

of the lectin pathway readout, ELISA-based functional complement assays can not provide a 

direct proof for complement lysis only quantifying the soluble MAC formation. The sole 

liposome-based assay that is presently available is an appropriate advancement in this field, 

insofar as it provides an artificial, analytical chemistry-driven solution, which is a designable 

and standardizable vesicle substituting erythrocytes. It very powerfully demonstrates its 

capability for the classical pathway and may offer a solution for all three individual pathways in 

the future. 

2.5 Liposome introduction 

Liposomes are a highly versatile class of structures that have been described as self-

assembled lipid bilayer structures containing an inner aqueous cavity (Figure 2-5).118,119 These 

structures have attracted significant attention in a number of fields, including drug delivery, 

biosensing and bioanalysis.120–122 These artificial vesicles, primarily constituted of 

phospholipids, mimic biological membranes and can serve as effective carriers of hydrophilic 

compounds within the aqueous cavity and hydrophobic compounds within the lipid bilayer, 

depending on their application.121,123,124 Their unique properties, such as biocompatibility, 

biodegradability and especially their versatility in membrane characteristics, encapsulation and 

surface modifications, make them ideal candidates for various medical and bioanalytical 

applications.120–122 Encapsulation of compounds in clinical settings range from anticancer 

drugs121, antibiotics125 and genetic materials126. In bioanalytical or biosensing applications, the 

substantial internal volume of the cavity together with the large outer surface area renders 

them an ideal tool for signal amplification in various biosensing modalities.120,122 A single 

binding event between target and liposome subsequently results in the signal amplification 

through multiple entrapped signaling molecules. Molecules encapsulated inside the liposomes 

range from fluorescent dyes127, electroactive species128 or enzymes129,130. 
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Figure 2-5: Schematic overview of the liposome structure and parameters enabling flexibility in liposome 
characteristics. Lipid composition allows flexibility in liposome characteristics with respect to surface charge, 
functionality (such as amine or carboxylic groups), biocompatibility and stability. Encapsulants enable variability in 
application such as optical, electrochemical or drug delivery approaches. Flexibility in surface modifications allows 
for adaptability to the respective requirements of the application and can range from carbohydrates, proteins to 
antibodies. 

The discovery of liposomes dates back to 1965 when Bangham et al.131 first demonstrated the 

spontaneous formation of closed bilayer vesicles composed of phospholipids in aqueous 

solutions. This groundbreaking finding laid the foundation for extensive research focused on 

the optimization of liposome formulations to enhance their biocompatibility, drug efficacy and 

safety in medical applications,124,132–135 as well as sensitivity, versatility and long-term stability 

in bioanalytical applications.120,136–140 Since their initial discovery several synthesis methods 

have been described including conventional methods such as thin film hydration, reverse 

phase evaporation and alcohol injection or more recent approaches mainly developed with the 

focus of higher encapsulation efficiency and large-scale production such as methods based 

on microfluidics, supercritical fluids or freeze drying.141,142 Depending on the synthesis method 

and the lipid composition the resulting liposomes can be classified into categories based on 

their size and lamellarity. Liposomes which only have one bilayer separating the inner and 

outer aqueous phase can be classified into small unilamellar vesicles (SUVs, 20-100 nm), 

large unilamellar vesicles (LUVs, 0.1-1 µm) and giant unilamellar vesicles (GUVs, >1 µm) 

(Figure 2-6).119 Liposomes with multiple bilayers can be categorized in oligolamellar vesicles 

(OLVs, 100-500 nm, 2-5 bilayers), multilamellar vesicles (MLVs, >0.5 mm, >5 bilayers) with 

concentric bilayers, and multivesicular vesicles (MVVs, >1 µm) in case a single bilayer 

encapsulates several separate bilayer vesicles (Figure 2-6).143 
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Carbohydrates /
Polysaccharides

Proteins /
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Figure 2-6:Classification of liposomes according to lamellarity and size. 

Apart from the size, liposomes can be altered in their membrane characteristics, such as 

membrane fluidity, functionality and surface charge. For example, the incorporation of 

cholesterol highly influences the membrane fluidity and lipid distribution (Figure 2-5).144,145 

Moreover, the use of special lipids and surface modifications allow for controlled encapsulant 

release. Such liposomes can for example respond to specific environmental triggers, such as 

pH changes or heat, or can be targeted towards desired sites of action due to surface 

modifications with specific recognition elements, such as antibodies or peptides.146 

Liposome characterization after successful synthesis often comprises methods to analyze the 

size and morphology of the liposomes, analysis of the surface charge, encapsulation 

efficiency, liposome concentration and liposome stability.147 

Size and morphology are mostly analyzed via dynamic light scattering (DLS) and electron 

microscopy, for example scanning electron microscopy or cryo-transmission electron 

microscopy.147 DLS measures the size and size distribution of particles by analyzing the 

fluctuations in scattered light caused by Brownian motion. The hydrodynamic diameter is 

calculated based on the diffusion coefficient, providing information on particle uniformity and 

aggregation.148 Electron microscopy methods have established as precise method to 

determine the lamellarity of the liposomes.149 The surface charge is mainly assessed through 

zeta potential measurements, which are a measure of the electrical potential at the interface 

between a particles surface and the surrounding liquid medium.150 This is an important 

parameter determining the stability of such liposome dispersions and can also be significant 

for their reactivity towards biological systems.151–153 Analysis of the encapsulation efficiency is 

highly dependent on the entrapped molecule and can range from UV-VIS, fluorescent, 

enzymatic, high-performance liquid chromatography or electrochemical analyses.147 In most 

cases, the liposome or lipid concentration is determined through techniques quantifying the 

phosphate concentration of the phospholipids for example via Bartlett assays or inductively 

coupled plasma.147,154 In addition also nanoparticle tracking analysis can directly count the 

liposome particles in solution allowing for the analysis of particle number concentrations.155 

The primary application of liposomes within the medical field remains drug delivery.156 

However, they are also employed in vaccines157 and gene therapy126. The bioanalytical 
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applications of liposomes consist of a variety of uses, including immunoassays154,158, 

microfluidic devices159,160, lateral flow assays161,162 and the use as biomimics163,164. In the 

context of complement-related research, the general reactivity of the complement system 

towards liposomes has been studied with increased focus on enhancing circulation time of 

liposomes in the blood stream165–167 as well as with focus on liposomes as substitute for 

erythrocyte-based assays.5 Studying the reactivity of the complement system towards 

liposomes in medical applications is of relevance since liposomal drugs are frequently exposed 

to the bloodstream, leading to protein deposition and subsequent clearance and the 

complement system being one of the relevant factors contributing to this clearance.168 

Consequently, general studies included investigations of liposome and lipid interactions with 

complement proteins.165 While frustratingly contrary results are described in literature, the 

general trends of complement promoting factors are charged liposomes (positively charged 

vesicles may rather activate the alternative pathway, while negatively charged liposomes may 

rather activate the classical pathway), liposome size (smaller liposomes are more complement 

stable compared to larger ones) and cholesterol content, with increasing content leading to 

complement activation.165 To circumvent complement activation the incorporation of 

polyethylene glycol (PEG) on the liposome surface has been shown to reduce opsonization 

and prolong circulation time, i.e. making these liposomes less susceptible to clearance.169,170 

However, unfortunately the subsequent widespread use of PEGylation in pharmaceuticals, 

food and cosmetic products has now resulted in abundant presence of anti-PEG antibodies in 

many patients which cause accelerated clearance of PEGylated particles171, significantly 

induced due to increased activation of the complement system by such surface bound anti-

PEG antibodies.166 Hence, investigations on stealth, serum and complement stable liposomes 

remains an important research question which necessitates a long-term solution.  

The readout of complement system activation with liposome-based assays has been described 

occasionally including liposomes encapsulating glucose172, fluorophores97,173 or enzymes5. 

The development of liposomes that encapsulate enzymes has reached a point where the 

aforementioned commercial assay has been created, enabling the readout of the classical 

pathway.5 Nonetheless, structured investigation on a liposome platform, capable of analyzing 

more than just one pathway specifically, is completely lacking and involves an interdisciplinary 

understanding of liposomes, surface chemistries and the complement system. 

2.6 The complement field as raising market  

The scientifically long neglected complement system has not only gained significant interest in 

fundamental studies of its complex action cascade, many components and potential medical 

relevance. Instead, also tightly related to unveiling the participation of the complement system 
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in diseases is the increasing interest and increasing number of participating labs in the external 

quality assurance program (EQA) established in 2010 and organized and evaluated now by 

INSTAND.174 This program started with the comparison of the activity of the three complement 

pathways, C3, C4, C1q and C1-INH protein levels and activity among 12 participating 

laboratories.175 Until the year 2022 the number of participating laboratories increased to 347 

investigating up to 20 parameters of the complement system including overall pathway 

functionality, protein levels and function as well as activation products and autoantibodies.176 

This clearly indicates a raising market which demands the development of companion 

diagnostics assisting in diagnosis and treatment monitoring. This trend is further evidenced by 

the enhanced accessibility of commercial complement assay kits over recent years. ELISA kits 

for research use investigating pathway functionality, complement protein and activation 

product levels of over 20 components or complement hemolysis assays are available from 

companies such as HycultBiotech Inc.177, Creative Biolabs Inc.178, HaemoScan BV179 and 

Invitrogen/Thermo Fisher Scientific Inc.180. Svar Life Science AB offers the Wieslab® 

complement assay ELISA kits widely used in complement diagnostics and research for 

pathway activity determination.181 This includes also the only currently commercially available 

lectin (i.e. MBL) pathway kit. Alternatively, QuidelOrtho Corporation also offers complement 

assay kits for diagnostic purposes.182 FUJIFILM Wako Chemicals Europe GmbH offers the 

liposome-based Autokit CH50 for diagnostic classical pathway functional activity 

determination.183 Apart from single complement protein detection per assay, more recently also 

multiplexed formats allowing the simultaneous quantification of up to 10 complement proteins 

reached the market.184–186 

Moreover, recent advancements in available and FDA-approved complement inhibitors signify 

that the entire complement research and diagnostic field is a growth market. Driven by a 

growing understanding of the complement system's role in various diseases and the successful 

clinical application of targeted therapies as of now, there are 13 approved complement 

therapeutics including C1-INH.187 In addition to these established therapies, the pipeline for 

complement-targeted treatments includes even more therapeutics over all stages of clinical 

development.188–190 Notable companies participating in the development of these innovative 

therapies include Alexion Pharmaceuticals Inc./AstraZeneca PLC191, Apellis Pharmaceuticals 

Inc.192, Chemocentryx Inc./Amgen Inc.193, and Omeros Corporation194, among others. 

2.7 Critical factors for successful complement analysis 

Successful complement analysis and accurate results can only be obtained when reliable 

assays are paired with the correct sample handling before complement analysis.195 In vivo 

complement activation induced through proteolytic cleavage or conformational changes after 
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protein interactions is regulated by other immune responses such as immune cells and 

includes consumption of complement activation products.50 In contrast, in vitro activation of the 

complement system in serum or plasma samples causes raising levels of activation products 

which remain in the sample, since they are not consumed through other immune responses, 

and do not reflect to the true in vivo levels.50 Additionally, in vitro cleaved complement 

components cannot be compensated through new expression as it would be the case in vivo. 

In vitro complement activation often is caused by elevated temperatures or repeated freeze 

thaw cycles, since complement is a temperature sensitive system.195–197 However, bubble 

formation through rigorous mixing can also induce premature complement activation.198 

Consequently, in the event of in vitro complement activation during sample handling prior to 

analytical measurements, a falsified, i.e. a reduced complement activity would be determined 

for the respective activated complement pathways in functional assay formats.50 Therefore, 

appropriate preanalytical sample handling is of utmost importance for accurate and reliable 

complement analysis.50 Furthermore, requirements for sample handling prior to analytical 

measurements can vary depending on the type of analysis being conducted, i.e. whether the 

complement function or quantity of individual components is assessed.199 For complement 

functionality analyses serum, or hirudin plasma as alternative, is the preferred matrix, since 

both are free of directly complement inhibiting additives.199 Hirudin or recombinant hirudin, 

lepirudin, allows complement activation while preventing coagulation when used at appropriate 

concentrations.199–202 For quantification of individual complement components, plasma 

containing either EDTA or citrate as anticoagulant should be used. These chelate Ca2+ and 

Mg2+ ions and consequently minimize artificial complement activation during sample collection 

by inhibiting the C1 complex and C3 convertase function which are dependent on these ions 

and responsible for initiation of the complement cascade.1,199,203,204 This allows lower 

complement activation product base levels in plasma compared to serum, hence provides 

more accurate levels, i.e. more comparable to the in vivo concentrations.199,203,204 Heparin is 

another frequently employed anticoagulant. However, this should be avoided due to its strong 

interactions with numerous complement proteins and regulators.205 These interactions affect 

the complement function and consequently interfere with reliable complement analysis.204,205  

Since complement is a temperature sensitive system and can thus also be activated through 

elevated temperatures 195,196, sample collection should be performed according to suitable 

protocols to avoid premature complement activation. For serum samples it is suggested to let 

the blood coagulate in the collection tube for around 30 min at RT.199,201,203 Clotting is initiated 

through the tube surface, often glass or clot activators such as silica particles or thrombin often 

contained in PET collection tubes, sometimes also combined with gel separators.203 

Investigations by Andersson et al.203 focusing on the differences of serum collected in different 

collection tubes showed that in all cases accurate functional activity could be determined using 
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functional ELISAs for the classical and alternative pathway. However, elevated complement 

activation marker levels were observed. Especially the alternative pathway marker C3bBbP, 

the lectin pathway marker MASP-1/C1-INH and the general C3 activation marker C3bc levels 

were increased in all collection tubes containing clot activators, except silica particles, in 

comparison to those without clot activators.203 Despite that, silica particle based clot activators 

were also shown to potentially influence complement analysis through depletion of the 

complement protein ficolin 2 and therefore altering subsequent lectin pathway 

analyses.199,204,206,207 Hence, it can be concluded that the appropriate collection tube must 

always be selected according to the subsequent application and such information is even vital 

in any publication to ensure comparability. After coagulation, the clot and red blood cells should 

be centrifuged in a refrigerated centrifuge at 4 °C, 2000 g for 10 min.199 For storage, serum 

should be frozen quickly and be stored at -80 °C since higher storage temperatures still 

promote in vitro complement activation.50,199,201 Especially in the case of functional complement 

assays, where serum is used as matrix, suitable buffers which meet the requirements of the 

pH sensitive 208 and Ca2+- and Mg2+-dependent1 complement system are essential to ensure 

functionality and to avoid artificial complement activation. Traditional buffers are based on 

barbitone containing gelatin veronal buffers and contain 0.15 mM Ca2+ and 0.5 mM Mg2+ with 

a pH of 7.3. Despite the toxicity of barbitone and its stringent regulations it still persists in many 

complement assays, even though alternatives based on HEPES were successfully described 

and implemented.209  

For plasma production, plasma collection tubes containing the anticoagulants (for EDTA ideally 

above 10 mM should be used for complete complement inhibition175) should be placed on ice 

quickly.199 Red blood cells should be removed quickly via centrifugation in a refrigerated 

centrifuge within 60 minutes after collection.199 For storage, isolated plasma should again be 

frozen quickly and be stored at -80 °C. 

Besides these matrix dependent requirements, it is generally advisable to avoid elevated 

temperatures, bubble formation through rigorous mixing and repeated freeze thaw cycles 

during sample preparation to avoid artificial pre-analytical complement activation. 

2.8 Standardization in the complement field 

From an analytical point of view, the clear need for standardized complement analysis can be 

expressed, which asks for standardization in reference materials, evaluation methods and 

applied assays. Initiation of the EQA through the International Complement Society together 

with INSTAND174 provides an opportunity for laboratories to be validated for their applied 

methods.176 However, this program is subject to limitations, which include the limited 

accessibility of appropriate samples and the low number of participating laboratories for some 



Introduction 

42 

of the test categories.176 These factors influence the actual value of the determined laboratory 

passing quotas. Furthermore, it can generally be stated that the lack of available international 

calibrators and control materials impedes new assay developments. An international serum 

standard for the detection of human complement activation products as an internationally 

available reference material210 was a first breakthrough development. Yet there is an equal 

need for internationally available standards applicable to analysis methods focusing on the 

complement functionality and not on mere protein quantification. Apart from reference 

samples, assay procedures and assay materials require standardization. While this is more 

readily achievable for ELISAs, which can also easily be automated, it is very difficult for assays 

that rely on animal products, such as the erythrocyte hemolysis assay. Animal erythrocytes, 

including those from sheep, are known to exhibit seasonal differences211–213 and sheep 

erythrocytes used for complement assays usually are not recommended to be used after 

several weeks of storage.214 This makes reproducible results more than challenging even when 

following the same sample handling. Here, liposomes could provide a suitable alternative with 

their flexibility and adjustability of surface characteristics, enabling the preparation of 

standardized, long-term stable vesicles.120,138 They can also be produced animal product-free, 

offer complete chemical control, are suitable for mass production, and are highly adaptable to 

evolving assay requirements. In addition, liposome-based assays reduce procedural 

complexity by eliminating the need for handling biological materials, improve batch-to-batch 

consistency, and hence are much better suited for integration into automated and high-

throughput platforms. 

Underestimated is the importance of subsequent assay evaluation, especially for functional 

lysis assays. Efforts to harmonize evaluation through calibration with a normal pooled control 

sample176 may help in the simplest case where only one serum concentration is evaluated, but 

remains a challenge when several sample concentrations have to be reduced to one 

comparable value, which is highly dependent on the chosen evaluation method. Hence direct 

comparability between obtained values of the assays would require standardized evaluation 

protocols and currently means, that the obtained results for the same samples from different 

assays or laboratories are not necessarily interchangeable.176 
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Abstract 

Liposomes are self-assembled lipid bilayer nanostructures with an inner aqueous core used 

for diagnostic signal amplification, drug delivery and as biomimics. Small molecules and 

proteins are typically encapsulated. While the lipid composition is used to control liposome and 

surface characteristics, overlooked is the effect entrapped molecules may have on the outer 

surface through interface activity. Here, we demonstrate how different dyes not only distribute 

between aqueous core and bilayer, but also significantly affect the outer surface chemistry 

thus influencing interactions with reaction partners and sample matrices. Specifically, IR-783, 

sulforhodamine B (SRB), and 1,3,6,8-pyrenetetrasulfonic acid (PTSA) were encapsulated in 

liposomes of standard bioanalytical composition. Spectroscopic and small-angle X-ray 

scattering data indicated interactions of IR-783 with the liposome membrane and its strong 

influence on the bilayer structure. Increasing SRB concentrations showed potential adsorption 

at liposome bilayer surfaces, whereas PTSA did not interact with the bilayer itself. Surprising 

was the correlating effect on biological systems discovered through the complement system 

as model. Liposomes incubated with serum revealed complement protein interaction with the 

liposome surface depending on the dye and not only on the lipid composition. This study 

emphasizes the need for careful selection of both lipid and encapsulant formulations in any 

biological application. 

3.1 Introduction 

Liposomes, first described as swollen phospholipid systems by Bangham et al. in 19651, have 

been established as a powerful and versatile tool in modern diagnostics and research. The 

simplest form of liposomes has been described as a self-assembled structure containing an 

inner aqueous cavity surrounded by a lipid bilayer.2 The bilayer is composed predominantly of 

phospholipids with diversity in the chemical structure and characteristics of their head group 

and the carbon chain length of their hydrophobic tail. Phosphatidylcholine, 

phosphatidylethanolamine, phosphatidylserine, and phosphatidylglycerol are the most 

abundant naturally occurring head groups in biological systems and are also applied in 

liposome preparation.3 Increased stability is often achieved by including cholesterol in the lipid 

composition causing tighter packing of the phospholipids, thereby reducing bilayer permeability 

and forming more rigid liposomes.4 Liposomes can be prepared in various sizes, ranging from 

small vesicles of 25-50 nm to vesicles up to a few millimeters in size, depending on the number 

of bilayer shells (i.e. the lamellarity), the lipid composition, the preparation procedure and the 

molecules inside the aqueous compartment.5 Already in the 1970s, scientists began to explore 

the use of liposomes as drug or biomolecule carriers.6 Since then, the cavity has been 

demonstrated to be suitable for encapsulation of a variety of hydrophilic molecules, including 
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fluorescent dyes7, electroactive species8, oligonucleotides9, drugs10, or enzymes11. Overall, 

this flexibility in lipid composition, surface charge and modification, liposome size, and 

encapsulant allows for a wide versatility in the application of liposomes. These range from 

signal amplification12, the use as biomimics of cells or other biological vesicles in bioassays 

and to the application as drug delivery vesicles in therapeutic contexts.13 However, the 

introduction of liposomes into biofluids and biological systems is affected by corona formation, 

opsonization, or more general deposition of biomolecules on the surface.14 These reactions to 

the intruding nanomaterial alter the surface characteristics, which often also hampers their 

efficacy due to the accelerated clearance rates of such materials. 

Small-angle X-ray scattering (SAXS) is a technique used to study such structural and physical 

properties and their changes of nanomaterials. The method is based on the irradiation of 

samples with monochromatic, collimated X-rays. The X-rays are scattered depending on the 

electron density characteristics of the nanomaterial and are subsequently recorded with a 2D-

detector.15 The intensity of the scattered X-rays as a function of the scattering vector q 

(q = 4π/λ sin(θ/2); with the wavelength of X-rays λ and scattering angle θ) provide information 

about the form factor (revealing size, shape and size distribution) and the structure factor 

(revealing structural organization and particle interactions) of the nanomaterial.16 The scattered 

X-rays are typically investigated in a range from q = 10-1 - 101 nm-1, corresponding to structures 

in the range of approximately 1 - 100 nm, making SAXS a powerful technique for the study of 

nanomaterials. While smaller angles (lower q values) are associated with larger features, 

larger angles (higher q values) refer to smaller structures, as can be seen from the relation 

d=2π/q where d is the distance probed in real space at a given q value.15 Especially the lipid 

bilayer of liposomes, with a thickness of roughly 5 nm and with a defined electron density 

profile, is well-suited for study by SAXS, as binding or accumulation of molecules (including 

dyes) on the bilayer will lead to changes in the scattering.17–19 

Due to the frequent application of liposomes in biofluids, most current research focuses on 

surface characteristics and modifications to circumvent unwanted reactions of biological 

systems with liposomes. For instance, PEGylation is often mentioned as a suitable surface 

modification as well as neutral surface charge to prevent protein deposition.14,20,21 The broad 

application of PEGylation in pharmaceutical or cosmetical formulations induces anti-PEG 

antibody production in many individuals, which triggers unwanted immune reactions (e.g. 

faster clearance of pharmaceuticals) as shown in recent studies.22,23 However, in this work, 

rather than intensifying further optimizations on the liposome surface via lipid compositions or 

modifications, our goal was to investigate the relevance of effects entrapped molecules may 

have on the lipid bilayer and the characteristics of the outer surface. This has received little 

attention to date, yet it represents a significant factor which potentially influences the reactivity 
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of liposomes. In the case of liposomes, the effect entrapped molecules may have on the lipid 

bilayer and the characteristics of the outer surface has received little attention to date. 

Therefore, this work focuses on examining how different fluorescent dyes can affect the 

liposome surface chemistry and, through this influence, interactions with biological systems 

using the human complement system as an example. Specifically, the fluorophores IR-783, 

sulforhodamine B (SRB), and 1,3,6,8-pyrenetetrasulfonic acid (PTSA) were encapsulated in 

liposomes. These were then analyzed for their size, surface charge and spectroscopic 

characteristics, and SAXS measurements were performed to determine changes in the lipid 

bilayer structure. Finally, the effect of the different liposomes on the human complement 

system was investigated in serum samples. 

3.2 Materials and Methods 

3.2.1 Chemicals and consumables 

All chemicals were of analytical grade and used without purification. Sephadex® G-50 

(G50150), Lipopolysaccharides (LPS) from Salmonella enteritidis (L6011), Cholesterol from 

sheep wool (C8667) and tetrasodium ethylenediaminetetraacetic acid (EDTA, EDS), ethylene 

glycol-bis(2-aminoethyl ether)-N,N,N′,N′-tetraacetic acid (EGTA, E4378), sodium hydroxide, 

methanol and polyclonal goat anti-biotin IgG (B3640) were purchased from Sigma-

Aldrich/Merck KGaA (Darmstadt, Germany). Sodium azide and magnesium dichloride 

hexahydrate were purchased from Merck KGaA (Darmstadt, Germany). The extrusion kit and 

the phospholipids 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC, 850355P), 1,2-

dipalmitoyl-sn-glycero-3-phospho-(1′-rac-glycerol) (sodium salt) (DPPG, 840455P) and 1,2-

dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(biotinyl) (DPPE-biotin, 870285P) were 

purchased from Avanti Polar Lipids (Alabaster, AL, USA). Sulforhodamine B (SRB, S1307) 

was purchased from Thermo Fisher Scientific (Darmstadt, Germany). Chloroform and nitric 

acid (HNO3) were bought from Fisher Chemical (Schwerte, Germany). N-2-

hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES, HN78.3), Sodium chloride, sucrose 

(4621.3), N-octyl-β-d-glucopyranoside (OG, CN23.3) and calcium chloride was bought from 

Carl Roth (Karlsruhe, Germany). Dialysis membrane Spectra/Por® 4 (MWCO 12 - 14 kDa, 

132700) from Spectrum Laboratories and polycarbonate Whatman Nucleopore™ Track-

Etched membranes with a pore size of 1.0 μm, 0.4 μm or 0.2 μm (Ø 19 mm) from Whatman 

were bought from VWR (Darmstadt, Germany). The ICP-OES phosphorus standard solution 

(10882.0000) was purchased from Bernd Kraft/AnalytiChem GmbH (Duisburg, Germany). 

Black 96-well flat bottom microtiter plates (MTP, 781608) were purchased from Brand 

(Wertheim, Germany). Pooled human complement serum was purchased from Innovative 

Research (ISCER, Novi, Michigan, USA). IR-783 (I1031) was purchased from TCI 
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Deutschland GmbH (Eschborn, Germany). 1,3,6,8-pyrenetetrasulfonic acid (PTSA, P0021) 

was purchased from Chemodex AG (St. Gallen, Switzerland). 

3.2.2 Liposome synthesis 

Liposome synthesis was performed as described earlier24 using the reverse-phase evaporation 

method. Standard anionic lipid composition contained 5 %mol. Cholesterol, 73 %mol. DPPC, 

20 %mol. DPPG and 2 %mol. DPPE-Biotin for low cholesterol liposomes or 44 %mol. 

Cholesterol, 34 %mol. DPPC, 20 %mol. DPPG and 2 %mol. DPPE-Biotin for high cholesterol 

liposomes. For LPS liposomes, LPS from Salmonella enteritidis was added to the lipid mixture. 

For LPS an estimated molecular weight of 15000 g·mol-1 was used for calculations. 

60 µmol of the desired lipids were dissolved in chloroform (3 mL) and methanol (0.5 mL). After 

sonication at 60 °C for 1 min, 2 mL of the preheated (60 °C) encapsulant solution was added. 

Encapsulant solutions contained 10 mM SRB, 210 mM NaCl or 10 mM IR-783, 210 mM NaCl 

or 100, 150 or 200 mM PTSA or 280 mM NaCl dissolved in 20 mM HEPES, pH 7.5. Mixture 

was sonicated again at 60 °C for 4 min. The organic solvents were removed with a rotary 

evaporator (LABOROTA 4001, Heidolph, Germany) at 60 °C while the pressure was reduced 

stepwise from 900 to 780 mbar within 40 min (900 mbar for 10 min, 850 mbar for 5 min, 

800 mbar for 5 min, 780 mbar for 20 min). The solution was vortexed for 30 s, and another 

2 mL of the encapsulant was added. After a second vortexing step for 30 s, the solution was 

further rotated at 60 °C while the pressure was reduced stepwise starting from 750 to 400 mbar 

within 60 min (750 mbar for 20 min, 600 mbar for 5 min, 500 mbar for 5 min, 400 mbar for 

20 min). The solution was then extruded through polycarbonate membranes with varying 

membrane pore sizes (1 μm, 0.4 μm or 0.2 µm). Extrusion was done at 65 °C by pushing the 

solution with the syringes 21 times through each membrane pore size. Excess of encapsulant 

(i.e. fluorophore and NaCl) was removed by size exclusion chromatography with a Sephadex 

G-50 column followed by dialysis against the liposome storage buffer (HSS, 10 mM HEPES, 

200 mM NaCl, 200 mM sucrose, 0.01 % NaN3, pH 7.5). Liposomes were stored at 4 °C. 

For PTSA encapsulating liposomes with a PTSA content of 150 and 200 mM PTSA the NaCl 

and sucrose content in the HSS buffer was adjusted to 250 mM NaCl, 335 mM sucrose and 

400 mM NaCl, 300 mM sucrose respectively. 

Smallest membrane pore size during extrusion is mentioned in Table S 3-1 for each liposome 

synthesis. 

3.2.3 Liposome characterization 

Dynamic light scattering (DLS), zeta potential and polydispersity index (PDI) measurements 

were performed on a Malvern Panalytical Zetasizer Nano-ZS. For size determination 
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polymethyl methacrylate semi-micro cuvettes (Brand, Germany) and for zeta potential 

determination disposable folded capillary cells (Malvern Panalytical, Germany) were used. 

Measurement temperature was set to 25 °C with a 1:100 sample dilution in HSS buffer in both 

cases. Measurement of size and PDI were conducted with a dispersant refractive index nD20 

of 1.34, a material absorbance of zero, a dispersant viscosity η of 1.1185 mPa s, an angle of 

173° and backscattering mode after equilibration for 15 s in three measurement runs with each 

13 single measurements. For zeta potential, a dielectric constant ε of 78.5 was used with an 

equilibration time of 60 s before four measurement runs started with each twenty single 

measurements. 

Phospholipid concentrations were determined via optical emission spectroscopy with 

inductively coupled plasma (ICP-OES, SpectroBlue TI/EOP) from SPECTRO Analytical 

Instruments GmbH (Kleve, Germany). Liposomes solutions were diluted 1/150 with a total 

volume of 3 mL in 0.5 M HNO3. A phosphorus standard diluted in 0.5 M HNO3 from 1 to 

100 µM was used for calibration of the device. Phosphorous was detected at a wavelength of 

177.495 nm. Before each measurement, 0 μM and 100 μM phosphorus standard dilutions 

were used to re-calibrate the device. The total lipid concentration (tL) was calculated from the 

phospholipid concentration and the lipid composition used during synthesis. 

The initial fluorescence of the liposomes was determined using a SYNERGY neo2 multi-mode 

reader from BioTek (Bad Friedrichshall, Germany). The liposome stock solutions were diluted 

to 50 μM tL concentration in HSS with and without 30 mM OG. Samples were prepared in 

quadruplicates. The so-called initial fluorescence was calculated as the ratio of the 

fluorescence intensities of intact (without OG) and lysed liposomes (with OG). 

Measurement conditions were λEx = 565 (5) nm, λEm = 585 (5) nm, gain 100 for SRB 

liposomes, λEx = 790 (13) nm, λEm = 820 (13) nm, gain 150 for IR-783 liposomes, and 

λEx = 375 (5) nm, λEm = 405 (5) nm, gain 100 for PTSA liposomes. 

3.2.4 Fluorophore mixtures and self-quenching 

Fluorophores were dissolved in HSS to 100 mM in case of SRB and IR-783 and 200 mM for 

PTSA. Fluorophore mixtures were prepared out of these stocks with 10 µM of each respective 

dye. For the fluorophore self-quenching studies each fluorophore was investigated with a 

concentration titration from 1 µM to 100 mM for SRB and IR-783 and 1 µM to 200 mM for 

PTSA. Samples prepared in triplicates were measured with a SYNERGY neo2 multi-mode 

reader from BioTek (Bad Friedrichshall, Germany). Measurement settings: IR-783, 

λEx = 790 (13) nm, λEm = 820 (13) nm, gain 150; SRB, λEx = 565 (8) nm and λEm = 585 (8) nm, 

gain 75; PTSA, λEx = 375 (5) nm and λEm = 405 (5) nm, gain 100. 
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3.2.5 Dialysis experiment 

Ghostisome stock solutions were mixed with 100 mM dye stock solutions to reach 6 mM tL 

and 10 mM dye content in HSS and incubated for 1 hour at room temperature. From each 

sample a positive control without dialysis was taken. The remaining solutions were dialysed in 

parallel against pure buffer over 24 hours with two buffer exchanges. Dialysis was stopped at 

the same time for all samples. Total lipid concentration was determined again for all dialysed 

samples with the above described procedure. 

For spectral investigations the solutions for PTSA and SRB were diluted to 2 µM. For the 

dialyzed samples a concentration of 200 µM was used. All solutions containing IR-783 were 

diluted to a concentration of 10 µM. All measurements were carried out with a cuvette with 

thickness 1 cm. Absorption spectra were recorded with the Cary 60 from Agilent. All spectra 

were referenced to the HSS buffer solution. The fluorescence measurements were carried out 

with the fluorimeter Fluorolog-3 from Horiba. 

3.2.6 SAXS measurements 

For SAXS measurements with lipid-dye mixtures high cholesterol (44 %mol. Cholesterol, 

34 %mol. DPPC, 20 %mol. DPPG and 2 %mol. DPPE-Biotin) and low cholesterol (5 %mol. 

Cholesterol, 73 %mol. DPPC, 20 %mol. DPPG and 2 %mol. DPPE-Biotin) lipid stock solutions 

were dissolved to 100 mM tL in 20 mM HEPES, pH 7.5 at elevated temperatures while 

vortexing until a homogeneous mixture was obtained. 100 mM dye stock solutions were 

prepared in 20 mM HEPES, pH 7.5. Buffer, dye and lipid stock solutions were mixed 

accordingly to reach 50 mM tL with a varying dye content of 0, 2, 5, 25 or 50 mM. 

For SAXS measurements investigating concentrated liposome solutions the respective 

liposomes were diluted to 5 mM in HSS followed by concentration through evaporation of water 

at room temperature with a rotary vacuum concentrator (RVC 2-18 CDplus HCl, Martin Christ 

Gefriertrocknungsanlagen GmbH, Germany). The process was stopped after reducing the 

volume by approximately 10 times. 

SAXS measurements were performed on a bench built by XENOCS. The scattered beam of 

Mo radiation (λ= 0.071 nm) was collected on a 2D online scanner detector from MAR Research 

(diameter: 345 mm). Quartz capillaries (diameter: 2 mm) were used as sample containers and 

silver behenate was used for scattering vector calibration. Data treatment of raw data 

(integration) was conducted by pySAXS. Furthermore, the exact size of the capillaries was 

considered and background (empty capillary) as well as aqueous solvent (φ(water)= 50-70%) 

were subtracted from the liposome/lipid samples. All measurements were conducted at 

ambient temperature. 
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3.2.7 Homogeneous liposome-based complement assay 

The liposome-based complement assay was performed following a previously established 

protocol.24 

Each assay contained four liposome containing samples: liposomes in liposome complement 

buffer (LCB, 10 mM HEPES, 150 mM NaCl, 135 nM CaCl2, and 1 mM MgCl2 in double distilled 

H2O, pH 7.4 prepared according to the HBS buffer of Zelek et al.25, negative control), liposomes 

in active serum or in inactivated serum (negative control) containing 1/10 diluted inactivation 

buffer (iaCB, 200 mM EDTA and 0.5 µM EGTA, diluted in LCB, pH 7.5 – 8) and lysed 

liposomes by detergent addition as positive control, all prepared in LCB. Serum was 

inactivated by EDTA and EGTA addition to complex free Ca2+ and Mg2+ ions essential for the 

functionality of the complement system. Detergent positive controls contained 30 mM OG and 

serum in the final well. The final wells contained 100 µL volume, 10 µM tL liposomes and 

200 mM sucrose for liposome stability. Final inactivated serum wells contained 20 mM EDTA 

and 0.05 µM EGTA. Serum content was 10 %vol. in the respective wells. All samples were 

prepared in triplicates. 

Liposomes were prediluted in LCB to 100 μM tL solutions. In case antibodies were used as 

complement triggers, polyclonal goat anti-biotin antibodies (1.0 mg mL-1) were incubated 

15 min at RT with the liposome stock solution prior to dilution to 100 µM tL with LCB. Black 96 

well, flat bottom microtiter plates were prepared on ice with LCB, sucrose (1 M sucrose in 

LCB), iaCB and OG (300 mM OG in double distilled H2O) stock solution additions to the 

respective wells to reach the desired conditions. Liposomes were added, resulting in a 1/10 

dilution in the final well. As last step, serum was added before incubation at 37 °C for 60 min 

and fluorescence intensity measurements with a SYNERGY neo2 multi-mode reader from 

BioTek (Bad Friedrichshall, Germany) (SRB: λEx = 565 nm and λEm = 585 nm with bandwidth 8 

and gain 125; IR-783: λEx = 790 nm and λEm = 820 nm with bandwidth 13 and gain 175; PTSA: 

λEx = 375 nm and λEm = 405 nm with bandwidth 5 and gain 150). For each measurement, the 

plate was read 3 consecutive times to relativize the instrument’s influence on the signal. 

All obtained fluorescence intensities were background corrected by subtraction of the 

respective inactivated serum negative control and then normalized to the background 

corrected fluorescence intensity of the positive control to obtain the liposome lysis. In all cases, 

gaussian error propagation was used to determine the respective standard deviations. 

3.3 Results and Discussion 

In bioassays, the simultaneous detection of several analytes in the same sample is often 

desirable since it allows more data per assay, increases efficiency, reduces reagent 
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consumption and shortens assay times. Thus, multiplex bioassays are often more cost-

effective in diagnostic setups. The selection of the three fluorophores used in this work, which 

are encapsulated into the liposomes, was aimed exactly at the development of such a multiplex 

detection system. The fluorophores were carefully selected to allow this simultaneous 

detection by showing minimal overlap in their optical spectra. Since liposomes encapsulating 

SRB have already been used for more than two decades26 with extensive analysis and 

optimization of encapsulant concentration and lipid composition24, they were used as standard 

reference liposomes. Consequently, PTSA was chosen as a fluorophore in the lower 

wavelength range and IR-783 in the higher wavelength range. Spectral overlap was avoided 

as much as possible (Figure 3-1). In general, simultaneous detection of the free dyes could 

be confirmed (Figure 3-2) and the minimal effects on the mutual emission can be corrected 

mathematically. Specifically, while the equimolar combination of PTSA and SRB only minimally 

influenced the fluorescence signal of each other, the presence of IR-783 detectably reduced 

the fluorescence obtained for the other two dyes, albeit to a small degree. The mixture of PTSA 

and SRB caused an increase in SRB signal of 10 ± 4 %, while the signal of PTSA showed an 

insignificant reduction of 3 ± 4 % compared to the pure dyes. Thus, SRB partially reabsorbs 

PTSA emission, resulting in decreased PTSA and increased SRB intensities. The IR-783 

signal intensity was unchanged for all mixtures compared to the pure dye. The PTSA signal 

intensity dropped by 31 ± 3 % when mixed with IR-783 and by 33 ± 3 % when mixed with both 

other dyes simultaneously. SRB fluorescence was quenched by 16 ± 2 % when mixed with IR-

783 and by 15 ± 3 % when mixed with the other two dyes. Hence, not surprisingly, IR-783 

influences the fluorescence intensities of the other two dyes due to its broad absorption bands, 

due to significant radiative energy transfer at the given concentrations, and possibly by 

heteromolecular aggregation effects between the fluorophore molecules. The latter could likely 

be caused by π-π-interactions of the aromatic moieties found in all investigated fluorophores. 

 

Figure 3-1: Optical spectra of SRB, PTSA and IR-783. Solid lines show absorbance spectra, dashed lines represent 
fluorescence spectra and dotted lines refer to dyes encapsulated in liposomes (44 %mol. cholesterol lipid mixture, 
PTSA-Liposome-2, SRB-Liposome-4, IR-Liposome-2). 20 µM total lipid concentration of each dye encapsulating 
liposome was measured. 
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Figure 3-2: Fluorescence intensities of PTSA, SRB and IR-783 in different compositions (each fluorophore at 
10 µM). Reference lines and control bars show the fluorescence intensities of pure dyes. IR-783, λEx=790 (13) nm, 
λEm=820 (13) nm, gain 150; SRB, λEx=565 (8) nm and λEm=585 (8) nm, gain 75; PTSA, λEx=375 (5) nm and 
λEm=405 (5) nm, gain 100; n=3. 

 

Figure 3-3: Normalized fluorescence intensities for fluorophore titrations in Liposome Complement Buffer (LCB). 
Normalization to maximum intensity. IR-783, λEx=790 (13) nm, λEm=820 (13) nm, gain 150; SRB, λEx=565 (8) nm 
and λEm=585 (8) nm, gain 75; PTSA, λEx=375 (5) nm and λEm=405 (5) nm, gain 100; n=3 (except IR-783 0.0001 mM 
and PTSA 0.01 mM, n=2). 

3.3.1 Liposome Preparation and Characterization 

High concentrations of fluorescent dyes lead to aggregation. Depending on the relative 

orientation of the chromophores, H- or J-type molecular aggregates can be formed.27,28 

H-aggregates usually exhibit a blue-shifted absorption and reduced emission compared to the 

monomeric dye. For both SRB and IR-783, corresponding characteristics are found in the 

absorption spectrum of the dyes (dotted line in Figure 3-1). This is in line with the observation 

that intact liposomes exhibit no or minimal fluorescence (associated with the common term 

‘self-quenching’), whereas in their lysed state, when the encapsulants are released and diluted 

in the surrounding solution, high fluorescence signals are observed, allowing easy 

quantification of their release.29. For SRB, liposome dye concentrations ranging from 10 to 

150 mM have been described to show this phenomenon24,30,31, i.e. efficient self-quenching (as 

explained above) could be confirmed in this concentration range (Figure 3-3). Subsequently, 

an SRB encapsulant concentration of 10 mM was chosen, which resulted in a signal intensity 

of 15 ± 1 % when encapsulated compared to the maximum signal upon fluorophore release. 

The fluorophore IR-783 showed self-quenching due to aggregation with the lowest 
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concentrations among the investigated dyes starting at 0.05 mM and around 1 mM aggregates 

are clearly predominant (Figure 3-3). Hence, similar to SRB, 10 mM IR-783 was chosen with 

low background signals of only 2.5 ± 0.5 % of the released maximum signal. For PTSA, higher 

concentrations were necessary to ensure efficient self-quenching (Figure 3-3). Dye 

concentrations of 150 mM and above were determined to be suitable with residual signal 

intensities of 25.3 ± 0.5 % for 150 mM and 11.7 ± 0.3 % for 200 mM of the released maximum 

intensity. In previous work, preparation conditions for liposomes have been established for 

SRB liposomes with encapsulant concentrations of 10 mM SRB and 210 mM NaCl. Due to the 

structure of PTSA with its four sulfonic acid groups, concentrations above 100 mM PTSA bear 

the risk of a too high osmolality inside the liposomes compared to the osmolality of the 

established buffers for SRB liposome preparation. This can lead to liposome instability or 

fluorophore leakage if the buffers are not adjusted accordingly. Therefore, although 

fluorescence signal reduction was not ideal at 100 mM, the concentration range of 100, 150, 

and 200 mM PTSA was tested as encapsulant. With this, self-quenching in the final system 

could be investigated and it could be evaluated whether higher concentrations with potential 

buffer adjustments are mandatory. Ultimately, for multiplex analyses, all types of liposomes 

must be stable under the same buffer conditions, hence similar osmolalities are mandatory to 

avoid fluorophore leakage or liposome swelling. 

Anionic liposomes were prepared by reverse-phase evaporation following the established 

method by Edwards et al..32 Liposome preparation was examined with high (i.e. 44 %mol.) and 

low (i.e. 5 %mol.) cholesterol lipid mixtures in combination with each dye separately to 

investigate the effect of the respective dye on the different analytically typical lipid 

compositions.24 Liposomes prepared with 10 mM SRB and 210 mM NaCl as encapsulant and 

extruded through the smallest membrane pore size of 0.2 µm resulted in vesicles with a 

diameter of 143 ± 2 nm for high cholesterol and 130 ± 1 nm for low cholesterol liposomes with 

a PDI of 0.10 ± 0.01 and 0.12 ± 0.01, respectively. The surface zeta potential of -25 ± 1 mV for 

high cholesterol and -16 ± 1 mV for low cholesterol liposomes confirmed the expected anionic 

characteristics contributing to their colloidal stability. Purification by size exclusion 

chromatography (SEC) led to a clear separation of the liposome and the excess dye band. 

Consequently, dialysis as a second step to remove excess encapsulant could be kept short 

over one night including two buffer exchanges. 

Similar results were obtained for PTSA liposomes. Preparation parameters were not changed 

except for the encapsulant containing either 100, 150 or 200 mM PTSA without additional 

sodium chloride. The sodium chloride and sucrose content in the respective liposome storage 

buffer was adjusted from 200 mM NaCl and 200 mM sucrose to 250 mM NaCl and 335 mM 

sucrose for 150 mM and 400 mM NaCl and 300 mM sucrose for 200 mM PTSA encapsulating 
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liposomes. The resulting liposomes were slightly larger in diameter with 147 to 165 nm for the 

high cholesterol and in a similar size range with 118 to 142 nm for the low cholesterol lipid 

composition compared to SRB liposomes, with no trend regarding the encapsulated PTSA 

content. The determined PDI was in the range of 0.06 to 0.08 and 0.09 to 0.12, respectively. 

The surface zeta potential was in a comparable range to SRB liposomes with -19 to -16 mV 

for the low cholesterol and -22 to -18 mV for the high cholesterol liposome batch. As for SRB 

liposomes, preparations with PTSA showed a clear separation of liposome and free 

fluorophore band during SEC, which resulted in the same short dialysis time. 

Liposome preparations with IR-783 (i.e. 10 mM IR-783 and 210 mM NaCl) as encapsulant 

resulted in liposome formation only for the high cholesterol lipid composition. For the low 

cholesterol preparation, the lack of a second band during SEC indicated an absence of 

liposomes. This observation was further substantiated through DLS measurements which 

confirmed the absence of vesicles (data not shown). For high cholesterol compositions, worse 

separation of excess dye and liposomes was observed during SEC, leading to the use of longer 

(i.e. about 45 cm instead of about 15 cm in length) and wider (i.e. diameter increased from 

1.5 cm to 3.0 cm) columns. In addition, an extended dialysis time of two days compared to 

preparations with the other two dyes was required to remove all the excess encapsulant. The 

obtained liposomes extruded through the smallest pore size of 0.4 µm had a diameter of 

170 ± 10 nm. The PDI of 0.26 ± 0.01 indicates a broader size distribution compared to the 

other liposomes, which can be attributed to the use of the larger membrane pore size of 0.4 µm 

instead of 0.2 µm as for the other liposomes. The measured surface zeta potential for IR-783 

containing liposomes of -23 ± 3 mV was in a similar range to liposomes with the other two 

dyes. 

Overall, liposomes could be successfully synthesized with all dyes except the low cholesterol 

lipid compositions in combination with IR-783 in the encapsulant. This finding gave rise to the 

assumption that each dye may have unique characteristics as encapsulant that may also 

influence the lipid arrangement, preventing liposome formation in the case of IR-783. The 

assumption was further supported by the increased effort needed to separate the excess dye 

from the liposomes. 

3.3.2 Optical Characterization 

Encapsulation of 10 mM SRB inside the liposomes resulted in an initial fluorescence of 6 to 

12 %, as determined by comparing the fluorescence signal intensity of intact and lysed 

liposomes by detergent addition. Even lower initial fluorescence values were achieved when 

IR-783 was encapsulated. Here, values as low as 1 % were obtained. The notable reduction 

of the fluorescence signal found for the dyes confined in intact liposomes points towards the 
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formation of H-aggregates. By increasing the amount of PTSA in the encapsulant solution, the 

initial fluorescence of high cholesterol liposomes was improved from 40 ± 2 % (100 mM PTSA) 

to 25 ± 1 % (150 mM PTSA) and 13 ± 1 % (200 mM PTSA), resulting in an overall better 

resolution between lysed and non-lysed liposome signals. Higher concentrations are required 

for pronounced self-quenching effects with PTSA, as can be seen from Figure 3-1 where only 

slight changes in the absorption spectrum for the liposome sample is evident at the given 

concentration, in contrast to the situation for the other two dyes. However, osmolality-induced 

lysis in the assay buffer was observed through increased fluorescence signals for 150 mM and 

200 mM PTSA liposomes (Figure S 3-1). This was partially resolved by increasing the sugar 

content of the assay buffer from 200 mM to 440 mM for 150 mM PTSA liposomes or to 660 mM 

for 200 mM PTSA liposomes (Figure S 3-1). Conversely, high concentrations of sucrose and 

thus a high osmolality in the buffer surrounding the liposomes could interfere with the multiplex 

application combining all liposome types together. Hence, the medium concentration of 

150 mM PTSA for the encapsulant was chosen as a compromise to test the interaction with 

biological systems, in this case the human complement system. 

The previously mentioned observations during liposome preparation suggest that the dyes 

influence the lipid bilayer formation during preparation and thus interact directly with the 

bilayer. A very simple assay was devised to qualitatively demonstrate the differences between 

the three dyes. Specifically, liposomes without encapsulated dye (ghostisomes) were 

incubated with each dye from the outside in the surrounding buffer, followed by dialysis against 

pure buffer over 24 hours. The assay was performed for both a high and a low cholesterol 

version of the liposomes. 

Ghostisome preparations yielded liposomes with a diameter of 301 ± 7 nm for high cholesterol 

and 220 ± 11 nm for low cholesterol lipid compositions with a PDI of 0.16 ± 0.02 and 

0.20 ± 0.01, respectively. The absorbance spectra measured after incubation with the dye and 

subsequent dialysis indicate that SRB and PTSA may interact with the membrane, however, 

they can be completely dialyzed away from the liposomes (Figure 3-4). In fact, samples after 

dialysis were measured 100 times more concentrated than the control sample and still no 

characteristic absorbance was detected at the respective wavelengths which would be 

indicative for residual dye, but only scattering background was observed. This leads to the 

inference that no or only weak and reversible interactions with the lipid membrane are present 

for both dyes. 
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Figure 3-4: Absorption, a and emission spectra, b of dye-ghostisome (Ghostisome-1 & 3) incubation experiments 
with different cholesterol content with and without dialysis. Concentrations of PTSA and SRB were 2 µM without 
dialysis and 200 µM with dialysis. For IR-783 concentrations of 10 µM was chosen for all samples. The excitation 
wavelengths for all IR-783 samples were λEx=777 nm, for PTSA samples λEx=284 nm and for SRB-samples 
λEx=540 nm. For PTSA and SRB, no more characteristic dye absorption but rather only scattering signals (as 
identified by the l-4 dependence) were observed for the dialyzed samples, which is why also no emission signals 
are plotted for them. Note that all curves were normalized with respect to the Ghostisome with 44% mol. Cholesterol 
(black lines). 

In contrast, the fluorophore IR-783 could not be completely removed by dialysis over 24 hours 

(Figure 3-4). Significant absorbance remained in the dialyzed samples of both liposome 

versions and fluorescence could be detected (Figure 3-4b), even given the low quantum yield 

and short fluorescence lifetime of this dye33, indicating that a significant amount of it is still 

present in the dialyzed samples. For the low cholesterol liposomes, the absorbance was 

reduced by 47 % compared to the non-dialyzed control sample (calculated at the absorbance 

maximum at 777 nm). For the high cholesterol liposomes, dialysis reduced the absorbance by 

66 % (calculated at the absorbance maximum at 777 nm). From this it can be concluded that 

the fluorophore IR-783 interacts with the lipid bilayer in a non-reversible manner which resists 
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removal by dialysis. Furthermore, the greater decrease in absorbance for the high cholesterol 

liposomes suggests a weaker interaction of the fluorophore IR-783 with this lipid composition 

compared to the low cholesterol liposomes. This finding is consistent with the observation that 

preparation of low cholesterol liposomes in combination with IR-783 was not achieved, 

whereas preparation of high cholesterol liposomes was successful. This may be attributed to 

too excessive interaction of IR-783 with the lipids, which may prevent successful liposome 

formation. 

3.3.3 Lipid Bilayer Characterization by SAXS 

Further insight into the dye-lipid bilayer interactions was obtained through SAXS 

measurements. Specifically, each dye was mixed and investigated at different concentrations 

ranging from 2 to 50 mM with high and low cholesterol lipid mixtures, maintaining a constant 

total lipid concentration of 50 mM. The pure lipid samples analyzed as controls showed a form 

factor typical for lipid bilayer, showing a large oscillation between 0.5 and 2.2 nm-1 with a local 

minimum at 0.5 nm-1,and a slightly pronounced Bragg peak around q = 1.06 nm-1 (Figure 3-5), 

caused by smectic ordering.17,34 This peak indicates an interlamellar distance of 5.93 nm, i.e. 

the lamellar repeat distance in stacked bilayers, which is in accordance with values reported 

in literature.35,36 The form factor did not change when SRB was added to the lipid mixtures, 

regardless of whether the cholesterol content was high or low (Figure 3-5a). However, for the 

low cholesterol compositions, the intensity of the peak (q = 1.06 nm-1) increased with high SRB 

concentrations (≥25 mM), which can be attributed to a higher order in the multilayer system 

created by stacking additional bilayers. Furthermore, the peak shifted to a lower q value of 

0.88 nm-1 at an SRB concentration of 50 mM, indicating that the distance between the bilayers 

increased from 5.92 nm to 7.13 nm. We hypothesize that this swelling of the multilayers is due 

to SRB adsorption on the bilayer surface, causing increased electrostatic repulsion between 

bilayers, as usually observed upon electrostatically charging bilayers.37 SRB is indeed a 

charged species, which therefore charges the bilayer when it adsorbs on it. Noteworthy is that 

the overall bilayer structure (form factor) remains unchanged upon the addition of SRB, 

informing that SRB adsorbs onto the bilayer surface without significantly altering its electron 

density profile (bilayer structure). It is likely that the surface concentration of SRB at the bilayer 

surface is too low to affect significantly the overall electron density at the top bilayer surface.  

When PTSA was added to the lipid solutions, results similar to those of SRB lipid mixtures 

were obtained, with the overall form factor remaining unchanged (Figure 3-5b). Especially for 

the high cholesterol containing sample, no influence of PTSA on the bilayer was found. Lipid 

mixtures with low cholesterol content partially showed a peak emerging at around 1 nm-1, 

which is comparable to the one observed with SRB at the same concentration but much less 

pronounced. However, here no shift in the peak position was observed upon addition of PTSA. 
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Hence, we can conclude that PTSA does not interact with the lipid membrane, neither by 

adsorption nor by altering the lipid arrangement in the bilayer. 

In contrast, the presence of the fluorophore IR-783 in lipid mixtures had a significant effect on 

the bilayer form factor in the q-range from 0.3 to 1 changed by increasing IR-783 concentration 

from 5 to 50 mM (Figure 3-5c). For both high and low cholesterol lipid mixtures, a distinct shift 

in the position of the local scattered intensity minimum of the bilayer form factor from 0.5 down 

to 0.4 nm-1 upon addition of IR-783 and an excess scattering in the region of the large 

oscillation are observed. This observation indicates that the fluorophore strongly affects the 

bilayer structure, either by locating in the bilayer surface, i.e. in the polar head region, and/or 

in the hydrophobic core of the lipid bilayer, thereby substantially altering the electron density 

profile that produces the pattern probed by SAXS (bilayer form factor). Interestingly, IR-783 

has been shown to be membrane-permeable through transport mechanisms only. Specifically, 

IR-783 enters cells primarily through organic anion transporter polypeptides (OATPs), which 

are overexpressed in many cancer cells. This mechanism allows IR-783 to selectively 

accumulate in tumor cells, making it useful for imaging and therapeutic applications.38,39 Once 

inside the cells, it localizes to the mitochondria, where it is described to induce mitochondrial 

fission and to affect cellular processes such as apoptosis and ATP production.40,41 Based on 

our data presented here, it needs to be considered that IR-783 may not only enter cells via 

OATPs but also through the hydrophobic areas of the lipid bilayers. 

Subsequently, these results were confirmed for liposomes encapsulating the respective 

fluorophores. To generate sufficiently high signal intensities, synthesized fluorophore 

encapsulating 5 mM liposome stock solutions were concentrated approximately 10-fold by 

water evaporation. Again, a significant change in the form factor of the bilayer was obtained 

only for liposomes encapsulating IR-783 (Figure S 3-2). Differences in signal intensity between 

the different liposome samples are probably due to slight variations in the lipid concentration 

of the samples, since the concentration was estimated by eye during the preconcentration step 

based on the residual volume in the reaction tubes. 
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Figure 3-5: SAXS measurements with lipid mixtures (50 mM total lipid concentration, left: 5 %mol. cholesterol lipid 
mixture, right: 44 %mol. cholesterol lipid mixture) and fluorophore titration from 2 to 50 mM (A: SRB, B: PTSA, C: 
IR-783). 

3.3.4 Reactivity Towards Biological Matrices 

The interaction of encapsulants with the lipid bilayer is of relevance in any drug delivery or 

bioanalytical assay, since the liposome surface chemistry is typically carefully engineered for 

each specific application. Therefore, to investigate the potential impact these changes in 

bilayer structure and the interaction of the lipid surfaces with the fluorophores may have, a 

biological interaction assay was performed which assesses liposome surface interactions with 

the ever-present complement proteins in human serum. Liposomes can be designed to avoid 

recognition by the complement system and to remain stable in human serum. However, 

changes in surface chemistry and the use of ligands can cause the activation of the 
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complement system, leading to opsonization and ultimately liposome lysis.24 Here, fluorophore 

deposition or alterations in the lipid membrane are expected to influence the reactivity of the 

complement system with these liposomes. 

Such a bioassay was developed and optimized for 10 mM SRB encapsulating liposomes. 

While high cholesterol contents are known to activate the complement system42–44, a reduction 

of the cholesterol content results in stable liposomes in serum over the investigated period of 

1 hour at 37°C.24 In addition, surface-bound antibodies in sufficient density on the surface are 

well known to be complement triggers45 and are also able to induce a dose-dependent 

complement activation with low cholesterol SRB liposomes (0.2 %mol. antibody: 24 ± 2 % 

lysis, 0.5 %mol. antibody: 99 ± 5 % lysis, Figure 3-6). Furthermore, lipopolysaccharides (LPS) 

from bacterial membranes can cause both antibody-mediated and antibody-independent 

complement activation.46,47 For this reason, experiments were designed here to study the effect 

of plain liposomes, LPS-tagged liposomes, and antibody-bound liposomes (Figure 3-6). As 

expected, all low cholesterol liposomes encapsulating SRB or PTSA that did not contain a 

complement trigger were not lysed, whereas high cholesterol SRB liposomes were lysed. 

Surprisingly, high cholesterol liposomes entrapping PTSA or IR-783 were stable. This 

suggests that not cholesterol alone, but in conjunction with SRB, which has been shown to be 

adsorbed on the bilayer structure by the SAXS analyses, acts as a complement trigger. 

Consequently, experiments using antibody or LPS triggers exhibited similar responses for the 

high cholesterol PTSA and IR-783 and the low cholesterol SRB liposomes. Low cholesterol 

PTSA LPS liposomes were not stable over time and showed fluorophore leakage (data not 

shown). Therefore, they were only investigated in the complement assay right after preparation 

with a different serum batch. Nevertheless, the trend of significantly lower responses by the 

low cholesterol PTSA liposomes, with low antibody concentrations and LPS only being able to 

activate the complement system very weakly, is still visible and in contrast to low cholesterol 

SRB liposomes. It can be assumed that the high cholesterol content may be needed to assist 

the complement response. This may be due to a better surface for complement protein 

deposition by cholesterol, hence free hydroxy group cluster formation.48,49 In addition, the 

cholesterol content also influences membrane characteristics such as membrane fluidity and 

thickness,50,51 which effect this has on complement mediated liposome lysis is still unclear. 

These findings are important in clarifying statements made in literature regarding the activation 

of the complement system by cholesterol and in assigning it a more assisting role than a 

triggering role by itself. More broadly seen, however, these studies emphasize the relevance 

of gaining an understanding of the interactions encapsulants have with the chosen lipid bilayer, 

as they will clearly impact the often carefully designed liposome surface chemistry and lead to 

unexpected interactions with matrix components. 
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Figure 3-6: Liposome-based complement assays determining reactivity of the human complement system towards 
varying liposome surfaces and encapsulants (SRB, IR-783 or PTSA). Liposomes with low and high cholesterol 
content with and without surface modifications (SRB-Liposome-1, 2 & 3, IR-Liposome-1 & 3, 
PTSA-Liposome-3, 4, 5 & 6). Antibodies were incubated 15 min at RT with the liposomes prior to the complement 
assay. Lipopolysaccharides were included into the lipid composition during liposome preparation. Fluorescence 
intensities were corrected by inactive serum controls as background and normalized to a detergent containing 
positive control (30 mM OG). Liposomes were measured at 10 µM tL. Complement assays were performed in LCB 
with 200 mM sucrose for SRB and IR-783 liposomes and 440 mM sucrose for PTSA liposomes. Serum content for 
all liposomes was 10 vol%. per well. ‡ low cholesterol PTSA LPS liposomes were measured with a different serum 
batch. n=3. 

3.4 Conclusion 

In summary, the present study demonstrates that it is indeed very relevant to investigate the 

effects entrapped molecules may have on liposome characteristics and the reactivity of 

biological systems towards these liposomes. This was demonstrated by examining 

fluorophores as model liposome loadings, which, besides inducing variability in the optical 

characteristics, can significantly influence the lipid bilayer membrane characteristics of the 

liposomes. Consequently, the reactivity of the final liposomes towards biological matrices and 

also the overall success of liposome preparations is dependent on the encapsulated molecule, 

in this case the fluorophore. While fluorophore incubation experiments and SAXS 

measurements confirmed alterations in the lipid arrangements for IR-783, the liposome-based 

complement assays revealed that lipid compositions or surface modifications cannot be simply 

transferred between various types of liposomes encapsulating different fluorophores. This 

generally emphasizes that the encapsulant itself, which initially may seem to have no impact 

on the outer surface characteristics, indeed plays a crucial role in the biological stability of 

liposomes. Although the primary focus in assessing liposome stability in biological 

environments is often limited to the examination of lipid composition, surface modification, and 

general parameters such as temperature, pH, liposome size, surface charge, or osmolality, a 

comprehensive evaluation of both surface chemistry and the influence of the encapsulant is 

essential for the optimization of liposomes tailored to their targeted applications. This aspect 

is of particular relevance in areas such as drug delivery or diagnostic imaging, where long 

blood circulation times are critical for liposomal drug efficacy and contrast agent efficiency. 
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3.6 Supporting Information 

 

Figure S 3-1: Fluorescence intensities of PTSA encapsulating liposomes (PTSA-Liposome-3, 5, 7 & 8) measured 
in LCB with varying sucrose content, normalized to a detergent containing positive control (30 mM OG) containing 
10 %vol. serum as in liposome complement assays (see materials and methods). Liposomes were measured at 
10 µM tL. n=3. 

 

Figure S 3-2: SAXS measurements of fluorophore encapsulating liposomes (44 %mol. cholesterol lipid mixture, 
~50 mM total lipid, Ghostisomes-2, SRB-Liposome-4, PTSA-Liposome-2, IR-Liposome-3). 
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Table S 3-1: Liposome characteristics including lipid composition, encapsulant concentrations in 20 mM HEPES 
(pH 7.5), smallest membrane pore size during extrusion, Hydrodynamic diameter d(H), polydispersity index PDI, 
zeta-potential and total lipid concentration tL. 

Batch Lipid composition 
Encapsulant & 

membrane pore 
size 

d(H) / 
nm 

PDI 
Zeta 

potential / 
mV 

tL / 
mM 

SRB-Liposome-1 

5 %mol. cholesterol, 
74 %mol. DPPC, 
19 %mol. DPPG 
2 %mol. DPPE-

biotin 

10 mM SRB 
210 mM NaCl 

 
0.2 µm 

130.1 
± 

0.8 

0.12 
± 

0.01 

-16 
± 
1 

6.26 
± 

0.07 

SRB-Liposome-2 

5 %mol. cholesterol, 
74 %mol. DPPC, 
18 %mol. DPPG 
2 %mol. DPPE-

biotin 
1 %mol. LPS 

10 mM SRB 
210 mM NaCl 

 
0.4 µm 

154 
± 
4 

0.169 
± 

0.007 

-8 
± 
1 

7.22 
± 

0.04 

SRB-Liposome-3 

44 %mol. 
cholesterol, 

34 %mol. DPPC, 
20 %mol. DPPG 
2 %mol. DPPE-

biotin 

10 mM SRB 
210 mM NaCl 

 
0.2 µm 

143 
± 
2 

0.103 
± 

0.005 

-25 
± 
1 

9.42 
± 

0.03 

SRB-Liposome-4 

44 %mol. 
cholesterol, 

34 %mol. DPPC, 
20 %mol. DPPG 
2 %mol. DPPE-

biotin 

10 mM SRB 
210 mM NaCl 

 
0.4 µm 

275 
± 
5 

0.17 
± 

0.02 

-24 
± 
2 

8.52 
± 

0.03 

IR-Liposome-1 

44 %mol. 
cholesterol, 

34 %mol. DPPC, 
20 %mol. DPPG 
2 %mol. DPPE-

biotin 

10 mM IR-783 
210 mM NaCl 

 
0.4 µm 

170 
± 

10 

0.264 
± 

0.006 

-23 
± 
3 

4.45 
± 

0.02 

IR-Liposome-2 

44 %mol. 
cholesterol, 

34 %mol. DPPC, 
20 %mol. DPPG 
2 %mol. DPPE-

biotin 

10 mM IR-783 
210 mM NaCl 

 
0.4 µm 

180 
± 
6 

0.255 
± 

0.006 

-23 
± 
2 

8.22 
± 

0.04 

IR-Liposome-3 

44 %mol. 
cholesterol, 

34 %mol. DPPC, 
19 %mol. DPPG 
2 %mol. DPPE-

biotin 
1 %mol. LPS 

10 mM IR-783 
210 mM NaCl 

 
0.4 µm 

140.7 
± 

0.3 

0.22 
± 

0.01 

-6 
± 
1 

6.6 
± 

0.04 

PTSA-Liposome-1 

5 %mol. cholesterol, 
73 %mol. DPPC, 
20 %mol. DPPG 
2 %mol. DPPE-

biotin 

100 mM PTSA 
 

0.2 µm 

136 
± 
5 

0.089 
± 

0.007 

-16 
± 
1 

10.62 
± 

0.08 

PTSA-Liposome-2 

44 %mol. 
cholesterol, 

34 %mol. DPPC, 
20 %mol. DPPG 
2 %mol. DPPE-

biotin 

100 mM PTSA 
 

0.2 µm 

165 
± 
7 

0.06 
± 

0.03 

-22 
± 
2 

7.30 
± 

0.03 

PTSA-Liposome-3 

5 %mol. cholesterol, 
73 %mol. DPPC, 
20 %mol. DPPG 
2 %mol. DPPE-

biotin 

150 mM PTSA 
 

0.2 µm 

118 
± 
2 

0.12 
± 

0.03 

-19 
± 
2 

9.12 
± 

0.06 
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Table S 3-1 - continued: Liposome characteristics including lipid composition, encapsulant concentrations in 
20 mM HEPES (pH 7.5), smallest membrane pore size during extrusion, Hydrodynamic diameter d(H), 
polydispersity index PDI, zeta-potential and total lipid concentration tL. 

Batch Lipid composition 
Encapsulant & 

membrane pore 
size 

d(H) / 
nm 

PDI 
Zeta 

potential / 
mV 

tL / 
mM 

PTSA-Liposome-4 

5 %mol. cholesterol, 
74 %mol. DPPC, 
20 %mol. DPPG 

1 %mol. LPS 

150 mM PTSA 
 

0.4 µm 

145 
± 
4 

0.16 
± 

0.03 

-9 
± 
4 

3.26 
± 

0.01 

PTSA-Liposome-5 

44 %mol. 
cholesterol, 

35 %mol. DPPC, 
20 %mol. DPPG 
2 %mol. DPPE-

biotin 

150 mM PTSA 
 

0.2 µm 

147.3 
± 

0.9 

0.08 
± 

0.02 

-22 
± 
2 

10.16 
± 

0.07 

PTSA-Liposome-6 

44 %mol. 
cholesterol, 

35 %mol. DPPC, 
20 %mol. DPPG 

1 %mol. LPS 
0.4 µm 

150 mM PTSA 
 

0.4 µm 

176 
± 
6 

0.21 
± 

0.01 

-6 
± 
2 

4.89 
± 

0.08 

PTSA-Liposome-7 

5 %mol. cholesterol, 
73 %mol. DPPC, 
20 %mol. DPPG 
2 %mol. DPPE-

biotin 

200 mM PTSA 
 

0.2 µm 

141.9 
± 

0.4 

0.08 
± 

0.01 

-16 
± 
3 

10.73 
± 

0.08 

PTSA-Liposome-8 

44 %mol. 
cholesterol, 

34 %mol. DPPC, 
20 %mol. DPPG 
2 %mol. DPPE-

biotin 

200 mM PTSA 
 

0.2 µm 

155 
± 
1 

0.07 
± 

0.02 

-18 
± 
3 

10.80 
± 

0.08 

Ghostisome-1 

5 %mol. cholesterol, 
73 %mol. DPPC, 
20 %mol. DPPG 
2 %mol. DPPE-

biotin 

280 mM NaCl 
 

0.4 µm 

220 
± 

11 

0.20 
± 

0.01 

-19.1 
± 

0.8 

11.66 
± 

0.05 

Ghostisome-2 

44 %mol. 
cholesterol, 

34 %mol. DPPC, 
20 %mol. DPPG 
2 %mol. DPPE-

biotin 

280 mM NaCl 
 

0.4 µm 

181 
± 
7 

0.23 
± 

0.02 

-25 
± 
2 

10.3 
± 

0.2 

Ghostisome-3 

44 %mol. 
cholesterol, 

34 %mol. DPPC, 
20 %mol. DPPG 
2 %mol. DPPE-

biotin 

280 mM NaCl 
 

0.4 µm 

301 
± 
7 

0.16 
± 

0.02 

-24 
± 
2 

6.52 
± 

0.03 
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4 Liposomes enable the functional assessment of 

each complement pathway 
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Abstract 

The complement system is a key defense mechanism of the human immune system1,2, with 

much to be discovered about its function and disease relations. Its lectin pathway, a crucial yet 

understudied activation pathway, surprisingly lacks reliable, specific functional assays, limiting 

both fundamental research and clinical application. Thus, developed here are chemically 

tailored liposomes serving as biomimetic platform to independently quantify activation of all 

three complement pathways, providing sensitive endpoint and time-resolved measurements, 

hence facilitating kinetic analyses. Focus on the lectin pathway showed that novel surface 

functionalization of liposomes with mannan enabled its selective activation, confirmed via 

inhibitor-based validation using specific complement proteins including C1q, C1s, MBL, 

MASP-2, Factor B, and C5. Reliability and clinical relevance were proven by application to a 

cohort of 97 human sera revealing a strong correlation with the established ELISA-based 

method which itself merely quantifies complement proteins and cannot demonstrate final 

function. Liposome surface adaptation with antibodies or lipopolysaccharides enabled 

strikingly easy expansion to classical and alternative pathway functional analysis, respectively. 

This liposome-based platform represents an impactful new tool for fundamental complement 

research enabling precise mechanistic studies, biomarker discovery, therapeutic development, 

and diagnostic monitoring at a time when complement-targeted therapies are increasingly 

reaching clinical approval3. 
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4.1 Introduction 

The complement system as part of the innate immune system is responsible for several 

important tasks such as recognition and elimination of invading pathogens or connecting innate 

and adaptive immune responses1,2. The importance of the complement system in various 

diseases including age-related macular degeneration4, atypical hemolytic uremic syndrome5 

or autoimmune diseases6,7 and its potential as target for new drug development highlights the 

importance of research gaining fundamental understanding of the functional roles of its 

participating proteins. Activation of the complement system mostly follows a similar and 

straightforward cascade that includes particle recognition and its opsonization, self-

amplification, generation of effector molecules (for example the pore forming membrane-

attack-complex (MAC)) and induction of other immune responses8,9 (Figure S 4-1). The 

formation of the MAC as terminal product of the complement cascade can be initiated by three 

distinct pathways, the classical, lectin and alternative pathway8,9. Current research and 

diagnostics on the functionality of the cascade and its participating proteins mainly revolves 

around classical and alternative pathway screenings based on widely established fresh animal 

erythrocyte hemolysis10 or liposome assays11. Since there are no erythrocytes from any 

species identified or liposomes developed that specifically trigger the lectin pathway its specific 

readout is limited to protein quantification via ELISAs, lacking any information on functional 

pore-mediated lysis. Furthermore, erythrocyte-based assays are time and cost intensive and 

show high setup variability from lab to lab. 

Already in the 1980s liposomes were identified to serve as cell mimics harnessing their natural 

membrane structure, size, stability and reproducibility afforded through chemical synthesis 

protocols12–14. Liposomes are self-assembled nanovesicles, containing an inner aqueous 

cavity surrounded by a lipid bilayer. The bilayer is typically composed of phospholipids with 

varying head group and carbon chain lengths15, cholesterol is added to stabilize the liposomes, 

inducing tighter packing of the phospholipids, reducing bilayer permeability and formation of 

more rigid liposomes16. The inner aqueous compartment can be used to encapsulate several 

different hydrophilic molecules, including fluorescent dyes17,18, electroactive species19,20, 

DNA21,22 or enzymes23,24. Extensively utilized as signal amplification means in bioanalysis25–27, 

they have also been used as a biomimic replacing animal-derived erythrocytes28,29. When 

entrapping enzymes11 or fluorescent dyes29,30 inside the liposomes, their complement-induced 

lysis can easily be monitored in high-throughput assays. 

Each complement pathway is initiated by pattern recognizing receptors binding to specific 

ligands. This results in activation of associated serine proteases which in turn triggers a 

cascading reaction of this system8,9 (Figure S 4-1). In a hypothesis-driven approach, 
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liposomes were hence modified with lectin pathway specific activators. Rigorous specificity 

testing and application to a cohort of patient sera demonstrated the potential for generating an 

assay format that allows standardization. Subsequently, the same hypothesis was 

demonstrated to hold true for classical and alternative pathway assays in the same platform. 

4.2 Materials and Methods 

4.2.1 Chemicals and consumables 

All chemicals were of analytical grade and were used without purification. Mannan from 

Saccharomyces cerevisiae (M7504) and methanol, Sephadex® G-50 (G50150), 

lipopolysaccharides (LPS) from Salmonella enteritidis (L6011), cholesterol from sheep wool 

(C8667), tetrasodium ethylenediaminetetraacetic acid (EDTA, EDS), ethylene glycol-bis(2-

aminoethyl ether)-N,N,N′,N′-tetraacetic acid (EGTA, E4378), polyclonal goat anti-biotin IgG 

(B3640) and sodium hydroxide were purchased from Sigma-Aldrich/Merck KGaA (Darmstadt, 

Germany). The extrusion kit and the phospholipids 1,2-dipalmitoyl-sn-glycero-3-

phosphocholine (DPPC, 850355P), 1,2-dipalmitoyl-sn-glycero-3-phospho-(1′-rac-glycerol) 

(sodium salt) (DPPG, 840455P) and 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-

(biotinyl) (DPPE-biotin, 870285P) were purchased from Avanti Polar Lipids (Alabaster, AL, 

USA). Sodium azide, magnesium dichloride hexahydrate, disodium hydrogen phosphate, 

potassium dihydrogen phosphate and glycine were purchased from Merck KGaA (Darmstadt, 

Germany). Sulforhodamine B (SRB, S1307), 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide 

hydrochloride (EDC, 22980) and sulfosuccinimidyl acetate (sNHS-acetate, 26777) were 

purchased from Thermo Fisher Scientific (Darmstadt, Germany). 2-Bromoethylamine 

hydrobromide (BEA, A17625.18) was purchased from Thermo Fisher Scientific (Darmstadt, 

Germany) or Sigma-Aldrich/Merck KGaA (B65705, Darmstadt, Germany). N-

Hydroxysulfosuccinimide sodium salt (sNHS) was bought from Sigma-Aldrich/Merck KGaA 

(56485, Darmstadt, Germany) or TCI Deutschland GmbH (H1304, Frankfurt am Main, 

Germany). Concentrated hydrochloric acid, chloroform and nitric acid (HNO3, N/2185/PB15) 

were bought from Fisher Chemical (Schwerte, Germany). N-2-hydroxyethylpiperazine-N'-2-

ethanesulfonic acid (HEPES), sodium chloride, sucrose, N-octyl-β-D-glucopyranoside (OG, 

CN23.3), 2-(N-morpholino) ethanesulfonic acid (MES) and calcium chloride was bought from 

Carl Roth (Karlsruhe, Germany). Dialysis membrane (Spectra/Por® 4 with a MWCO of 

12 - 14 kDa) was purchased from Spectrum Laboratories and polycarbonate Whatman 

Nucleopore™ Track-Etched membranes with a pore size of 1.0 μm, 0.4 μm or 0.2 μm (each 

Ø19 mm) were bought from VWR (Darmstadt, Germany). 1,2-dipalmitoyl-sn-glycero-3-

phosphoethanolamine-N-(glutaryl) (sodium salt) (N-glutaryl-DPPE, FE-6060GL) was 

purchased from Coatsome. The ICP phosphorus standard solution (10882.0000) was 

purchased from Bernd Kraft/AnalytiChem GmbH (Duisburg, Germany). Black 96-well flat 
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bottom microtiter plates (MTP, 781608) were purchased from Brand (Wertheim, Germany). 

Narsoplimab was purchased from TargetMol Chemicals Inc (T76870, Boston, MA, USA). 

Complement inhibitors anti-C1q.8531, anti-FB.132 and anti-MBL.133 were provided by Sanquin 

Research (Amsterdam, The Netherlands). Eculizumab and sutimlimab were collected from 

used injection bottles (Sanquin Research). The cohort of healthy human sera was collected as 

part of a previous study34. The pool of healthy human serum was collected from anonymous 

healthy donors at Sanquin Blood Supply Foundation with written consent according to Dutch 

regulations and the Declaration of Helsinki, approved by the internal medical ethical committee 

(NVT0185.05). Before collecting the serum, blood was clotted for one hour at room 

temperature (RT). Serum was obtained after centrifugation at 1.600 x g at 4 °C for ten min. All 

samples and the pool were aliquoted and stored at -80°C until use. Characteristics of the 

inhibitors used to determine the specificity of the three complement pathway liposomes are 

listed in Table S 4-1. Pooled human complement serum was purchased from Innovative 

Research (ISCER, Novi, Michigan, USA). 

4.2.2 Mannan amination 

The subsequent method for mannan amination was systematically developed and optimized35. 

Carboxylation was exchanged for amination. For initial optimizations small scale batches 

aminating 25 mg mannan were performed. 

25 mg mannan was dissolved in NaOH (6 M) and mixed ensuring alkalization. The alkaline 

mannan solution was added under vigorous mixing to respective amounts of BEA at RT. The 

mixture was heated to 55 °C and shaken overnight. The solution was cooled down and pH 

adjusted to neutral by adding HCl. The mixture was dialyzed against water and then water was 

evaporated until dry. Aminated mannan was precipitated by addition of methanol. Finally, solid 

aminated mannan was dried in the vacuum oven. 

For the large-scale synthesis, batches of 10x the amount of mannan were carried out following 

the same process.  

4.2.3 Liposome synthesis 

Liposome preparation was performed as described earlier36 using the reverse-phase 

evaporation method. Standard complement stable anionic lipid composition contained 5 %mol. 

cholesterol, 73 %mol. DPPC, 20 %mol. DPPG and 2 %mol. DPPE-biotin. For mannan 

modified liposomes, 4 %mol. N-glutaryl-DPPE was added to the lipid mixture to allow coupling 

of mannan to the surface via carbodiimide chemistry. For LPS-Liposomes, LPS from 

Salmonella enteritidis was added to the lipid mixture. For LPS an estimated molecular weight 

of 15000 g·mol-1 was used for calculations. 
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60 µmol of the desired lipids were dissolved in chloroform (3 mL) and methanol (0.5 mL). After 

sonication at 60 °C for 1 min, 2 mL of a preheated sulforhodamine B (SRB) solution was added 

as encapsulant (10 mM SRB, 210 mM NaCl, dissolved in 20 mM HEPES, pH 7.5, 60 °C). The 

mixture was sonicated again at 60 °C for 4 min. The organic solvents were removed with a 

rotary evaporator (LABOROTA 4001, Heidolph, Germany) at 60 °C with stepwise reduced 

pressure from 900 to 780 mbar within 40 min (900 mbar for 10 min, 850 mbar for 5 min, 

800 mbar for 5 min, 780 mbar for 20 min). The solution was vortexed for 30 s, and another 

2 mL of the encapsulant was added. After a second vortexing step for 30 s, the solution was 

further rotated at 60 °C with stepwise reducing pressure starting from 750 to 400 mbar within 

60 min (750 mbar for 20 min, 600 mbar for 5 min, 500 mbar for 5 min, 400 mbar for 20 min). 

The solution was then extruded through polycarbonate membranes with varying membrane 

pore sizes (1 μm, 0.4 μm or 0.2 µm). Extrusion was done at 65 °C by forcing the mixture in the 

syringes 21 times through each membrane pore size. Excess of encapsulant (i.e. SRB and 

NaCl) was removed by size exclusion chromatography with a Sephadex G-50 column followed 

by dialysis against HSS buffer (10 mM HEPES, 200 mM NaCl, 200 mM sucrose, 0.01 % NaN3, 

pH 7.5). Liposomes were stored at 4 °C. 

The smallest membrane pore size for LPS-liposomes was 0.4 µm, all other liposomes were 

also extruded through the pore size of 0.2 µm. 

4.2.4 Liposome characterization 

Size, zeta potential and lipid concentration of liposomes were characterized. Dynamic light 

scattering (DLS) and zeta potential measurements were performed on a Malvern Panalytical 

Zetasizer Nano-ZS. For size determination polymethyl methacrylate semi-micro cuvettes 

(Brand, Germany) and for zeta potential determination disposable folded capillary cells 

(Malvern Panalytical, Germany) were used. Measurement temperature was set in both cases 

to 25 °C with 50 µM tL (or 25 µM tL for small-scale mannan modified liposome batches) sample 

dilutions in HSS buffer. Measurement of size was conducted with a dispersant refractive index 

nD
20 of 1.34, a material absorbance of zero, a dispersant viscosity η of 1.1185 mPa s, an angle 

of 173° and backscattering mode after equilibration for 15 s in three measurement runs with 

each 13 single measurements. For zeta potential, a dielectric constant ε of 78.5 was used with 

an equilibration time of 60 s before four measurement runs started with each twenty single 

measurements. 

Phospholipid concentrations were determined via optical emission spectroscopy with 

inductively coupled plasma (ICP-OES, SpectroBlue TI/EOP) from SPECTRO Analytical 

Instruments GmbH (Kleve, Germany). Liposomes solutions were diluted 1/150 with a total 

volume of 3 mL in 0.5 M HNO3. A phosphorus standard diluted in 0.5 M HNO3 from 1 to 100 µM 
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was used for calibration of the device. Phosphorous was detected at a wavelength of 

177.495 nm. Before each measurement, 0 μM and 100 μM phosphorus standard dilutions 

were used to re-calibrate the device. The total lipid concentration (tL) was calculated from the 

phospholipid concentration and the lipid composition used during liposome preparation. 

Lipid concentrations of mannan coupled liposomes could not easily be determined via 

ICP-OES determining the phosphorous content since mannan itself contains phosphate 

groups. Consequently, determination via fluorescence measurements using the non-coupled 

liposomes with known concentration was used. For this, a calibration curve between 0 and 

10 μM tL in presence of 30 mM OG of the non-coupled liposomes in HSS was prepared. A 

1/50 diluted sample of the coupled liposomes was prepared with HSS in presence of 30 mM 

OG. Samples were prepared in triplicates. Fluorescence was determined using a SYNERGY 

neo2 multi-mode reader (Reader-1) from BioTek (Bad Friedrichshall, Germany). The 

measurements were taken at λEx = 565 (8) nm, λEm = 585 (8) nm, and gain 125. The total lipid 

concentration of the coupled liposomes was calculated using the calibration curve and 

considering the dilution factors. 

The initial fluorescence of the liposomes was determined using Reader-1 and its stability was 

monitored over time. The liposome stock solutions were diluted to 50 μM tL concentration in 

HSS with and without 30 mM OG. Samples were prepared in quadruplicates. Measurement 

conditions were λEx = 565 (5) nm, λEm = 585 (5) nm, and gain 100. The so-called initial 

fluorescence was calculated as the ratio of the fluorescence intensities of intact (without OG) 

and lysed liposomes (with OG) and was used as a marker for liposome stability, i.e. fluorophore 

leakage over time. 

4.2.5 Liposome modification/coupling 

Aminated mannan was conjugated to carboxylated liposomes via EDC/NHS chemistry. For 

this EDC, sNHS, and aminated mannan were individually dissolved in 0.05 M MES buffer 

(pH 5.5) to achieve final concentrations of 10 mg·mL-1 for each component. A sNHS-acetate 

solution was prepared freshly right before use by dissolving 100 mg·mL-1 in 0.05 M MES buffer 

(pH 5.5). Liposomes were incubated with respective amounts of EDC and sNHS solution 

(1:100:180 ratio of carboxyl groups: EDC:sNHS) for 1 hour at room temperature (RT) and 

300 rpm. The desired amount of aminated mannan (calculated on monomer subunit) was 

added, and the solution was incubated for another 1.5 hours at RT and 300 rpm. Remaining 

activated carboxy groups were not quenched. Non-reacted amino groups were quenched by 

addition of varying amounts of sNHS-acetate at RT for additional 1.5 hours and 300 rpm. For 

final optimized conditions equimolar amounts compared to mannan monomers were used. 

Finally, small liposome batches were cleaned up via size exclusion chromatography with a 
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Sephadex G-50 column. Large coupled batches were dialyzed against HSS buffer overnight 

with two buffer exchanges in a Spectra-Por® dialysis membrane, MWCO: 1000 kDa. Purified 

coupled liposomes were stored at 4 °C. 

4.2.6 Liposome-based complement assay 

The exact conditions of this assay were adjusted and varied throughout the development and 

are directly mentioned in each respective data set. Nevertheless, two procedures can be 

described following an established protocol36. 

4.2.6.1 Research and development procedure: 

A liposome complement buffer (LCB) was prepared using 10 mM HEPES, 150 mM NaCl, 

135 nM CaCl2, and 1 mM MgCl2 in double distilled H2O, pH 7.4, according to the HBS buffer 

of Zelek et al.37. Each assay contained four liposome containing samples: liposomes in 

liposome complement buffer (LCB, negative control), liposomes in active serum or in 

inactivated serum (negative control) containing 1/10 diluted inactivation buffer (iaCB, 400 mM 

EDTA and 1 µM EGTA, diluted in LCB, pH 7.5 – 8) and lysed liposomes by detergent addition 

as positive control, all prepared in LCB. Serum was inactivated by EDTA and EGTA addition 

to complex free Ca2+ and Mg2+ ions essential for the functionality of the complement system. 

Detergent positive controls contained 30 mM OG and serum in the final well. The final wells 

contained 100 µL volume, 1 or 5 µM tL liposomes, 200 mM glycine for liposome stability and 

inactivated serum wells contained 40 mM EDTA and 0.1 µM EGTA, if not mentioned differently 

in the respective experiment. Wherever needed, a Mg2+/EGTA solution (100 mM EGTA and 

100 mM MgCl2 in bidest. H2O, pH 7.5 - 8) was added in appropriate amounts to work under 

alternative pathway conditions, this is explicitly mentioned for each experiment (mostly 8 mM 

Mg2+/EGTA in well was used). EGTA effectively removes free Ca2+ ions out of the solution 

which are needed for classical and lectin pathway functionality. All samples were prepared in 

triplicates. 

Liposomes were prediluted in LCB to 10 or 50 μM total lipid (tL) content depending on the 

desired liposome content in each well. In case antibodies were used as complement trigger, 

polyclonal goat anti-biotin antibodies (1.0 mg·mL-1) were incubated 1 hour at RT with the 

liposome stock solution prior to predilution to the desired total lipid content with LCB. Black 96 

well, flat bottom MTPs were prepared on ice with LCB, glycine (1 M glycine in LCB), iaCB and 

OG (300 mM OG in double distilled H2O) stock solution additions to the respective wells to 

reach the desired conditions. Liposomes were added, resulting in a 1/10 dilution in the final 

well. In case inhibitors were used, serum was premixed with respective inhibitor dilutions in 

LCB for 15 min on ice prior to well addition. As last step, serum was added in respective 

amounts (mentioned in each experiment) before incubation at 37 °C for 60 min and 
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fluorescence intensity measurements with Reader-1 or a SYNERGY 2 multi-mode reader 

(Reader-2) from BioTek (Bad Friedrichshall, Germany). The wavelengths for Reader-1 were 

λEx = 565 nm, λEm = 585 nm with bandwidth 8. Depending on the liposome content the gain 

was adjusted to 140 (for 5 µM tL) or 150 (for 1 µM tL). The wavelengths for Reader-2 were 

λEx = 540 nm, bandwith 25 and λEm = 620 nm, bandwith 40 with a gain of 85 only used for 1 µM 

tL measurements. Time-resolved measurements were performed starting with a 1.5-minute 

interval for 15 min followed by another 45 min with a 5-minute measurement interval at 

constant 37 °C. For each measurement, the plate was read 3 consecutive times to relativize 

the instrument’s influence on the signal. 

4.2.6.2 High throughput format 

For this format, the procedure from above was followed with some adjustments. Instead of 

triplicates only duplicates were measured. Instead of measuring an inactive serum control for 

all measured serum concentrations, only the highest serum concentration was investigated 

with inactive serum. The positive control with detergent (OG) was not included on the plate, 

but each well was lysed by OG addition after the 60-minute measurement time. For this 10 µL 

of the 300 mM OG stock was added to each well followed by shaking and 10 min incubation 

at 37 °C before a final readout. Readout settings had to be the same as the preceding time-

resolved measurement. 

4.2.6.3 Data evaluation 

For data evaluation, mean and standard deviation were calculated for all samples. Each 

sample signal intensity after 10.5 min was subtracted as background. This subtracts the 

background fluorescent signal of intact liposomes. Resulting intensities were normalized to 

detergent containing positive controls at time point “60 min”. In all cases, gaussian error 

propagation was used to determine the normalized standard deviations. Negative endpoint 

values between 0 and -5 % after background correction and normalization were changed to 

0 %. 

4.2.6.4 Screening of healthy donor sera and normalization to pooled human serum     

Normalization to a pooled human serum control (PHS) of healthy donor sera measured in the 

high-throughput format was done for easier correlation to the ELISA data. For this, PHS was 

measured in a serum titration as control followed by determination of the linear range which 

was then fitted with a linear regression. Each donor sample was measured in duplicates at 4 

and 8 %vol. serum. For each of the serum dilutions of the donor samples a respective 

reference dilution on the linear control regression was imputed based on the measured 

liposome lysis and using the linear regression of the pooled human serum control. Then, the 

fold difference between imputed serum dilution and actual serum dilution was calculated. The 
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calculated fold difference of the dependent dilutions of each sample had to be within 25 % of 

their combined average. Activity of the pooled human control used for calibration was then set 

to 100% activity. Finally, the 100% activity was corrected with the calculated fold difference for 

each sample. 

4.2.7 Complement activity ELISAs 

Classical pathway activity on aggregated human IgG, alternative pathway activity on zymosan 

and lectin pathway activity on mannan was determined by ELISA as described previously32,38. 

All assays measured C3 deposition as readout of complement activity, using biotinylated 

anti-C3.19 (Sanquin Research) as previously described32. 

4.3 Results and Discussion 

4.3.1 The liposome assay technology 

A general liposome-based time-resolved fluorescence assay needs to provide low background 

signals, negative and positive controls, and hence enable reliable and quantitative assessment 

of lysis levels (Figure 4-1a). This is achieved through selection of appropriate concentration 

ranges of additives, liposomes and serum. In general, liposomes can be synthesized to remain 

stealth in human serum under physiological conditions when no complement triggering ligands 

are present on their surface39. However, certain conditions must be met to avoid unwanted 

complement activation or liposome instability in serum. These include the presence of high 

concentrations of cholesterol, surface pegylation as it increases the risk for patient anti-PEG 

antibody binding and thus for classical pathway activation, and too high encapsulated 

fluorophore concentrations36. Similarly, assay buffer additives can influence liposome stability 

and hence cause unwanted background signals36. Pathway specificity of an assay will here be 

achieved through careful stealth liposome surface design via modification with well-known 

pathway activators, i.e. antibody-based classical pathway, LPS alternative pathway and 

mannan lectin pathway triggers, but also high cholesterol content could be investigated for the 

classical pathway. Important for pathway specificity and quantitative complement functionality 

assessment will also be to avoid any exhaustion by buffer additives. Since the standard 

additive sucrose used as liposome stabilizer could be identified in the assay set-up to cause 

such exhaustion to a measurable degree for LPS-Liposomes (Figure 4-1a,b), substitutes were 

studied early on. This led to glycine as a suitable stabilizer for low background signals (Figure 

S 4-2a) without affecting regulatory effects on any of the pathway specific liposome assays 

(Figure S 4-2b). 
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Figure 4-1: Liposome-based complement assays examining additives and mannan modification. Time-
resolved complement assays investigating LPS-Liposome (1 % LPS, 10 µM total lipid (tL) in well) with, a and 
without, b 200 mM sucrose addition (final well concentration). Complement assays were performed in liposome 
complement buffer containing a sample with EGTA addition (0.4 mM EGTA final well concentration, active serum 
+ EGTA, see materials and methods). Negative control serum contained inactivation complement buffer (iaCB) to 
a final concentration of 20 mM EDTA and serum. Positive control contained 30 mM OG and serum. Pooled human 
serum content was 10 %vol. per well. λEx=565 (5) nm and λEm=585 (5) nm, Reader-1, 37 °C, gain=150, n=3 (except 
serum + EGTA w/o sucrose, n=2). c, Complement assays investigating Stealth-Liposomes (1 µM tL in well) with 
and without aminated mannan modification (see materials and methods, 3000 %mol. mannan monomer, 100 %wt. 
bromoethylamine (BEA) version). Complement assays were performed in liposome complement buffer with 200 mM 
glycine addition. Negative control serum contained iaCB to a final concentration of 20 mM EDTA and serum. 
Positive control contained 30 mM OG and serum. Pooled human serum content was 10 %vol. per well. 
λEx=565 (8) nm and λEm=585 (8) nm, Reader-1, 37 °C, gain=150, n=3. 

4.3.1.1 Development of lectin pathway specific liposome surface chemistry  

Mannan, a polysaccharide derived from mannose, causes lectin pathway activation by 

mannose binding lectin (MBL), and has been applied in ELISA-based protein assays40–42. 

Other known triggers include acetylated BSA43 and bare mannose44. Thus, BSA was 

acetylated and mannose was used as mannosamine or 4-aminophenyl mannopyranoside for 

the coupling to amine or carboxylic acid groups on the liposome surface. However, in no 

instance, lectin specific complement activation could be accomplished through these 

modifications (data not shown). As the mannose density was likely too low, the polymer 

mannan was used instead. First, amine groups were introduced into its structure35 (see 

materials and methods). This was followed by standard carbodiimide chemistry for 

attachement to the liposome surface under conditions ensuring liposome stability. 

Successfully, the resulting surface caused complement-mediated liposome lysis (Figure 4-1c) 
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whereas non-modified liposomes remained intact. Dynamic light scattering (DLS) and zeta 

potential analyses indicated aggregation of the mannan-modified liposomes (Figure S 4-3), 

caused by electrostatic interactions between the negatively charged liposomes and positively 

charged aminated mannan. Therefore, the modification of liposomes with mannan, i.e. 

activation and coupling, was optimized with respect to coupling efficiency, liposome 

aggregation and complement activation, with the goal of achieving maximum complement-

mediated liposome lysis with minimal material consumption and lowest liposome aggregation. 

In the case of the mannan amination chemistry, a balance had to be found between a lower 

limit of amine concentration needed to enable reliable coupling to liposomes and hence 

activation of the complement system, and a higher limit that would help avoid liposome 

aggregation. By varying the bromoethylamine (BEA) amount used in the reaction, the lower 

limit could easily be identified, i.e. all versions caused liposome aggregation (Figure S 4-4a,i), 

yet the lowest concentration tested (40 %wt. BEA) led to reduced complement activation 

(Figure S 4-4a,ii). The amount of mannan per liposome was studied using optimized amination 

condition, (50 %wt. BEA). Here, 500 %mol. (monomer content) was determined as the most 

suitable condition inducing maximum complement-mediated lysis (Figure S 4-4b,ii) as lower 

mannan content had lower complement triggering capability. To avoid mannan-liposome 

aggregation (Figure S 4-4b,i), and to take advantage of acetylated groups to trigger the lectin 

pathways via ficolins43 the free amine groups of the mannan-modified liposomes were 

acetylated using NHS-acetate. It was found that timing of acetate addition to the reaction 

mixture had more of an effect than the concentration itself. The earlier NHS-acetate could 

compete with the coupling of mannan to liposomes, the less mannan was coupled to the 

liposomes as determined by aggregate size (Figure S 4-4c,i) and by complement activation 

(Figure S 4-4c,ii). To ensure 100% liposome lysis signals, NHS-acetate addition after 

60 minutes was chosen and reagent use reduced from previous ten molar equivalents of 

aminated mannan monomer with no negative effect on any condition (Figure S 4-4d). As a 

final fine-tuning step, mannan amination batch sizes were varied and a better mixing condition 

of larger batch sizes allowed a reliable modification of liposomes with aminated mannan 

resulting in full complement triggering (Figure S 4-5b) and no aggregation (Figure S 4-5a). 

Under the final conditions chosen, the acetylation reaction has no effect on either parameter, 

the reaction can be fully controlled including varying amounts of mannan per liposome (Figure 

S 4-5c,d), allowing triggering of the lectin pathway. The final optimized mannan liposomes 

(Man-Liposomes) comprised 500 %mol. mannan monomer modification with 50 %wt. BEA 

large batch amination followed by acetylation with 1x molar equivalents of mannan monomer. 
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4.3.1.2 Verifying lectin pathway specificity of mannan liposomes 

Man-Liposomes were characterized for their specificity in activating solely the lectin pathway. 

Assay conditions were optimized to reduce liposome and serum amounts needed resulting in 

maximum lysis at 1 µM total lipid (tL) liposomes (Figure S 4-5e). Thus, depending on the 

serum used, a full titration from no to full lysis could be achieved between 1 and 10 %vol. 

serum (Figure S 4-5f). Furthermore, it was demonstrated that covalent surface modification 

with mannan was necessary because bystander lysis, in which 500 %mol. aminated mannan 

monomers were merely added to the assay and not covalently coupled to liposomes, was not 

observed. (Figure S 4-6) 

A refined analysis of inhibitors provided mechanistic insight into the lectin pathway activation 

by the Man-Liposomes. General proof that Man-Liposomes activate the complement system 

which subsequently results in MAC formation and liposome lysis, was obtained through the 

use of an anti-C5 antibody (eculizumab). The antibody targets C5 to block the formation of the 

MAC45,46 which in turn led to a complete blocking of all liposome lysis (≥9.6 µg/mL, 

EC50 = 5 ± 2 µg/mL) (Figure 4-2 and Table S 4-2). General activation by the alternative 

pathway could clearly be ruled out as 8 mM Mg2+/EGTA addition fully blocked liposome lysis 

(Figure S 4-7). Activation by the classical pathway was dismissed because adding anti-C1q31 

or anti-C1s antibodies (sutimlimab), respectively (Figure 4-2 and Table S 4-2) had no effect 

on complement activation followed by lysis of the Man-Liposomes. The former targets the 

globular head region of C1q and thus effectively blocks the classical pathway complement 

activation at the trigger recognition element31. Sutimlimab targets C1s one step later in the 

classical pathway cascade47. Proof, that the Man-Liposomes in fact activate and initiate 

complement lysis via the lectin pathway specifically was gained by anti-MBL33 and anti-MASP2 

(narsoplimab) antibody additions, respectively (Figure 4-2 and Table S 4-2). These antibodies 

specifically inhibit MBL or more generally the lectin pathway by binding their specific targets, 

essential for a functional MBL/lectin pathway cascade48. Both antibodies showed the expected 

inhibition of liposome lysis where the anti-MBL antibody (≥0.8 µg/mL, 

EC50 = 0.14 ± 0.01 µg/mL) prevented lysis completely and the anti-MASP2 antibody 

(≥1.2 µg/mL, EC50 = 0.35 ± 0.06 µg/mL) reduced the lysis significantly. Furthermore, since 

lysis is inhibited completely with the anti-MBL antibody it can be concluded that only the MBL 

and not also the ficolin pathway is involved in Man-Liposome lysis. Through the use of an 

anti-FB antibody32 which inhibits Factor B (FB), more in-depth analysis of the complement 

reaction cascade investigated the role of the amplification loop (Figure 4-2 and Table S 4-2). 

Specifically, other studies show that the alternative pathway can not only initiate the 

complement cascade but separately from that also amplify the classical and lectin pathway 

activation by the so-called amplification loop, contributing up to ~80% of total complement 
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activation49,50. Factor B is necessary for the formation of the alternative pathway C3 convertase 

(C3bBb), relevant for further downstream complement activation. The anti-FB antibody 

(≥25 µg/mL, EC50 = 12.6 ± 0.4 µg/mL) reduced the complement lysis which stands out and 

indicates participation of the alternative pathway. This was confirmed to be solely due to the 

amplification loop further downstream of the initial activation, since under alternative pathway 

conditions, i.e. in presence of 8 mM Mg2+/EGTA (see materials and methods) no liposome lysis 

is obtained (Figure S 4-7). 

All of these data conclude that the mannan liposomes specifically initiate complement-

mediated liposome lysis via the MBL-derived lectin pathway with contribution of the alternative 

pathway amplification loop at a later stage in the reaction cascade. 

 

Figure 4-2: Inhibitor screen with Man-Liposomes in the complement assay. Inhibitor titrations in complement 
assays investigating lysis obtained for Man-Liposomes (1 µM tL in well, 500 %mol. mannan monomer modification, 
50 %wt. BEA large batch synthesis version, acetylation with 1x molar equivalents of mannan monomer. Anti-C1q, 
sutimlimab (anti-C1s), anti-FB, narsoplimab (anti-MASP2), anti-MBL and eculizumab (anti-C5) were examined. 
Complement assays were performed in liposome complement buffer with 200 mM glycine addition. Positive control 
contained 30 mM OG and serum. Pooled human serum content was 4 %vol. per well. λEx=565 (8) nm and 
λEm=585 (8) nm, Reader-1, 37 °C, gain=150, n=2. [* executed by Michaela Aichinger and the author] 

4.3.1.3 Long-term stability of the lectin pathway liposomes 

While aggregation of liposomes or nanoparticles is generally undesirable to maintain stability 

in terms of fusion and functionality, even aggregated non-optimized Man-Liposomes 

demonstrated storage stability and full functionality for over twelve months suggesting that the 

risk of liposome fusion is minimized in this specific case due to steric hindrance of covalently 

attached mannan on the liposome surface (Figure S 4-8a). Furthermore, at this point the 

optimized Man-Liposomes additionally showed long term storage stability in size, zeta-

potential and sulforhodamine B (SRB) leakage for over seven months (Figure S 4-8b,c). 

4.3.2 Testing a healthy cohort and correlating it to an ELISA 

The suitability of the liposome-based assay for the determination of lectin pathway activity was 

tested on a random selection of 97 healthy human donor sera and compared to a mannan-

triggered protein ELISA in which deposition of the complement activation product C3b is 
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detected. The liposome assay as research tool can be designed for high-throughput screening 

by choosing a two-data point analysis rather than a full serum titration curve with seven data 

points. Such an approach saves time, consumables and patient sera while maintaining its 

statistical significance and biological value. For this purpose, two data points with 4 and 8 %vol. 

serum content were selected by first titrating a full concentration range of a pooled human 

serum (Figure S 4-5f), and then refining the ideal serum content by screening six donor sera 

at 4, 5 and 8 %vol. This two-point assay can now provide highly reliable data interpretation, 

because the full range of complement activity is covered including weak and strong signals 

(Figure S 4-9). Consequently, a complement activity screening of the 97 human donor sera 

with the liposome-based assay (Figure S 4-11) correlated to the ELISA method with a 

Pearson’s r of 0.77 (Figure 4-3). Differences may result from the two different assay strategies, 

i.e. liposomes require the full complement cascade activity, whereas the ELISA only quantifies 

the onset of the cascade and cannot provide any correlation to activities beyond the C3b stage. 

 

Figure 4-3: Correlation of liposome complement assay to C3b-ELISA. Correlation of healthy donor samples 
measured once in the liposome complement assay and once with the C3b-deposition ELISA triggered by 
immobilized mannan (see materials and methods). 

4.3.3 Adaptability of SRB liposomes to the classical and alternative pathway 

The true value of the lectin pathway specific liposome assay lies in the fact that it stands for a 

new platform technology that can easily be adapted to the classical and alternative pathways 

by simple liposome surface modifications. In the case of the classical pathway it has long been 

known that antibodies bound to liposomes activate the classical pathway51. In fact, we also 

have previously used biotin-modified liposomes as signal generation means in homogeneous 

bioanalytical assays36. Here, we now prove the antibody modified Biot-Liposome specificity for 

the classical pathway using the same range of inhibitors employed above (Figure 4-2). 

Specifically, only the classical pathway responsive inhibitors anti-C1q and sutimlimab 

(anti-C1s) as well as the terminal pathway inhibitor eculizumab (anti-C5) influenced liposome 
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lysis (Figure 4-4a). The inhibitors anti-C1q and eculizumab (anti-C5) prevented lysis 

completely upon a certain concentration (anti-C1q: ≥7.5 µg/mL, EC50 = 2.0 ± 0.1 µg/mL, 

eculizumab (anti-C5): ≥3.6 µg/mL, EC50 = 3.9 ± 0.2 µg/mL for 3 %vol. serum). Sutimlimab 

(anti-C1s) was less effective in inhibiting the liposome lysis leading to a remaining lysis of 20 % 

for the investigated concentration range (up to 6.3 µg/mL, EC50 = 1.1 ± 0.1 µg/mL). As 

expected, all other investigated inhibitors had no effect on the liposome lysis suggesting no 

contribution of the lectin and alternative pathway. 

 

 

Figure 4-4: Inhibitor screen with antibody modified Biot-Liposomes and LPS-Liposomes. Inhibitor titrations 
in complement assays investigating lysis obtained for a, antibody modified Biot-Liposomes (1 µM tL in well, 
0.5 %mol. anti-biotin) and b, LPS-Liposomes (2 %mol. LPS, 5 µM tL in well). Anti-C1q, sutimlimab (anti-C1s), 
anti-FB, narsoplimab (anti-MASP2), anti-MBL and eculizumab (anti-C5) were examined. Complement assays were 
performed in liposome complement buffer with 200 mM glycine addition. Positive control contained 30 mM OG and 
serum. In b all samples contained 8 mM Mg2+/EGTA in well. Pooled human serum content was a, 3 %vol. or b, 
12 %vol. per well. λEx=565 (8) nm and λEm=585 (8) nm, Reader-1, 37 °C, a, gain=150 or b, gain=140, n=2. [b, * 
executed by Michaela Aichinger] 

For alternative pathway mediated lysis lipopolysaccharides (LPS) are well-known complement 

triggers and in combination with Mg2+ supplemented EGTA (Mg2+/EGTA) containing buffers 

are widely accepted for alternative pathway mediated lysis investigations. EGTA effectively 

removes free Ca2+ ions out of the solution which are needed for classical and lectin pathway 

functionality52,53. Modification of liposomes with LPS is easily achieved by its addition during 

liposome preparation as the lipid A moiety of the molecule can anchor within the liposomal 

membrane. The smooth LPS variant from Salmonella enteritidis led to complement activation 
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(Figure S 4-10), and its pathway specificity was confirmed via all aforementioned inhibitors in 

the presence of 8 mM Mg2+/EGTA. Specifically, complement lysis was not influenced using the 

anti-MBL antibody, narsoplimab (anti-MASP2), the anti-C1q antibody or sutimlimab (anti-C1s) 

as inhibitors, respectively. Yet, as expected. the inhibitors anti-FB and eculizumab (anti-C5) 

showed inhibitory effects on LPS-liposome lysis. For eculizumab (≥14.4 µg/mL, 

EC50 = 8 ± 1 µg/mL) it was reduced significantly, while for anti-FB (≥27.5 µg/mL, 

EC50 = 20 ± 1 µg/mL) it was prevented completely (Figure 4-4b). 

4.4 Conclusion 

The biomimic characteristic of liposomes paired with specific surface modification of otherwise 

stealth liposomes, and the full control over lipid, encapsulant and buffer additive concentrations 

enabled the development of a novel, reliable platform technology that allows pathway specific 

complement functionality assessment for the first time. It not only enables dose-response 

titrations for research studies and 2-point assessments for high-throughput screening, but also 

has a strikingly high potential for companion diagnostics in the point-of-care considering the 

superior performance of liposomes in rapid tests. Thus, since liposomes provide full-scale 

complement functionality analysis including the terminal pathway and the formation of the 

membrane attack complex, they can form the solid basis for further complement-related 

assays in the future including ligand, inhibitor and complement protein functional analyses. 

Long hampered by the impossibility to standardize an erythrocyte-based functional assay, 

such a flexible, easy-to-perform and standardizable platform technology can hence serve the 

pharmaceutical, medical and research communities. Its reliable functionality assessment 

complements protein-based ELISA and omics-based MS studies to further our understanding 

of this relevant part of our innate immune system and help advance knowledge related to 

complement-associated diseases.  
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4.6 Supporting Information 

4.6.1 Supporting text to the main article 

Signal intensities above 100 % liposome lysis 

Normalization to the positive control at 10 min disregards quenching effects of the detergent 

and the enhancement effects high concentrations of serum proteins have on SRB1. This may 

result in lysis values above 100 % and is a mere mathematical oddity. However, normalization 

allows the standardization across all experiments. 

Negative values lysis values after evaluation of the liposome-based complement assay 

Negative lysis values obtained for healthy donor sera (Figure S 4-9 and Figure S 4-11) were 

caused by the chosen background evaluation. This method does not take into account general 

fluorescence intensity decay over time so that a non-reactive sample has lower fluorescence 

signals after 60-minute incubation in comparison to its 10-minute data point. Specifically, to 

minimize the amount of patient serum needed per analysis, no negative controls were 

performed for each individual serum. Instead, for each serum signal intensities that were 

reached after 10.5 min of each sample was used as background. When this is subtracted from 

the 60-min final value, it can cause negative values when the fluorescence intensity decreases 

over time. This was also seen for the negative control serum (shown as reference in Figure S 

4-9). The general negative control was pooled human serum. 
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4.6.2 Supporting Figures and Tables to the main article 

 

Figure S 4-1: Complement system cascade scheme. An overview over the cascade of the complement system. 
Inhibitors used are marked in red and indicate their respective target. 
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Figure S 4-2: Background fluorescence reduction through glycine addition as stabilizing agent. a, Assay 
investigating the non-lysed liposome background fluorescence in liposome complement buffer samples of Stealth-
Liposomes (1 µM tL in well) with varying glycine concentrations in well. λEx=565 (8) nm and λEm=585 (8) nm, 37 °C, 
gain=150, Reader-1, n=3. b, Complement assays investigating hiChol-Liposome with increased cholesterol content 
(44 %mol.), preliminary Man-Liposome (500 %mol. mannan monomer modification, 60 %wt. BEA small scale 
synthesis version, no acetylation) and LPS-Liposome (1 %mol. LPS, all with 10 µM tL in well) with and without 
200 mM glycine addition for background signal optimization. Complement assays were performed in liposome 
complement buffer. Negative control serum contained iaCB to a final concentration of 20 mM EDTA and serum. 
Positive control contained 30 mM OG and serum. Pooled human serum content was 10 %vol. per well. 
λEx=565 (5) nm and λEm=585 (5) nm, Reader-1, 37 °C, gain=150, n=3. 

 

Figure S 4-3: Electrostatic interaction of aminated mannan and anionic liposomes. a, Zeta potential 
measurements investigating mannan before and after amination (aminated mannan version 100 %wt. BEA) and 
Stealth-Liposomes. n=1, three consecutive measurements. b, Size evaluation via DLS investigating Stealth-
Liposomes in presence of aminated mannan (100 %wt. BEA version, 3000 %mol. mannan monomer) once with 
and once without covalent coupling to the liposome surface. n=1, three consecutive measurements. 
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Figure S 4-4: Optimizations of liposome mannan modification. i, Size evaluation of mannan modified Stealth-
Liposomes via DLS (25 µM tL in HSS-buffer). n=1, three consecutive measurements. ii, Complement assays 
investigating mannan modified Stealth-Liposomes (1 µM tL in well). Complement assays were performed in 
liposome complement buffer with 200 mM glycine addition. Negative control serum contained iaCB to a final 
concentration of 20 mM EDTA and serum. Positive control contained 30 mM OG and serum. Pooled human serum 
content was 10 %vol. per well. λEx=565 (8) nm and λEm=585 (8) nm, Reader-1, 37 °C, gain=150, n=3. a, 
Stealth-Liposomes modified with aminated mannan with varying amination content (see materials and methods, 
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aminated mannan versions 40-100 %wt. BEA, 500 %mol. mannan monomer) with followed acetylation (10x molar 
equivalents of mannan monomer). b, Stealth-Liposomes modified with varying aminated mannan content (see 
materials and methods, 50-500 %mol. mannan monomer, 50 %wt. BEA version) with followed acetylation (10x 
molar equivalents of mannan monomer). c, Stealth-Liposomes with aminated mannan modification (see materials 
and methods, 500 %mol. mannan monomer, 50 %wt. BEA version) followed by varying addition times for 
acetylation (10x molar equivalents of mannan monomer, acetate addition 0-90 min after aminated mannan 
addition). d, Stealth-Liposomes with aminated mannan modification (see materials and methods, 500 %mol. 
mannan monomer, 50 %wt. BEA version) followed by varying acetylation content (0.25-10x molar equivalents of 
mannan monomer). [c, d * executed by Michaela Aichinger] 
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Figure S 4-5: Final optimizations of liposome mannan modification including reproducibility studies and 
optimizations of the Man-Liposome complement assay. a, b, Reproducibility of the final aminated mannan synthesis 
and liposome modification protocol. Stealth-Liposomes were modified with aminated mannan (see materials and methods, 
500 %mol. mannan monomer, 50 %wt. BEA large batch synthesis versions) followed by acetylation content (1x molar 
equivalents of mannan monomer). a, Size evaluation via DLS. Liposome concentration was 25 µM total lipid in HSS-buffer. 
n=1, three consecutive measurements. b, Complement assays investigating the final aminated mannan synthesis and 
liposome modification protocol. Complement assays were performed in liposome complement buffer with 200 mM glycine 
addition. Negative control serum contained iaCB to a final concentration of 20 mM EDTA and serum. Positive control 
contained 30 mM OG and serum. Pooled human serum content was 10 %vol. per well. λEx=565 (8) nm and 
λEm=585 (8) nm, Reader-1, 37 °C, gain=150, n=3. c, d, Size evaluation via DLS investigating Stealth-Liposomes modified 
with varying optimized aminated mannan content (see materials and methods, 500-3000 %mol. mannan monomer, 
50 %wt. BEA large batch synthesis version) with, c and without, d acetylation (1x molar equivalents of mannan monomer). 
Liposome concentration was 25 µM total lipid in HSS-buffer. n=1, three consecutive measurements. e, Complement 
assays investigating the final Man-Liposomes (500 %mol. mannan monomer modification, 50 %wt. BEA large batch 
synthesis version, acetylation with 1x molar equivalents of mannan monomer) with varying liposome content in well (1-
10 µM tL in well). Complement assays were performed in liposome complement buffer with 200 mM glycine addition. 
Negative control serum contained iaCB to a final concentration of 20 mM EDTA and serum. Positive control contained 
30 mM OG and serum. Pooled human serum content was 10 %vol. per well. λEx=565 (8) nm and λEm=585 (8) nm, Reader-
1, 37 °C, gain=140, n=3. f, Pooled human serum content titration (1-10 %vol.) with Man-Liposomes (1 µM tL in well, 
500 %mol. mannan monomer modification, 50 %wt. BEA large batch synthesis version, acetylation with 1x molar 
equivalents of mannan monomer) Complement assays were performed in liposome complement buffer with 200 mM 
glycine addition. Positive control contained 30 mM OG and serum. λEx=565 (8) nm and λEm=585 (8) nm, Reader-1, 37 °C, 
gain=150, n=3. 
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Figure S 4-6: Bystander complement lysis assay. Complement assays investigating bystander complement lysis 
of Stealth-Liposomes (1 µM tL in well) in presence of anti-biotin antibodies (0.5 %mol.), aminated mannan 
(500 %mol. mannan monomer) or LPS (2 %mol.) in the solution. As positive control Biot-Liposomes with and without 
0.5 %mol. anti-biotin antibodies, Man-Liposomes (500 %mol. mannan monomer modification, 50 %wt. BEA large 
batch synthesis version, acetylation with 1x molar equivalents of mannan monomer) and LPS-Liposome (2 %mol. 
LPS) were measured. Complement assays were performed in liposome complement buffer with 200 mM glycine 
addition. Negative control serum contained iaCB to a final concentration of 20 mM EDTA and serum. Positive control 
contained 30 mM OG and serum. Pooled human serum content was 10 %vol. per well. λEx=565 (8) nm and 
λEm=585 (8) nm, Reader-1, 37 °C, gain=150, n=3 (except active serum of Biot-Liposome + anti-biotin antibodies, 
n=2). [* executed by Michaela Aichinger] 

 

 

Figure S 4-7: Man-Liposome lysis initiation under Mg2+/EGTA conditions. Complement assay investigating 
lysis obtained for Man-Liposomes (1 µM tL in well, 500 %mol. mannan monomer modification, 50 %wt. BEA large 
batch synthesis version, acetylation with 1x molar equivalents of mannan monomer) in presence of Mg2+/EGTA 
(active serum + Mg/EGTA). Complement assays were performed in liposome complement buffer with 200 mM 
glycine addition. Negative control serum contained iaCB to a final concentration of 40 mM EDTA and serum. Active 
serum + Mg/EGTA contained 8 mM Mg2+/EGTA in well and serum. Positive control contained 30 mM OG and 
serum. Pooled human serum content was 10 %vol. per well. λEx=565 (8) nm and λEm=585 (8) nm, Reader-1, 37 °C, 
gain=150, n=3. [* executed by Michaela Aichinger] 
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Figure S 4-8: Long-term stability in of Stealth- and Man-Liposomes. a, Long-term stability investigations via 
complement assay of aggregated non-optimized Man-Liposomes (1 µM tL in well, 3000 %mol. mannan monomer 
modification, 100 %wt. BEA small batch synthesis version, no acetylation) stored at 4 °C. Complement assays were 
performed in liposome complement buffer with 200 mM glycine addition. Negative control serum contained iaCB to a final 
concentration of 20 mM EDTA and serum. Positive control contained 30 mM OG and serum. Pooled human serum content 
was 10 %vol. per well. λEx=565 (8) nm and λEm=585 (8) nm, Reader-1, 37 °C, gain=150, n=3. b, c, Long-term stability 
investigations with DLS, zeta potential and SRB-leakage over time via fluorescence measurements of b, non-coupled, 
Stealth- and c, aminated mannan coupled Man-Liposomes (500 %mol. mannan monomer modification, 50 %wt. BEA large 
batch synthesis version, acetylation with 1x molar equivalents of mannan monomer) stored at 4 °C. For DLS and zeta 
potential liposome concentration was 50 µM tL in HSS-buffer. n=1, three consecutive measurements. Initial fluorescence 
is determined as described in the materials and methods, λEx=565 (5) nm and λEm=585 (5) nm, Reader-1, gain=100, n=4. 
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Figure S 4-9: Serum content validation for high-throughput format using Man-Liposomes. Complement 
assay investigating 4, 5 and 6 %vol. serum of healthy donors with Man-Liposomes (1 µM tL in well, 500 %mol. 
mannan monomer modification, 50 %wt. BEA large batch synthesis version, acetylation with 1x molar equivalents 
of mannan monomer) in presence of Mg2+/EGTA (active serum + Mg/EGTA). Complement assays were performed 
in liposome complement buffer with 200 mM glycine addition. Negative control serum contained iaCB to a final 
concentration of 40 mM EDTA and pooled human serum. Positive control contained 30 mM OG and serum. See 
supplementary text for negative lysis values. λEx=540 (25) nm and λEm=620 (40) nm, Reader-2, 37 °C, gain=85, 
n=2. 

 

Figure S 4-10: LPS-Liposome content titration in the complement assay. Complement assays investigating 
LPS-Liposomes (2 %mol. LPS) at varying total lipid concentration (1-10 µM tL in well) with and without Mg2+/EGTA 
buffer. Complement assays were performed in liposome complement buffer with 200 mM glycine addition. Negative 
control serum contained iaCB to a final concentration of 20 mM EDTA and serum. Active serum + Mg/EGTA 
contained 8 mM Mg2+/EGTA in well and serum. Positive control contained 30 mM OG and serum. Pooled human 
serum content was 10 %vol. per well. λEx=565 (8) nm and λEm=585 (8) nm, Reader-1, 37 °C, gain=130, n=3. [* 
executed by Michaela Aichinger] 
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Figure S 4-11: Healthy human donor sera screening with the Man-Liposome complement assay. 
Complement assays screening lysis of Man-Liposomes (1 µM tL in well, 500 %mol. mannan monomer modification, 
50 %wt. BEA large batch synthesis version, acetylation with 1x molar equivalents of mannan monomer) induced by 
healthy human donor sera and a pooled human serum (PHS) as control. Complement assays were performed in 
liposome complement buffer with 200 mM glycine addition. Positive control contained 30 mM OG and serum. 
Human serum content was 4 and 8 %vol. per well. See supplementary text for negative lysis values. 
λEx=540 (25) nm and λEm=620 (40) nm, Reader-2, 37 °C, gain=85, n=2. 
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Table S 4-1: Complement inhibitor antibody characteristics 

Antibody Target 
Inhibited 
Pathway 

Host Isotype 

anti-C1q.85 C1q Classical mouse IgG1, kappa 

sutimlimab C1s Classical humanized IgG4 

anti-FB.1 Factor B Alternative mouse IgG1, kappa 

anti-MBL.1 MBL Lectin mouse IgG1, kappa 

narsoplimab MASP-2 Lectin humanized IgG4 

eculizumab C5 all three humanized IgG2/4 

 

Table S 4-2: Dose-Response complement inhibitor fit EC50 and R2 values 

Man-Liposome 

Antibody EC50 / µg/mL R2 

eculizumab (anti-C5) 5 ± 2 0.996 

anti-C1q - - 

sutimlimab (anti-C1s) - - 

anti-MBL 0.14 ± 0.01 0.999 

narsoplimab (anti-MASP2) 0.35 ± 0.06 0.994 

anti-FB 12.6 ± 0.4 0.999 

anti-biotin modified Biot-Liposomes 

Antibody EC50 / µg/mL R2 

eculizumab (anti-C5) 2.0 ± 0.1 0.997 

anti-C1q 3.9 ± 0.2 0.996 

sutimlimab (anti-C1s) 1.1 ± 0.1 0.991 

anti-MBL - - 

narsoplimab (anti-MASP2) - - 

anti-FB - - 

LPS-Liposome 

Antibody EC50 / µg/mL R2 

eculizumab (anti-C5) 8 ± 1 0.996 

anti-C1q - - 

sutimlimab (anti-C1s) - - 

anti-MBL - - 

narsoplimab (anti-MASP2) - - 

anti-FB 20 ± 1 1.000 
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4.6.3 Supplementary Materials and Methods to the main article 

4.6.3.1 Chemicals and Consumables 

All chemicals were of analytical grade and were used without purification. 4-Aminophenyl α-D-

mannopyranoside (4-APM, sc-220930) was purchased from Santa Cruz Biotechnology, Inc., 

Heidelberg, Germany). Cholesteryl hemisuccinate (Cay25698-1) was bought from Cayman 

Chemical Company, Michigan, USA. 1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine 

(DMPE, 850745P) was purchased from Avanti Polar Lipids (Alabaster, AL, USA). 

D-Mannosamine-hydrochlorid (M4670) and bovine serum albumin (BSA) was purchased from 

Sigma-Aldrich/Merck KGaA (Darmstadt, Germany). 

4.6.3.2 Liposome synthesis 

For liposomes with high cholesterol (hiChol-Liposomes) or cholesteryl hemisuccinate content, 

44 %mol. cholesterol or cholesteryl hemisuccinate was used in the lipid mixture and the DPPC 

content reduced respectively. For liposomes with amine groups, 5 %mol. DMPE was added to 

the lipid mixture.  

4.6.3.3 Liposome modification/coupling 

4-APM, mannosamine and BSA were conjugated to carboxylated liposomes via EDC/NHS 

chemistry as described in the main article. For acetylation of liposomes with amine 

functionality, liposomes were incubated with a 25 times molar excess of sNHS-acetate in 

0.05 M MES buffer (pH 5.5) compared to the amine groups on the liposomes for 2.5 hours at 

RT and 300 rpm. Liposomes were dialyzed against HSS buffer overnight with two buffer 

exchanges in a Spectra-Por® Float-A-Lyzer® G2 (1 mL, MWCO: 1000 kDa). Purified coupled 

liposomes were stored at 4 °C. 

  



Liposomes enable the functional assessment of each complement pathway 

116 

4.6.4 Supplementary Results and Discussion to the main article 

4.6.4.1 Investigations on potential lectin pathway triggers apart from mannan 

Before the more complex amination of mannan and subsequent liposome modification was 

initiated, simpler approaches were investigated. These included known lectin pathway triggers, 

i.e. acetylated BSA2 and the mannan subunit, mannose3. BSA was coupled to glutaryl group 

bearing liposomes followed by subsequent acetylation with sNHS-acetate. In addition, since it 

was shown that the acetylation is the crucial part for activation of the lectin pathway for 

acetylated BSA in literature2, direct acetylation of the liposome surface was investigated with 

amine group bearing liposomes (Figure S 4-12). In both cases, no complement-mediated 

liposome lysis could be observed which suggests that a simple transfer of triggers, which were 

confirmed in ELISA-based approaches2 is not necessarily possible to a liposome lysis-based 

assay. Similarly, mannosamine did not induce liposome lysis (Figure S 4-12), which was 

tested as low molecular alternative to mannan and coupled to the liposome surface in excess 

(16 %mol.) compared to the amount of carboxyl groups in the liposomal membrane (4 %mol) 

with subsequent purification of the excess. The introduction of a spacer between the sugar 

moiety and the liposome surface in conjunction with coupling to the opposite site from the 

hydroxyl groups on carbon atoms C3 and C4 of mannose, which are relevant for MBL 

interaction4, by the use of 4-aminophenyl mannopyranoside (4-APM) initially indicated 

minimally increased liposome lysis levels compared to the bare liposome control (Figure S 

4-13). However, increased 4-APM content, achieved through excess coupling (200 %mol. 4-

APM) to 44 %mol. cholesterol-hemisuccinate containing liposomes, could not confirm lectin 

pathway mediated liposome lysis. Here, the control liposomes with high cholesterol-

hemisuccinate content already caused complement lysis due to the high cholesterol content, 

which is known to activate the complement system5–8. While additional 4-APM modification 

again increased the lysis from 53 ± 4 % to 69 ± 7 %, this lysis did not occur under C1q 

inhibition with the anti-C1q85 antibody. Therefore, all observed lysis had to be attributed to 

lysis via the classical pathway of the complement system. Overall, this indicated that the 

mannose density on the liposome surface was likely too low and higher molecular mannose 

sugars are needed to successfully induce lectin pathway specific liposome lysis. 



Liposomes enable the functional assessment of each complement pathway 

117 

 

Figure S 4-12: Liposome-based complement assays examining low molecular alternatives to mannan 
modification. Time-resolved complement assays investigating acetylated BSA-Liposomes (0.5 %mol. BSA, 25x 
excess of NH2 groups), acetylated-Liposomes (25x excess of NH2 groups, 5 %mol. DMPE Liposomes) and 
mannosamine-Liposomes (16 %mol. mannosamine, 4 %mol. glutaryl-Liposomes) (10 µM total lipid (tL) in well). 
Complement assays were performed in liposome complement buffer. Negative control serum contained inactivation 
complement buffer (iaCB) to a final concentration of 20 mM EDTA and serum. Positive control contained 30 mM 
OG and serum. Pooled human serum content was 10 %vol. per well. λEx=565 (5) nm and λEm=585 (5) nm, Reader-
1, 37 °C, gain=150, n=3. 

 

Figure S 4-13: Liposome-based complement assays examining 4-APM as alternative to mannan 
modification. Time-resolved complement assays investigating 4-APM modified liposomes with low (16 %mol. 4-
APM, 4 %mol. glutaryl-Liposomes) or high 4-APM content (200 %mol. 4-APM, 44 %mol. cholesterol-
hemisuccinate-Liposomes) (10 µM total lipid (tL) in well). Complement assays were performed in liposome 
complement buffer with 200 mM glycine addition. Samples with EGTA addition contained 0.4 mM EGTA in the final 
well (active serum + EGTA, see materials and methods). Anti-C1q containing samples contained 25 µg/mL 
anti-C1q85 final well (see materials and methods). Negative control serum contained inactivation complement buffer 
(iaCB) to a final concentration of 20 mM EDTA and serum. Positive control contained 30 mM OG and serum. Pooled 
human serum content was 10 %vol. per well. λEx=565 (5) nm and λEm=585 (5) nm, Reader-1, 37 °C, gain=150, n=3. 
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4.6.4.2 Classical pathway specificity and ELISA correlation studies of high cholesterol 

containing liposomes 

For the classical pathway readout, a simpler alternative that circumvents the incubation steps 

needed during assay preparations for liposomes modified with antibodies was sought. This 

was envisioned to be achieved through high cholesterol content containing liposomes 

(hiChol-Liposomes). In previous work8, complement-mediated lysis was described for 

hiChol-Liposomes already. However, cholesterol as complement trigger was not yet thoroughly 

investigated in literature and it was therefore of great interest, to determine the pathways 

involved during complement activation triggered by high cholesterol levels in liposomal 

membranes. Analysis of the complement lysis initiated by hiChol-Liposomes with the full range 

of complement inhibitors, i.e. eculizumab (anti-C5), anti-C1q, sutimlimab (anti-C1s), anti-MBL, 

narsoplimab (anti-MASP) and anti-FB, determined the obtained lysis as classical pathway 

specific. Only the classical pathway responsive inhibitors anti-C1q and sutimlimab as well as 

the general inhibitor eculizumab influenced the liposome lysis (Figure S 4-14). All three 

inhibitors prevent lysis completely upon a certain concentration (anti-C1q: ≥6.25 µg/mL, 

EC50 = 3.3 ± 0.4 µg/mL, eculizumab (anti-C5): ≥3 µg/mL, EC50 = 1.74 ± 0.08 µg/mL, 

sutimlimab (anti-C1s): ≥2.63 µg/ml, EC50 = 0.87 ± 0.02 µg/mL for 2.5 %vol. serum), while all 

other investigated inhibitors had no effect on the liposome lysis suggesting no contribution of 

the lectin and alternative pathway. 

 

Figure S 4-14: Inhibitor screen with hiChol-Liposomes in the complement assay. Inhibitor titrations in 
complement assays investigating lysis obtained for hiChol-Liposomes (1 µM tL in well, 44 %mol. cholesterol). 
Anti-C1q, sutimlimab, anti-FB, narsoplimab, anti-MBL and eculizumab were examined. Complement assays were 
performed in liposome complement buffer with 200 mM glycine addition. Positive control contained 30 mM OG and 
serum. Pooled human serum content was 2.5 %vol. per well. λEx=565 (8) nm and λEm=585 (8) nm, Reader-1, 37 °C, 
gain=150, n=2. [* executed by Michaela Aichinger] 
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Figure S 4-15: Preparation studies for high-throughput format using hiChol-Liposomes. a, Pooled human 
serum content titration (1-10 %vol.) with hiChol-Liposomes (1 µM tL in well) Complement assays were performed 
in liposome complement buffer with 200 mM glycine addition. Positive control contained 30 mM OG and serum. 

λEx=565 (8) nm and λEm=585 (8) nm, Reader-1, 37 °C, gain=150, n=3. b Complement assay investigating 2 and 
5 %vol. serum of healthy donors with hiChol-Liposomes (1 µM tL in well). Complement assays were performed in 
liposome complement buffer with 200 mM glycine addition. Negative control serum contained iaCB to a final 
concentration of 40 mM EDTA and pooled human serum. Positive control contained 30 mM OG and serum. 
λEx=540 (25) nm and λEm=620 (40) nm, Reader-2, 37 °C, gain=85, n=2. 

 

Figure S 4-16: Correlation of hiChol-Liposome complement assay to classical pathway C3b-ELISA. 
Correlation of healthy donor samples measured once in the hiChol-Liposome complement assay and once with the 
C3b-deposition ELISA triggered by immobilized antibodies (see materials and methods). 

Consequently, hiChol-Liposomes were hypothesized as ideal candidates to serve as classical 

pathway specific readout vesicles which would facilitate the assay by reducing the assay 

protocol by one incubation step compared to antibody triggered liposomes. A serum titration 

covering the full range of complement lysis was performed to determine the two suitable serum 

concentrations for the high-throughput format, which should be applied in the subsequent 

validation of the hiChol-Liposomes on healthy human donor sera (Figure S 4-15a). 2 and 

5 %vol. serum were selected as suitable and further confirmed by an initial screening of six 

donor sera together with a pooled human serum as control. These sera covered the full range 

of complement-mediated liposome lysis varying from below 10 to about 75 % for 2 %vol. serum 

and from 64 to 108 % for 5 %vol. serum (Figure S 4-15b). Subsequent validation on healthy 

human donor sera in the high-throughput format showed a broad range of activity among the 

tested individuals (Figure S 4-16). However, no correlation to a C3b-deposition ELISA based 

on immobilized antibodies as complement triggers could be confirmed (Figure S 4-16). Similar 
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to the Man-Liposomes it is important to note that differences between the two assay formats 

may influence the correlation quality, i.e. the liposome format investigates the full complement 

cascade activity, whereas the ELISA format only quantifies the onset of the cascade and can 

not provide any correlation to activities beyond the C3b stage. However, the lack of any 

observed correlation is expected to be attributed to more fundamental divergences between 

antibody- and cholesterol-triggered complement activation. Complement activation of 

antibodies is well characterized and based on the interaction of the antibody’s Fc-fragment 

and the globular head region of C1q9,10 followed by classical pathway complement activation11. 

However, the activation through high membrane cholesterol levels is less studied. It is 

suggested that C-reactive protein (CRP) might be involved through interaction with high 

cholesterol containing membrane surfaces and its ability of direct C1q binding12,13 with 

subsequent classical pathway activation. Additionally, individual lipoprotein levels might as well 

influence the resulting liposome lysis initiated through high cholesterol content5. These 

additional factors may provide a comprehensive explanation to the discrepancies observed in 

the correlation of these two systems, i.e. antibody triggered C3b-deposition ELISA and hiChol-

Liposome-based complement assay. Consequently, antibody triggered liposomes were 

chosen as more suitable material to screen the classical pathway activity due to its well 

investigated, widely applied and accepted approach. 

4.6.4.3 Alternative pathway LPS-Liposome ELISA correlation studies 

After confirming the pathway specificity of the LPS-Liposomes, also for those, a correlation 

study to the C3b-deposition ELISA was conducted. The determination of a suitable serum 

concentration range was conducted in advance through titrations of a pooled serum control 

under Mg2+/EGTA conditions (Figure S 4-17). Compared to the other pathways much higher 

serum concentrations of 15 and 20 %vol. were selected for the subsequent donor serum 

screening. This was at first attributed to a missing pattern recognition element for the 

alternative pathway. In contrast, the classical or lectin pathway are initiated by such a trigger 

recognition element, i.e. C1q or MBL, ficolins or collectin respectively. Hence the alternative 

pathway relies on spontaneous hydrolysis of C3, which is more likely the more serum is used. 

However, subsequent screening of 40 donor sera revealed that many of the investigated sera 

did not cause liposome lysis in case of LPS modification (Figure S 4-18). This was surprising, 

since LPS is often described as alternative pathway trigger14,15 and commonly applied in 

alternative pathway activity determining ELISAs16. Subsequent analysis and correlation to the 

C3b-deposition ELISA revealed that for the majority of investigated sera activities closer to the 

pooled control were found in the ELISA (Figure S 4-19). This demonstrates, that there are 

substantial discrepancies, particularly for those sera that did not induce alternative pathway 

LPS-Liposome lysis. Nevertheless, even though these noticeable differences were observed, 



Liposomes enable the functional assessment of each complement pathway 

121 

a Pearson’s r of 0.60 suggests a correlation between the two assays (Figure S 4-19). This 

indicates that, in the event of liposome lysis, the obtained lysis level exhibited a correlation 

with the respective C3b levels. Similar to the correlation studies for the other two pathways, a 

certain level of inaccuracy has to be attributed to the two different investigated time points of 

the cascade, i.e. C3b compared to MAC formation. Furthermore, the here applied C3b-ELISA 

assay used zymosan to induce alternative pathway activation. Varying degrees of complement 

activation due to different trigger properties between the two assays can not be excluded. 

However, the significant proportion of sera that were unable to lyse the LPS-Liposomes still 

suggests shortcomings of the liposome-based assay. In literature it has been described that 

bacteria use LPS as protective barrier against complement attack via steric hinderance.17 If 

this can be transferred to the here applied assay, this offers a potential explanation for the 

observed discrepancy in the efficacy of LPS application in both formats. LPS may efficiently 

activate the alternative pathway in both formats, yet the activation is only detected in the ELISA 

format. The reason for this is that the ELISA format focuses on the mere quantification of 

complement activation, often by measuring the soluble MAC complex or C3b, but in the 

liposome lysis-based assay the readout is compromised by ineffective complement deposition 

on the liposome surface, which is required for MAC assembly within the lipid bilayer and 

liposome lysis. However, the characteristics that differentiate the sera which were capable of 

inducing liposome lysis from those that were unable to do so remain unclear. According to the 

C3b-levels, sufficient alternative pathway complement activity should have been present for 

all sera to theoretically be capable to lyse the liposomes. To facilitate the deposition of 

complement proteins and subsequent MAC assembly in the future it is suggested to study the 

influence of liposome surface characteristics. It is described that the presence of amine groups 

and a more positive surface charge on liposomes are beneficial for alternative pathway 

complement activation.18,19 However these studies must be interpreted with care since also in 

those no liposome lysis but C3 deposition or remaining erythrocyte hemolysis was measured. 

Nevertheless, the current anionic liposome characteristics and lack of potential binding sites 

for complement protein deposition should be investigated in systematic studies including 

variations in surface charge and exposed functional groups. 
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Figure S 4-17: Serum titration study using LPS-Liposomes. Pooled human serum content titration (5-30 %vol.) 
with LPS-Liposomes (2 %mol. LPS, 5 µM tL in well). Complement assays were performed in liposome complement 
buffer with 200 mM glycine addition and contained 8 mM Mg2+/EGTA in well. Positive control contained 30 mM OG 
and serum. λEx=540 (25) nm and λEm=620 (40) nm, Reader-2, 37 °C, gain=85, n=2. 

 

Figure S 4-18: Healthy human donor sera screening with the LPS-Liposome complement assay. Complement 
assays screening lysis of LPS-Liposomes (2 %mol. LPS, 5 µM tL in well) induced by healthy human donor sera and 
a pooled human serum (PHS) as control. Complement assays were performed in liposome complement buffer with 
200 mM glycine addition and contained 8 mM Mg2+/EGTA in well. Positive control contained 30 mM OG and serum. 
Human serum content was 15 and 20 %vol. per well λEx=540 (25) nm and λEm=620 (40) nm, Reader-2, 37 °C, 
gain=85, n=2. 

  

Figure S 4-19: Correlation of LPS-Liposome complement assay to classical pathway C3b-ELISA. Correlation 
of healthy donor samples measured once in the LPS-Liposome (2 %mol. LPS) complement assay and once with 
the C3b-deposition ELISA triggered by immobilized zymosan (see materials and methods). 
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Abstract 

The human complement system is essential for immunity and inflammation, helping to prevent 

infection by pathogens. Functional complement activity is typically assessed in 

complement-preserved serum, requiring strict handling to avoid unintentional premature 

activation. Plasma, containing anticoagulants such as EDTA or citrate, minimizes artificial 

activation by chelating essential calcium (Ca²⁺) and magnesium (Mg²⁺) ions, which, however, 

also prevents functional activity determination. Replenishing these ions potentially restores 

complement functionality. Moreover, animal models are used for mechanistic and therapeutic 

studies on the complement system, facing ethical constraints and limitations in replicating 

human physiology. It is shown here that EDTA and citrate addition to complement-preserved 

serum, combined with replenished bivalent ion levels directly in the assay buffer, is applicable 

in a liposome-based complement assay measuring functional activity, thus indicating the 

applicability of plasma in this assay. Furthermore, this study examines the applicability and 

reactivity of animal sera towards different liposome surfaces. Findings indicate that EDTA 

plasma, when replenished with Ca²⁺ and Mg²⁺, better suits the assay, restoring about 90 % of 

control levels, compared to citrate plasma, which restored liposome lysis to about 71 % of 

control levels. Animal serum was generally well suited for this assay but showed expected high 

variability between species. Only murine serum, which exhibited no complement response, 

was unsuitable for the assay setup used. This study highlights the potential of using EDTA 

plasma for functional complement activity analysis, offering flexibility in sample matrix in 

diagnostic settings, and of using animal sera in this assay to reduce the number of animal 

model studies by allowing mechanistic studies and advancing the understanding of inter-

species complement system variations. 

5.1 Introduction 

The complement system, initially described as complementary mechanism supporting 

antibodies in pathogen defense, is now recognized as a versatile and crucial part of the innate 

immune system.1,2 Complement proteins, whose origins date back over 600 million years3, 

represent one of the oldest innate immune systems, predating mammals3. The system is 

comprised of more than 50 components found mainly in the blood and on cell surfaces.4,5 It 

plays a key role in pathogen recognition and elimination, linking innate and adaptive immunity, 

immune surveillance, homeostasis, and the removal of immune complexes, cellular debris, 

and apoptotic cells.5,6 The complement system activates through a series of enzymatic 

reactions involving particle recognition, opsonization, self-amplification, generation of effector 

molecules (e.g., membrane-attack-complex, MAC), and induction of other immune 

responses1,5. Activation occurs via three pathways, the classical, lectin, and alternative 
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pathway, which converge in the terminal pathway generating approximately 10 nm wide pores 

in target membranes through MAC formation5,7,8. 

Liposomes are described in literature as highly versatile tool in research, diagnostics and 

therapy due to their self-assembled lipid bilayer structure containing an inner aqueous 

cavity.9,10 The lipid bilayer is primarily composed of phospholipids, such as 

phosphatidylcholine, phosphatidylethanolamine, phosphatidylserine, and 

phosphatidylglycerol11 allowing for flexibility in liposome characteristics such as surface charge 

and functionality or liposome size. Cholesterol is frequently incorporated into the mixture to 

influence membrane fluidity, thickness and bilayer permeability reduction.12–14 Since the 1970s, 

liposomes have evolved as effective carriers for hydrophilic compounds within the aqueous 

cavity and hydrophobic compounds within the lipid bilayer.15–18 In clinical settings, a range of 

compounds have been encapsulated, including anticancer drugs16, antibiotics19 and genetic 

materials20. Apart from clinically relevant molecules also molecules such as fluorescent dyes21, 

electroactive species22 or enzymes23,24 have been incorporated for bioanalytical or biosensing 

applications25,26. Likewise, liposomes have been successfully employed in the field of 

complement system analysis as substitutes for animal erythrocytes to analyze the complement 

cascade function.27–29 

The suggested matrix for the analysis of the complement system function is serum, since it is 

free of complement-inhibiting additives30, which are typically added as anticoagulants in 

plasma samples. However, since complement is a temperature-sensitive system, it can be 

artificially activated in vitro through elevated temperatures, which can falsify the subsequent 

analysis, especially in serum.31,32 To prevent unintentional premature complement activation, 

it would be advantageous to use plasma as the sample matrix, containing anticoagulants that 

chelate calcium (Ca²⁺) and magnesium (Mg²⁺) ions. Due to these anticoagulants, artificial 

complement activation is minimized, since the C1, MBL and ficolin complex and C3 convertase 

function are dependent on both Ca2+ and Mg2+ ions, minimizing complement activation early in 

the cascade.5,30,33,34 However, in order to access the complement activity and function of 

plasma, Ca2+ and Mg2+ ions would need to be replenished into the plasma sample prior to the 

assay. Furthermore, not all anticoagulants that complex these bivalent ions are suited for 

subsequent complement analysis. For example, heparin is known for its strong interactions 

with numerous complement proteins and regulators apart from ion complexation.35 These 

interactions affect the complement function and consequently interfere with reliable 

complement analysis.34,35 However, EDTA and citrate, which are commonly used in clinical 

diagnostics, may be suitable candidates. Along with higher sample robustness, functional 

complement analysis, such as the previously developed liposome-based assay platform 
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applied here28, would benefit from greater flexibility with regard to the often limited availability 

of appropriate samples. 

Animal models, often applied in preclinical complement system research to study its role in 

immunity, inflammation, and disease pathogenesis,34,36,37 allow the investigation of the 

complex interactions of complement proteins in vivo, which can be challenging to fully replicate 

in vitro. Especially murine models are widely used due to their genetic tractability and 

availability of knockout strains, enabling precise manipulation of complement components like 

C3 and Factor H.36,38 They assist in identifying the mechanisms of complement activation, its 

dual roles in protection and pathology, and potential therapeutic targets. However, ethical 

constraints and limitations in replicating human physiology in animal models remain a 

challenge,34,39 requesting alternative methods and models that more closely resemble the 

human complement system and are less problematic from an ethical point of view. 

Here, we investigate the applicability of EDTA and citrate addition to complement-reserved 

serum in combination with replenished bivalent ion levels directly in the assay buffer as a 

measure for the applicability of plasma, as well as the applicability and the inter-species 

variability of animal serum (i.e. murine, rat and porcine serum) in a previously described 

liposome-based assay platform to examine complement activity28. This study should gain 

fundamental knowledge about the limitations of the mentioned matrices to enable a refined 

development of the applied liposome-based assay in further research. 

5.2 Materials and Methods 

5.2.1 Chemicals and Consumables 

All chemicals were of analytical grade and were used without purification. Methanol, 

Sephadex® G-50 (G50150), lipopolysaccharides (LPS) from Salmonella enteritidis (L6011), 

cholesterol from sheep wool (C8667), tetrasodium ethylenediaminetetraacetic acid (EDTA, 

EDS), ethylene glycol-bis(2-aminoethyl ether)-N,N,N′,N′-tetraacetic acid (EGTA, E4378), 

polyclonal goat anti-biotin IgG (B3640) and sodium hydroxide were purchased from Sigma-

Aldrich/Merck KGaA (Darmstadt, Germany). The extrusion kit and the phospholipids 1,2-

dipalmitoyl-sn-glycero-3-phosphocholine (DPPC, 850355P), 1,2-dipalmitoyl-sn-glycero-3-

phospho-(1′-rac-glycerol) (sodium salt) (DPPG, 840455P), 1,2-dipalmitoyl-sn-glycero-3-

phosphoethanolamine-N-(biotinyl) (DPPE-biotin, 870285P) and 1,2-dimyristoyl-sn-glycero-3-

phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] (ammonium salt) 

(DMPE-PEG2000, 880150P) were purchased from Avanti Polar Lipids (Alabaster, AL, USA). 

Sodium azide, magnesium dichloride hexahydrate and trisodium citrate dihydrate were 

purchased from Merck KGaA (Darmstadt, Germany). Sulforhodamine B (SRB, S1307) was 
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purchased from Thermo Fisher Scientific (Darmstadt, Germany). Chloroform and nitric acid 

(HNO3, N/2185/PB15) were bought from Fisher Chemical (Schwerte, Germany). N-2-

hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES), sodium chloride, sucrose, 

N-octyl-β-D-glucopyranoside (OG, CN23.3) and calcium chloride was bought from Carl Roth 

(Karlsruhe, Germany). Dialysis membrane (Spectra/Por® 4 with a MWCO of 12 - 14 kDa) was 

purchased from Spectrum Laboratories and polycarbonate Whatman Nucleopore™ Track-

Etched membranes with a pore size of 1.0 μm, 0.4 μm or 0.2 μm (each Ø19 mm) were bought 

from VWR (Darmstadt, Germany). 1,2- dimyristoyl-sn-glycero-3-phosphoethanolamine-N-

[biotinyl(polyethylene glycol)-2000] (DMPE-PEG2000-biotin, PG2-BNDM-2k) was purchase 

from Nanocs Inc. (New York, USA). The ICP phosphorus standard solution (10882.0000) was 

purchased from Bernd Kraft/AnalytiChem GmbH (Duisburg, Germany). Black 96-well flat 

bottom microtiter plates (MTP, 781608) were purchased from Brand (Wertheim, Germany). 

Pooled human (ISCER), mouse CD1 (IGMSCD1CSER), porcine (IGPCCSER), rat Sprague 

Dawley (IGRTSDCSER), rat Wistar (IGRTWICSER) and rat Wistar Hannover (IGRTWHCSER) 

complement serum was purchased from Innovative Research (Novi, Michigan, USA). 

5.2.2 Liposome preparation 

Liposome preparation was performed as described earlier28 using the reverse-phase 

evaporation method. Standard lipids contained in the anionic liposome composition were 

cholesterol, DPPC, DPPG and DPPE-biotin. Depending on the respective liposome batch, LPS 

from Salmonella enteritidis, the pegylated lipids DMPE-PEG2000 and DMPE-PEG2000-biotin 

as well as varying lipid ratios were applied in the lipid mixture. For LPS, an estimated molecular 

weight of 15000 g·mol-1 was used for calculations. The exact liposome compositions are listed 

in Table S 5-1. 

60 µmol of the desired lipids were dissolved in chloroform (3 mL) and methanol (0.5 mL). After 

sonication at 60 °C for 1 min, 2 mL of a preheated sulforhodamine B (SRB) solution was added 

as encapsulant (10 mM SRB, 210 mM NaCl, dissolved in 20 mM HEPES, pH 7.5, 60 °C). The 

mixture was sonicated again at 60 °C for 4 min. The organic solvents were removed with a 

rotary evaporator (LABOROTA 4001, Heidolph, Germany) at 60 °C with stepwise reduced 

pressure from 900 to 780 mbar within 40 min (900 mbar for 10 min, 850 mbar for 5 min, 

800 mbar for 5 min, 780 mbar for 20 min). The solution was vortexed for 30 s, and another 

2 mL of the encapsulant was added. After a second vortexing step for 30 s, the solution was 

further rotated at 60 °C with stepwise reducing pressure starting from 750 to 400 mbar within 

60 min (750 mbar for 20 min, 600 mbar for 5 min, 500 mbar for 5 min, 400 mbar for 20 min). 

The solution was then extruded through polycarbonate membranes with varying membrane 

pore sizes (1 μm, 0.4 μm or 0.2 µm). Extrusion was done at 65 °C by forcing the mixture in the 
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syringes 21 times through each membrane pore size. Excess of encapsulant (i.e. SRB and 

NaCl) was removed by size exclusion chromatography with a Sephadex G-50 column, 

followed by dialysis against HSS buffer (10 mM HEPES, 200 mM NaCl, 200 mM sucrose, 

0.01 % NaN3, pH 7.5). Liposomes were stored at 4 °C. The smallest membrane pore size 

during extrusion is mentioned in Table S 5-1 for each liposome synthesis. 

5.2.3 Liposome characterization 

Size and polydispersity index (PDI) measurements via dynamic light scattering (DLS) as well 

as zeta potential measurements via electrophoretic light scattering (ELS) were performed on 

a Malvern Panalytical Zetasizer Nano-ZS. Polymethyl methacrylate semi-micro cuvettes 

(Brand, Germany) were used for size and PDI determination, and disposable folded capillary 

cells (Malvern Panalytical, Germany) were used for zeta potential determination. The 

measurement temperature was set to 25 °C with a 1/100 sample dilution in HSS buffer in both 

cases. Measurements of size and PDI were conducted with a dispersant refractive index nD
20 

of 1.34, a material absorbance of zero, a dispersant viscosity η of 1.1185 mPa s, an angle of 

173° and in backscattering mode after equilibration for 15 s in three measurement runs, each 

with 13 single measurements. For zeta potential, a dielectric constant ε of 78.5 was used with 

an equilibration time of 60 s before the start of four measurement runs, each with 20 single 

measurements. 

Phospholipid concentrations were determined via optical emission spectroscopy with 

inductively coupled plasma (ICP-OES, SpectroBlue TI/EOP) from SPECTRO Analytical 

Instruments GmbH (Kleve, Germany). Liposome solutions were diluted 1/150 with a total 

volume of 3 mL in 0.5 M HNO3. A phosphorus standard diluted in 0.5 M HNO3 from 1 to 100 µM 

was used for calibration of the device. Phosphorus was detected at a wavelength of 

177.495 nm. Before each measurement, 0 μM and 100 μM phosphorus standard dilutions 

were used to recalibrate the device. The total lipid concentration (tL) was calculated from the 

phospholipid concentration and the lipid composition used during synthesis. 

5.2.4 Homogeneous liposome-based complement assay 

5.2.4.1 EDTA and citrate studies 

The liposome-based complement assays containing EDTA and citrate were performed mostly 

following a previously established protocol.[25] Each assay contained a) a sample with 

liposomes in liposome complement buffer (LCB, 10 mM HEPES, 150 mM NaCl, 135 nM CaCl2, 

and 1 mM MgCl2 in double distilled H2O, pH 7.4 prepared according to the HBS buffer of Zelek 

et al.[51], negative control), b) a sample with liposomes in active serum or in EDTA- or citrate-

containing serum and c) a sample with lysed liposomes by detergent addition (positive control), 

all prepared in LCB. Serum was inhibited by EDTA or citrate addition to complex free Ca2+ and 



Feasibility Study for the Applicability of Human Plasma and Animal Sera in the  
Liposome-Based Complement Assay 
 

131 

Mg2+ ions essential for the functionality of the complement system. Detergent positive controls 

contained 30 mM OG and serum in the final well. The final wells contained a volume of 100 µL, 

10 µM tL liposomes and 200 mM sucrose to ensure liposome stability. Final EDTA and citrate 

levels per well are stated in each respective experiment but were always added as a 10x stock 

solution, resulting in a 1/10 dilution in the final well. The serum content was 10 %vol. in the 

respective wells. All samples were prepared in triplicate. Spiking of respective Ca2+ and Mg2+ 

levels were performed with spike-LCB containing elevated Mg2+ or Ca2+ levels and diluted 1/10 

in the final well to reach the required bivalent ion levels calculated as follows: 

𝑐(𝑀𝑔2+)𝑓𝑖𝑛𝑎𝑙 𝑤𝑒𝑙𝑙 = 0.8 𝑚𝑀 𝑀𝑔2+
 𝐿𝐶𝐵 

+ 0.1 𝑚𝑀 𝑀𝑔2+
 𝑠𝑒𝑟𝑢𝑚

+
𝑥

10
𝑚𝑀 𝑀𝑔2+

𝑠𝑝𝑖𝑘𝑒‐𝐿𝐶𝐵
 

For the calcium levels, the 135 nM content from normal LCB is neglected over the much higher 

concentrations added through serum or the spike-LCB buffer and calculated as follows: 

𝑐(𝐶𝑎2+)𝑓𝑖𝑛𝑎𝑙 𝑤𝑒𝑙𝑙 = 0 𝑚𝑀 𝐶𝑎2+
 𝐿𝐶𝐵 + 0.25 𝑚𝑀 𝐶𝑎2+

 𝑠𝑒𝑟𝑢𝑚 +
𝑥

10
𝑚𝑀 𝐶𝑎2+

𝑠𝑝𝑖𝑘𝑒‐𝐿𝐶𝐵
 

Liposomes were prediluted in LCB to a concentration of 100 μM tL. Black 96-well flat bottom 

microtiter plates were prepared on ice with LCB, spike-LCB wherever necessary and stock 

solutions of sucrose (1 M sucrose in LCB), EDTA, citrate and OG (300 mM OG in double 

distilled H2O) added to the respective wells to reach the desired conditions. Liposomes were 

added, resulting in a 1/10 dilution in the final well. As the last step, serum was added before 

incubation at 37 °C for 60 min and fluorescence intensity measurements with a SYNERGY 

neo2 multi-mode reader from BioTek (Bad Friedrichshall, Germany) (λEx = 565 nm and 

λEm = 585 nm with bandwidth 5 and gain 150). For each measurement, the plate was read 

three consecutive times to relativize the influence of the instrument on the signal. 

For data evaluation, means and standard deviations were calculated for all samples. Each 

sample signal intensity after 6 min was subtracted as background, accounting for the 

background fluorescence signal of intact liposomes. Resulting intensities were normalized to 

detergent-containing positive controls at the 60 min time point. In all cases, Gaussian error 

propagation was used to determine the normalized standard deviations. Negative endpoint 

values between 0 and -10 % after background correction and normalization were set to 0 %. 

5.2.4.2 Animal sera studies 

Studies on animal sera were performed following the same protocol as the studies on EDTA- 

and citrate-containing sera, with some adjustments. Apart from the buffer control, active serum 

and detergent control samples, an inactivated serum sample (negative control) containing 1/10 

diluted inactivation buffer (iaCB, 200 mM EDTA and 0.5 µM EGTA, diluted in LCB, pH 7.5 – 8) 
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was measured. Final inactivated serum wells contained 20 mM EDTA and 0.05 µM EGTA. The 

serum content was 10 or 25 %vol. in the respective wells, as indicated. 

Liposomes were prediluted in LCB to a concentration of 100 μM tL. In case antibodies were 

used as complement triggers, polyclonal goat anti-biotin antibodies (1.0 mg mL-1) were 

incubated for 1 hour at RT with the liposome stock solution prior to dilution to 100 µM tL with 

LCB. Black 96-well flat bottom microtiter plates were prepared on ice with LCB and, sucrose 

(1 M sucrose in LCB), iaCB and OG (300 mM OG in double distilled H2O) stock solution 

additions to the respective wells to reach the desired conditions. Liposomes were added, 

resulting in a 1/10 dilution in the final well. Measurement conditions and data processing 

followed the previously described methods for the studies on EDTA- and citrate-containing 

sera. 

5.3 Results and Discussion 

5.3.1 EDTA and citrate titration in serum 

The investigation on the feasibility of plasma application in the liposome-based complement 

assay was initiated by studying the effect of the commonly used anticoagulants EDTA and 

citrate on complement activation. Hence, both EDTA and citrate were titrated in the liposome-

based complement assay within a concentration range that covered the typical levels of EDTA 

and citrate found in standard plasma collection tubes used in clinics. If the collection tubes are 

filled according to the manufacturer’s instructions, EDTA levels of around 1.6 to 1.8 mg/mL 

should be reached.40,41 Since most manufacturers do not specify which exact salt of K2EDTA 

or K3EDTA is used in their products, i.e. whether hydrated or not, pure EDTA with a molecular 

weight of 292.24 g/mol was used for concentration calculations. This overestimates the EDTA 

concentrations to about 5.5 to 6.2 mM EDTA compared to the real values in the collection 

tubes. Nevertheless, for investigations on the complement system, EDTA concentrations 

above 10 mM are advised in literature.42 In these feasibility studies, serum instead of actual 

plasma was used to investigate the effects of the anticoagulants on complement activation, 

eliminating interference with the coagulation system. Hence, the effect of EDTA on diluted 

serum (10 %vol.) was investigated at concentrations of up to 3.2 mM EDTA, which 

corresponds to 32 mM EDTA in pure serum and is well above the suggested 10 mM. Citrate 

concentrations in plasma are about 106-109 mM when filled with blood according to the 

manufacturer’s specifications. Hence, a concentration range up to 64 mM in diluted serum 

(10 %vol.), which corresponds to 640 mM in pure serum, was investigated. To probe general 

complement activation, anionic liposomes were utilized with lipopolysaccharides (LPS) as 

surface modification, which has been demonstrated to trigger both the classical and the 

alternative pathway.43 The employed liposomes had an average diameter of 168 ± 4 nm and 
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a PDI of 0.17 ± 0.02, indicating a narrow size distribution. The negative zeta potential of LPS-

containing liposomes of -6.7 ± 0.7 mV was higher than the zeta potential of comparable 

liposomes without LPS, which was between -16 and -20 mV (Table S 5-1). This indicates the 

successful incorporation of LPS into the lipid bilayer. LPS subsequently shields the anionic, 

less bulky lipids, resulting in a less negatively charged surface exposed to the surroundings. 

For citrate, the theoretical plasma condition in commercially available tubes corresponding to 

10 mM citrate in 10 %vol. serum showed a final lysis value of 22 % (Figure 5-1, a). This is 

drastically below the lysis obtained without complement inhibition of 82 %, but above complete 

inhibition, which was reached at the investigated concentrations of 16 mM citrate and higher. 

For EDTA, the sample containing 0.55 mM EDTA in 10 %vol. serum, which corresponds to the 

theoretical plasma condition in commercially available tubes, showed 63 % lysis in comparison 

to 74 % without inhibitor (Figure 5-1, b). Full inhibition was reached at the investigated EDTA 

concentrations of 1.6 mM and higher. This corresponds to an EDTA concentration of 16 mM 

in pure serum or plasma, which is in accordance with the EDTA concentration of at least 10 mM 

suggested in literature.42  

It should be noted that samples containing 32 mM citrate and higher are prone to elevated 

background signals (Figure 5-1, ai), which indicates liposome destabilization. Such high citrate 

concentrations should not be used in this assay, but are also practically not relevant, as full 

inhibition is already reached at 16 mM citrate in dilute serum (10 %vol.), corresponding to 

160 mM citrate in pure serum. 

Overall, these data suggest that in both cases, citrate and EDTA, the commercially available 

plasma collection tubes are not sufficient to fully inhibit complement activation. To reduce the 

risk of early in vitro complement activation before complement analysis, it is advisable to 

handle plasma samples collected in commercial collection tubes with care, i.e. similar to 

complement-preserved serum samples. Furthermore, either the EDTA or citrate content of the 

commercial collection tubes should be supplemented, or the collection tubes should not be 

filled completely to reach higher inhibitor concentrations. 

Nevertheless, if samples are collected using these collection tubes, filled completely and 

handled with care, a qualitative complement activity analysis can still be performed directly, 

although the complement activity will be lower compared to serum samples that do not contain 

inhibitors. Based on these data, EDTA plasma could be used to qualitatively determine severe 

complement activity loss due to overconsumption or deficiencies. However, to obtain more 

reliable results, replenishing the samples with Mg2+ and Ca2+ was tested to investigate how 
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much activity can be recovered from previously inhibited samples, allowing for more accurate 

complement activity determination. 

 

 

Figure 5-1: EDTA and citrate titration. Complement assays investigating the LPS-Liposome (1 %mol. LPS, 
10 µM tL) with varying concentrations of a, EDTA or b, citrate inactivation. i shows the time-resolved fluorescence 
intensity values, ii shows the background-corrected and normalized endpoint values. Complement assays were 
performed in LCB. Serum content was 10 %vol. per well. λEx=565 (5) nm and λEm=585 (5) nm, 37 °C, gain=150, 
n=3. 

5.3.2 Replenishing EDTA and citrate serum samples with Mg2+ and Ca2+ 

Plasma or serum magnesium levels are usually expected to be around 0.8 to 1.0 mM Mg2+ in 

healthy adults,44,45 while serum calcium levels are expected to be in the range of 2.2 to 

2.7 mM.46 Here, the concentrations in the assay were calculated assuming Mg2+ and Ca2+ 

concentrations of 1 mM and 2.5 mM, respectively. Based on a total volume of 100 µL per well, 

with each well containing 80 µL of LCB (with 1 mM Mg2+ and 135 nM Ca2+), 10 µL of serum 

(for 10 %vol.) and 10 µL of spike-LCB buffer (for Mg2+ and Ca2+ level adjustments), the Mg2+ 

levels were calculated as follows: 

𝑐(𝑀𝑔2+)𝑓𝑖𝑛𝑎𝑙 𝑤𝑒𝑙𝑙 = 0.8 𝑚𝑀 𝑀𝑔2+
 𝐿𝐶𝐵 

+ 0.1 𝑚𝑀 𝑀𝑔2+
 𝑠𝑒𝑟𝑢𝑚

+
𝑥

10
𝑚𝑀 𝑀𝑔2+

𝑠𝑝𝑖𝑘𝑒 𝐿𝐶𝐵
 

Given the much higher amounts of calcium added through serum or spike-LCB, the 

contribution to the calcium concentration by the amount of calcium in normal LCB (135 nM) is 

neglected, and the calcium levels are calculated as follows: 
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𝑐(𝐶𝑎2+)𝑓𝑖𝑛𝑎𝑙 𝑤𝑒𝑙𝑙 = 0 𝑚𝑀 𝐶𝑎2+
 𝐿𝐶𝐵 + 0.25 𝑚𝑀 𝐶𝑎2+

 𝑠𝑒𝑟𝑢𝑚 +
𝑥

10
𝑚𝑀 𝐶𝑎2+

𝑠𝑝𝑖𝑘𝑒 𝐿𝐶𝐵
 

The EDTA and citrate content was maintained at the levels found in plasma collection tubes, 

i.e. 0.55 mM EDTA or 10 mM citrate for 10 %vol. serum. Since complete inhibition is not 

achieved under these conditions, the potentially enhancing and reducing effects of replenished 

Mg2+ and Ca2+ levels on complement activity were investigated. 

In a first step, Mg2+ was titrated from 1.0 to 4.2 mM for EDTA containing serum samples 

(Figure 5-2) and from 1 to 52.2 mM for citrate containing serum samples (Figure 5-3). In the 

case of EDTA, a slight increase in liposome lysis was observed with increasing Mg2+ content 

up to 1.4 mM Mg2+ (Figure 5-2). At this point, the highest level of liposome lysis was restored 

compared to the control sample (71 vs. 81 % lysis). Higher Mg2+ concentrations again resulted 

in lower lysis values, down to 58 %. Interestingly, not only was the endpoint lysis value 

influenced by the Mg2+ concentration, but also the lysis kinetics of the liposomes (Figure 5-2, 

a). While Mg2+ concentrations up to 1.4 mM primarily affected the endpoint lysis value, with the 

course of the lysis curve remaining almost the same, higher concentrations, especially 2.6 and 

4.2 mM Mg2+, influenced the lysis kinetics. Here, an increasing Mg2+ content resulted in a 

steeper and earlier onset of lysis. This was followed by a flattening of the lysis curve’s slope 

over the examined time, resulting in overall lower lysis values at the end compared to the lysis 

achieved with 1.4 mM Mg2+. 1.4 mM Mg2+ was therefore chosen for the subsequent titration of 

Ca2+ levels of the serum for recalcification. 

Similar trends were observed in citrate containing samples with 10 mM citrate. Increasing Mg2+ 

concentrations up to 7.4 or 13.8 mM caused the overall liposome lysis levels to rise (Figure 

5-3). Both Mg2+ concentrations yielded a similar endpoint lysis value (44 %), with 13.8 mM 

Mg2+ also already altering the lysis kinetics with an earlier and steeper onset of the lysis curve 

(Figure 5-3, a). Even higher Mg2+ concentrations of 26.6 mM or even 52.2 mM Mg2+, showed 

this effect more drastically. However, it is questionable whether the obtained liposome lysis 

under these conditions is complement-related, as the lysis kinetics do not align with those of 

the typically observed complement-mediated reaction. In literature, it is described that high 

bivalent ion concentrations (Mg2+ or Ca2+) promote anionic liposome destabilization in the form 

of aggregation or fusion and subsequent leakage of their encapsulant.47–49 Consequently, too 

high bivalent ion concentrations at which the lysis curve is characterized by this early and steep 

onset should be avoided. Therefore, 7.8 mM Mg2+ was chosen as condition to investigate 

additional recalcification of the serum containing 10 mM citrate. 
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Figure 5-2: Mg2+ titration in EDTA serum. Complement assays investigating the LPS-Liposome (1 %mol. LPS, 
10 µM tL) with varying concentrations of Mg2+ in 0.55 mM EDTA serum. a shows the time-resolved fluorescence 
intensity values, b shows the background-corrected and normalized endpoint values. Complement assays were 
performed in LCB. Serum content was 10 %vol. per well. λEx=565 (5) nm and λEm=585 (5) nm, 37 °C, gain=150, 
n=3. 

 

Figure 5-3: Mg2+ titration in citrate serum. Complement assays investigating the LPS-Liposome (1 %mol. LPS, 
10 µM tL) with varying concentrations of Mg2+ in 10 mM citrate serum. a shows the time-resolved fluorescence 
intensity values, b shows the background-corrected and normalized endpoint values. Complement assays were 
performed in LCB. Serum content was 10 %vol. per well. λEx=565 (5) nm and λEm=585 (5) nm, 37 °C, gain=150, 
n=3. 

Recalcification of EDTA serum (0.55 mM EDTA), with increasing calcium content and a 

constant magnesium content of 1.4 mM Mg2+, again increased liposome lysis until an optimum 

was reached at 0.65 mM Ca2+ (0.4 mM from buffer, 0.25 mM from 10% serum), showing the 

highest lysis value of 72 % (Figure 5-4). As with the previous study, the higher the Ca2+ 

concentration above this optimum, the more pronounced the effect of the early onset of the 

lysis curve becomes, which should be avoided. An additional, refined titration of the Mg2+ 

content (1.0 - 1.7 mM in 0.1 mM steps) subsequent to the Ca2+ optimization did not lead to 

further improvements, since the maximum endpoint lysis value remained the same between 

1.4 and 1.6 mM Mg2+ (Figure S 5-1). Therefore, to avoid too high bivalent ion concentrations, 

the ideal conditions in the well for 10 %vol. serum were determined to be 0.65 mM Ca2+ and 

1.4 mM Mg2+. Under these conditions, about 90 % of the liposome lysis obtained for the control 

without EDTA addition could be recovered. The well concentrations of 1.4 mM Mg2+ and 

0.65 mM Ca2+ for 10 %vol. serum can be translated into buffer concentrations of 1.44 mM Mg2+ 
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and 0.44 mM Ca2+ for a buffer that can be applied in a simplified setup of the liposome-based 

complement assay, assuming that 90 %vol. of the wells are filled with this buffer containing the 

liposomes and 10 %vol. with 0.55 mM EDTA serum or potentially plasma. Together with the 

previously made estimation that 10 %vol. serum or plasma contains 0.1 mM Mg2+ and 0.25 mM 

Ca2+, the optimized Mg2+ and Ca2+ levels will be reached with this buffer. 

 

Figure 5-4: Ca2+ titration in EDTA serum. Complement assays investigating the LPS-Liposome (1 %mol. LPS, 
10 µM tL) with varying concentrations of Ca2+ in EDTA serum with previously optimized Mg2+ levels (0.55 mM 
EDTA, 1.4 mM Mg2+). a shows the time-resolved fluorescence intensity values, b shows the background-corrected 
and normalized endpoint values. Complement assays were performed in LCB. Serum content was 10 %vol. per 
well. λEx=565 (5) nm and λEm=585 (5) nm, 37 °C, gain=150, n=3. 

Recalcification of citrate serum (10 mM) with increasing calcium content and a constant 

magnesium content of 7.4 mM Mg2+ showed a similar trend of rising liposome lysis with 

increasing Ca2+ content, reaching up to 47 % lysis at 1.85 mM Ca2+ in the well (Figure 5-5). 

However, this represents a weak recovery of the original complement activity when compared 

to the control sample without citrate addition with 65 % lysis. In addition, more refined 

optimization of the Mg2+ content did not result in a further increase in liposome lysis (Figure S 

5-2). These investigated conditions also showed the early onset of lysis compared to the 

control sample, which again could indicate that the overall bivalent ion concentrations were too 

high. Consequently, the reverse approach of optimizing the Ca2+ concentration prior to the 

Mg2+ concentration was examined to investigate whether higher complement-induced 

liposome lysis recovery can be achieved without the early onset of lysis for citrate containing 

sera. Indeed, this approach already yielded higher lysis values of 55 % after adjusting the Ca2+ 

levels to 2.25 mM in the well (Figure 5-6), compared to the previous optimal conditions with 

47 % lysis. Subsequent titration of Mg2+ did not notably improve the liposome lysis value further 

(Figure 5-7), suggesting that the best conditions were 2.25 mM Ca2+ and 4.2 mM Mg2+. 

Compared to the previously determined concentrations of 1.85 mM Ca2+ and 7.4 mM Mg2+, on 

the one hand, lysis was slightly improved from 47 % to 55 %, while on the other hand the 

phenomenon of early onset of lysis with reduced endpoint lysis was avoided. However, 
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compared to EDTA serum, only about 71 % of the control signal could be restored by 

replenishing the bivalent ions. 

 

Figure 5-5: Ca2+ titration in citrate serum. Complement assays investigating the LPS-Liposome (1 %mol. LPS, 
10 µM tL) with varying concentrations of Ca2+ in citrate serum with previously optimized Mg2+ levels (10 mM citrate, 
7.4 mM Mg2+). a shows the time-resolved fluorescence intensity values, b shows the background-corrected and 
normalized endpoint values. Complement assays were performed in LCB. Serum content was 10 %vol. per well. 
λEx=565 (5) nm and λEm=585 (5) nm, 37 °C, gain=150, n=3. 

 

Figure 5-6: Ca2+ titration in citrate serum without previous Mg2+ optimization. Complement assays 
investigating the LPS-Liposome (1 %mol. LPS, 10 µM tL) with varying concentrations of Ca2+ in citrate serum 
without previous Mg2+ optimization (10 mM citrate, 1 mM Mg2+). a shows the time-resolved fluorescence intensity 
values, b shows the background-corrected and normalized endpoint values. Complement assays were performed 
in LCB. Serum content was 10 %vol. per well. λEx=565 (5) nm and λEm=585 (5) nm, 37 °C, gain=150, n=3. 
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Figure 5-7: Mg2+ titration in citrate serum after Ca2+ optimization. Complement assays investigating the LPS-
Liposome (1 %mol. LPS, 10 µM tL) with varying concentrations of Mg2+ in citrate serum with previous Ca2+ 
optimization (10 mM citrate, 2.25 mM Ca2+). a shows the time-resolved fluorescence intensity values, b shows the 
background-corrected and normalized endpoint values. Complement assays were performed in LCB. Serum 
content was 10 %vol. per well. λEx=565 (5) nm and λEm=585 (5) nm, 37 °C, gain=150, n=3. 

5.3.3 Applicability of Animal Sera in the Liposome-based Complement Assay 

The applicability of mouse, pig and rat complement preserved sera in the liposome-based 

complement assay was tested with a variety of liposomes, including anionic liposomes with 

varying cholesterol content as well as with LPS, polyethylene glycol (PEG) and antibody 

modification. All prepared liposomes were in a size range of 128 to 288 nm, with PDI values 

between 0.11 and 0.22 and a zeta potential range of 0 to -20 mV, with pegylated liposomes 

showing significantly higher zeta potential values due to the uncharged PEG-chains shielding 

the anionic liposome surface (Table S 5-1). 

Mouse serum was tested with high (42 %mol.) and low (5 %mol.) cholesterol liposomes, as 

well as 1 %mol. LPS-containing liposomes with 10 and 25 %vol. serum (Figure 5-8). In all 

cases, the liposomes remained intact, even at the highest serum content of 25 %vol.. Only the 

signal observed for the LPS-Liposomes tested at 25 %vol. serum may indicate minor 

complement-induced lysis in the time-resolved graph from about 20 to 40 min, finally reaching 

the same signal intensity as the inactivated serum control (Figure 5-8). In literature, it is 

described that mouse complement activity titers in hemolytic CH50 assays are significantly 

lower compared to human serum, and hence, mouse complement is difficult to assay.50,51 

Consequently, the absence of complement-induced liposome lysis in this assay can most likely 

be attributed to low murine complement lysis activity and not to incompatibility with a liposome-

based complement assay. 

Porcine serum, on the other hand, showed complement-mediated lysis for all investigated 

liposomes at 10 %vol. serum (high and low cholesterol liposomes as well as 1 %mol. LPS 

containing liposomes, Figure 5-9). Interestingly, low cholesterol liposomes were lysed to a 

remarkable extent, which was even higher than that of high cholesterol liposomes. This was 

contrary to the reaction observed for the human complement system on liposomes 
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encapsulating SRB, where low cholesterol liposomes showed stealth (i.e. complement-stable) 

behavior and higher cholesterol contents induced significant complement-mediated lysis 

(Figure 3-6). 

Refined studies on liposomes to investigate the influence of cholesterol on the liposome lysis 

in porcine serum were performed with pegylated liposomes with varying cholesterol levels (5, 

10, 15, 20, 25, 30, 45 %mol.). These showed a dose-dependent lysis depending on the 

cholesterol level (Figure 5-10). In contrast to the previous results (Figure 5-9), complement-

induced liposome lysis increased from 5 %mol. cholesterol, at which the liposomes exhibited 

stealth behavior, to a maximum of 65 % lysis at 20 %mol. cholesterol. Cholesterol contents 

above 20 %mol. again caused a reduction in lysis down to 38 % lysis for liposomes with 

30 %mol. cholesterol. Discrepancies between these data (Figure 5-10) and the previous data 

(Figure 5-9) can most likely be attributed to the pegylation of the liposomes, which shields the 

liposome surface and thereby influences the surface characteristics and accessibility for 

complement proteins compared to liposomes without pegylation. Nevertheless, the cholesterol 

content of the liposomal lipid bilayer clearly has a significant impact on how the porcine 

complement system reacts towards these liposomes. Furthermore, it is evident that the porcine 

complement system responds distinctly to specific lipid bilayer modifications, which differ from 

those observed for the human complement system. 

For rat serum, three species of laboratory rats (Sprague Dawley, Wistar and Wistar Hannover) 

were investigated to examine not only the reactivity of rat complement compared to the other 

animals and humans, but also to observe variations among the species. Apart from the high 

and low cholesterol liposomes and the 1 %mol. LPS-containing liposomes, low cholesterol 

pegylated liposomes with and without antibody modification as trigger were also investigated 

(Figure 5-11). For all three rat species, a similar response to the varying liposome 

characteristics was obtained. Liposomes with a low cholesterol content of 5 %mol. caused 

significant lysis of 49-56 %, which is contrary to human serum but similar to porcine serum. 

The high cholesterol content of 42 %mol. caused lysis values of 65-70 % across all rat species, 

which is slightly higher compared to the low cholesterol liposome versions. It can thus be 

concluded that, while the cholesterol content has an influence on the activation of the 

complement system of rats, this influence is less pronounced than that observed for the human 

complement system. Liposome modification with LPS resulted in lysis values of 70-79 %, 

depending on the species of rat from which the serum was derived. Since the bare 5 mol% 

cholesterol liposomes (i.e. without LPS) showed stealth behavior in human serum and already 

caused liposome lysis values of 49-56 % in rat serum, additional LPS modification of the 

liposomes increased the lysis by about 46 %. In order to obtain a more precise understanding 
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of the extent to which LPS induces liposome lysis in rat sera, a liposome composition that 

exhibits stealth behavior as a control and subsequent LPS modification would be necessary. 

Similar to the results obtained with porcine serum, including pegylated lipids in the lipid 

composition causes the liposomes to remain stealth in rat serum. Only upon liposome 

modification with 0.2 %mol. of an anti-biotin antibody as external complement trigger, which 

was directed against the biotin-PEG-lipid contained in the lipid composition, liposome lysis 

values of 51-58 % were obtained across all rat species. The three rat sera from different 

species varied only slightly in their lysis values by a few percent, but overall showed the same 

trend. This indicates that variations in complement activity among pooled sera obtained from 

different rat species may be low. For a more sophisticated answer, higher numbers of rat 

species would need to be screened. Overall, these data suggest that animal sera can show 

very different responses towards liposome surface modifications compared to human serum 

and among each other. 
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Figure 5-8: Murine serum in the liposome-based complement assay. Time-resolved background-corrected 
complement assays investigating lowChol- (5 %mol. cholesterol), LPS- (1 %mol. LPS) and hiChol-Liposomes 
(42 %mol. cholesterol, all 10 µM tL) with a, 10 %vol. and b, 25 %vol. murine serum. Complement assays were 
performed in LCB. λEx=565 (5) nm and λEm=585 (5) nm, 37 °C, gain=150, n=3. 
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Figure 5-9: Porcine serum in the liposome-based complement assay. Time-resolved background-corrected 
complement assays investigating lowChol- (5 %mol. cholesterol), LPS- (1 %mol. LPS) and hiChol-Liposomes 
(42 %mol. cholesterol, all 10 µM tL) with porcine serum. Complement assays were performed in LCB. Serum 
content was 10 vol.% per well. λEx=565 (5) nm and λEm=585 (5) nm, 37 °C, gain=150, n=3. 

 

Figure 5-10: Cholesterol content variation with porcine serum in the liposome-based complement assay. 
Liposome lysis of complement assays investigating pegylated PEG-Liposomes with varying cholesterol content 
(5-45 %mol. cholesterol, 10 µM tL) with porcine serum. Complement assays were performed in LCB. Serum content 
was 10 vol.% per well. λEx=565 (5) nm and λEm=585 (5) nm, 37 °C, gain=150, n=3. 
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Figure 5-11: Rat serum from varying species in the liposome-based complement assay. Liposome lysis of 
complement assays investigating investigating lowChol- (5 %mol. cholesterol), LPS- (1 %mol. LPS), hiChol- 
(42 %mol. cholesterol) and PEG-5%Chol-Liposomes (pegylated, 5 %mol. cholesterol, all 10 µM tL) with and without 
0.2 %mol. anti-biotin antibody with rat serum from Sprague Dawley, Wistar and Wistar Hannover rats. Complement 
assays were performed in LCB. Serum content was 10 vol.% per well. λEx=565 (5) nm and λEm=585 (5) nm, 37 °C, 
gain=150, n=3. 

5.4 Conclusion 
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levels used in this study and in fully filled, commercially available EDTA collection tubes only 

insufficiently block the complement system. To benefit from the enhanced complement 

preservation under EDTA conditions, collection tubes should not be filled completely to prevent 

unwanted premature in vitro complement activation. It is hypothesized that EDTA-containing, 

fully inhibited samples could yield similar results when replenished with respective Mg2+ and 

Ca2+ levels. The optimal conditions obtained for EDTA-containing serum indicate that the buffer 

requires an approximately equimolar content of bivalent ions (0.7 mM, Ca2+ and Mg2+) in 

addition to the original buffer concentrations (1 mM Mg2+, 135 nM Ca2+), relative to the EDTA 

level (0.55 mM) in the sample. However, further investigations with fully inhibited samples 

would be needed to confirm these assumptions. Overall, the present study suggests that EDTA 

plasma may be applied in this assay to provide at least qualitative information on complement 

activity. However, the present study lacks information about coagulation, which should occur 

in plasma samples after replenishing bivalent ions, in contrast to the currently used serum 

samples. It is necessary to investigate the extent to which this process occurs in diluted 

samples and its potential impact on the liposome-based readout to obtain a definitive answer. 

From the data obtained for the varying animal sera, it can be concluded that the applied 

liposome-based assay is generally able to screen the complement response of both human 

and animal sera. However, sufficiently high complement reactivity is required to cause 

complement-mediated liposome lysis. Hence, murine serum, which is known to have a weak 

complement response,50,51 is not suitable for testing with the applied assay setup. Further 

optimizations with respect to the serum-to-liposome ratio, i.e. decreasing the liposome content 

to 1 or 2 µM tL and using buffer additives, which were confirmed to have no inhibitory effects 

on the complement system, could also enable successful readout in murine sera. In all these 

studies, sucrose was used as an additive, which has been shown to influence the complement 

readout (Figure 4-1a,b). Substituting sucrose with glycine may therefore improve the readout, 

especially in cases of weak complement responses. Although animal models have greatly 

assisted in obtaining a better understanding of the complement system, complement-related 

diseases and in the development of complement drugs36,38, the results obtained here 

emphasize that transferring and the correlating results from animal models to the human 

complement system must be done carefully due to significant differences in reactivity.34 

Literature suggests that the reactivity of dog complement may be closest to the human 

complement system upon triggering with nanoparticles.54 However, this would also need to be 

confirmed in the liposome-based complement assay. 

Overall, this liposome-based complement assay provides a versatile tool with potential for 

broad applicability to different matrices. Apart from human serum, this study indicates the 



Feasibility Study for the Applicability of Human Plasma and Animal Sera in the  
Liposome-Based Complement Assay 
 

146 

applicability of plasma samples, preferably EDTA plasma, and confirms the applicability of 

animal sera, enabling flexibility in diagnostic situations where sample stocks are limited. In 

addition, it is anticipated that this will facilitate the investigation of the human and animal 

complement systems, thereby elucidating their distinct characteristics. 
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5.6 Supporting information 

 

Figure S 5-1: Refined Mg2+ titration in EDTA serum. Complement assays investigating the LPS-Liposome 
(1 %mol. LPS, 10 µM tL) with varying concentrations of Mg2+ in EDTA serum with previously optimized Ca2+ levels 
(0.55 mM EDTA, 0.65 mM Ca2+). a shows the time-resolved fluorescence intensity values, b shows the background-
corrected and normalized endpoint values. Complement assays were performed in LCB. Serum content was 
10 %vol. per well. λEx=565 (5) nm and λEm=585 (5) nm, 37 °C, gain=150, n=3. 

 

Figure S 5-2: Refined Mg2+ titration in citrate serum. Complement assays investigating the LPS-Liposome 
(1 %mol. LPS, 10 µM tL) with varying concentrations of Mg2+ in citrate serum with previously optimized Ca2+ levels 
(10 mM EDTA, 1.85 mM Ca2+). a shows the time-resolved fluorescence intensity values, b shows the background-
corrected and normalized endpoint values. Complement assays were performed in LCB. Serum content was 
10 %vol. per well. λEx=565 (5) nm and λEm=585 (5) nm, 37 °C, gain=150, n=3. 
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Table S 5-1: Liposome characteristics including lipid composition, encapsulant concentrations in 20 mM HEPES 
(pH 7.5), smallest membrane pore size during extrusion, Hydrodynamic diameter d(H), polydispersity index PDI, 
zeta-potential and total lipid concentration tL. 

Batch Lipid composition 
Encapsulant 
& membrane 

pore size 

d(H) 
/ nm 

PDI 
Zeta 

potential 
/ mV 

tL 
/ mM 

LPS-Liposome 

5 %mol. cholesterol, 
74 %mol. DPPC, 
18 %mol. DPPG 

2 %mol. DPPE-biotin 
1 %mol. LPS 

10 mM SRB 
210 mM NaCl 

 
0.4 µm 

168 
± 
4 

0.17 
± 

0.02 

-6.7 
± 

0.7 

13.31 
± 

0.05 

lowChol- 
Liposome 

5 %mol. cholesterol, 
74 %mol. DPPC, 
19 %mol. DPPG 

2 %mol. DPPE-biotin 

10 mM SRB 
210 mM NaCl 

 
0.4 µm 

164 
± 
2 

0.22 
± 

0.01 

-16 
± 
1 

6.20 
± 

0.08 

hiChol-Liposome 

42 %mol. cholesterol, 
36 %mol. DPPC, 
20 %mol. DPPG 

2 %mol. DPPE-biotin 

10 mM SRB 
210 mM NaCl 

 
0.4 µm 

288 
± 
4 

0.19 
± 

0.04 

-20 
± 
3 

6.44 
± 

0.09 

PEG-5%Chol-
Liposome 

5 %mol. cholesterol, 
72 %mol. DPPC, 
19 %mol. DPPG, 

2 %mol. DMPE-PEG2000, 
2 %mol. DMPE-PEG2000-biotin 

10 mM SRB 
210 mM NaCl 

 
0.4 µm 

134 
± 
2 

0.18 
± 

0.01 

-9 
± 
2 

5.93 
± 

0.06 

PEG-10%Chol-
Liposome 

10 %mol. cholesterol, 
67 %mol. DPPC, 
19 %mol. DPPG, 

2 %mol. DMPE-PEG2000, 
2 %mol. DMPE-PEG2000-biotin 

10 mM SRB 
210 mM NaCl 

 
0.4 µm 

127.8 
± 

0.4 

0.11 
± 

0.01 

-2.0 
±0.5 

13.09 
± 

0.06 

PEG-15%Chol-
Liposome 

15 %mol. cholesterol, 
62 %mol. DPPC, 
19 %mol. DPPG, 

2 %mol. DMPE-PEG2000, 
2 %mol. DMPE-PEG2000-biotin 

10 mM SRB 
210 mM NaCl 

 
0.4 µm 

138 
± 
2 

0.18 
± 

0.02 

-3 
± 
1 

10.7 
± 

0.1 

PEG-20%Chol-
Liposome 

20 %mol. cholesterol, 
57 %mol. DPPC, 
19 %mol. DPPG, 

2 %mol. DMPE-PEG2000, 
2 %mol. DMPE-PEG2000-biotin 

10 mM SRB 
210 mM NaCl 

 
0.4 µm 

144 
± 
2 

0.22 
± 

0.01 

-1.8 
± 

0.6 

13.45 
± 

0.07 

PEG-25%Chol-
Liposome 

25 %mol. cholesterol, 
52 %mol. DPPC, 
19 %mol. DPPG, 

2 %mol. DMPE-PEG2000, 
2 %mol. DMPE-PEG2000-biotin 

10 mM SRB 
210 mM NaCl 

 
0.4 µm 

147.5 
± 

0.5 

0.21 
± 

0.01 

-1 
± 
1 

7.90 
± 

0.02 

PEG-30%Chol-
Liposome 

30 %mol. cholesterol, 
47 %mol. DPPC, 
19 %mol. DPPG, 

2 %mol. DMPE-PEG2000, 
2 %mol. DMPE-PEG2000-biotin 

10 mM SRB 
210 mM NaCl 

 
0.4 µm 

146 
± 
3 

0.14 
± 

0.01 

-2 
± 
2 

10.9 
± 

0.1 

PEG-45%Chol-
Liposome 

45 %mol. cholesterol, 
32 %mol. DPPC, 
19 %mol. DPPG, 

2 %mol. DMPE-PEG2000, 
2 %mol.DMPE-PEG2000-biotin 

10 mM SRB 
210 mM NaCl 

 
0.4 µm 

164 
± 
3 

 
0 
± 
5 

9.25 
± 

0.07 

PEG-5%Chol-
Liposome-2 

5 %mol. cholesterol, 
72 %mol. DPPC, 
19 %mol. DPPG, 

2 %mol. DMPE-PEG2000, 
2 %mol. DMPE-PEG2000-biotin 

10 mM SRB 
210 mM NaCl 

 
0.4 µm 

135 
± 
3 

0.13 
± 

0.02 

-3 
± 
2 

10.40 
± 

0.04 



Conclusion and Future Perspectives  

153 

6 Conclusion and Future Perspectives 

The complement system initially described in the 19th century as heat-labile component which 

complements the activities of specific antibodies and causes lysis of bacteria1, is increasingly 

revealed as fundamental element in pathogen recognition, immune surveillance, and the 

maintenance of homeostasis.2,3 Complement dysregulation has been recognized as relevant 

clinical and diagnostic factor in several diseases.4 Such diseases range from autoimmune 

disorders and recurrent infections to more complex conditions such as age-related macular 

degeneration and atypical hemolytic uremic syndrome.4 Even in very prominent diseases such 

as COVID-19 complement plays a decisive role and represents a therapeutic approach.5,6 It is 

not only fully involved in acute infections via all activation pathways but also influences the 

course of the disease in long-COVID patients through chronic dysregulation.6 However, 

despite its increasing clinical relevance, complement diagnostics remain challenged by the 

limitations of current assay methodologies in terms of standardization, reproducibility, and 

especially complete coverage of all complement pathways in a pathway specific lytic assay. 

Currently available traditional hemolysis assays are functionally informative but suffer from 

variability due to their reliance on animal erythrocytes. Furthermore, they are limited to 

assessing only the classical and alternative complement pathways. ELISA-based approaches, 

although more standardized and capable of specifically determining the activity of all pathways, 

lack the capacity to reflect true lytic activity. The growing interest in complement-targeted 

therapeutics7 and external quality assurance programs8 further emphasize the urgent need for 

standardized, high-throughput, and reliable diagnostic tools. 

In order to address these challenges, this thesis aimed to improve the current complement 

analysis methodologies by developing a liposome-based assay to analyze the pathway 

specific complement activity. The design goal for the envisioned assay included the capability 

of reliably analyzing the three complement pathways individually in a lysis-based readout with 

potential for standardization and multiplexing. Furthermore, its applicability for other species 

and fundamental studies for the applicability of plasma as complement source apart from 

serum was investigated. 

Liposomes were identified as ideal candidates to substitute erythrocytes in this case, since 

they provide versatility in encapsulation and surface modification for both diagnostic and 

research applications.9,10 In the context of complement analysis, liposome-based assays can 

offer enhanced stability, reproducibility and the potential for pathway-specific customization. In 

complement diagnostics, they emerged as a promising alternative to conventional assays. 

However, current implementations remain limited. Only the classical pathway is routinely 

assessed commercially with a liposome-based assay.11 Hence, the development of a unified 
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liposome platform, which is capable to evaluate all three complement pathways, would 

represent a significant advancement in this field, enhancing complement analysis in both 

clinical and research settings.  

Systematic investigations on the envisioned multiplexed liposome-based assay to determine 

the activity of each complement pathway highlighted the critical, yet often understudied, role 

of encapsulated molecules on the physicochemical and biological behavior of liposomes. 

Findings with the three fluorophores IR-783, SRB and PTSA underscored the necessity to 

consider encapsulant-lipid interactions during liposome design, particularly for applications in 

drug delivery and diagnostics where surface integrity and biological reactivity are essential to 

be investigated to ensure optimal performance and biocompatibility. Consequently, it is 

suggested that future liposome-based applications should integrate such investigations as a 

characterization parameter alongside the established lipid composition, size and surface 

characteristics. The simple incubation assay established in this work, utilizing ghostisomes and 

the respective encapsulant followed by dialysis with subsequent liposome analysis, can 

facilitate the identification of potential encapsulant-lipid interactions with low effort in the future. 

Nevertheless, the occurrence of the distinct biological responses of the complement system 

towards liposomes with varying encapsulant restricted the development of a multiplexed 

complement assay. To realize this, future experiments need to identify encapsulants that result 

in the same complement response when encapsulated in liposomes. In addition, to avoid the 

currently necessary Mg2+/EGTA buffers for the specific readout of the alternative pathway a 

pathway specific trigger would be needed. A simultaneous detection of all pathways in the 

same sample is currently restricted due to these Ca2+ depleted conditions for alternative 

pathway readouts, since under these the classical and lectin pathway are inhibited. However, 

a multiplexed detection of the classical and lectin pathway should remain a goal to be pursued 

in future research. 

Nonetheless, successful development of complement pathway specific liposomes was 

achieved through the high flexibility in liposome preparation and modification. This, in turn, 

enabled biomimic characteristics, and consequently a platform technology for lysis-based 

complement functionality assessment. This finding represents a significant breakthrough 

especially for the lectin pathway, as it solves the long-standing challenge of developing a lysis-

based functional assay specific for this pathway, whose activity determination previously was 

only achievable through secondary means via protein quantification. It is envisioned that this 

assay can serve as a research instrument, facilitating studies that seek to achieve a more 

profound comprehension of the lectin complement pathway through mechanistic studies. 

Moreover, it has the capacity to enhance diagnostics, by facilitating the analysis and monitoring 

of lectin pathway activity dysfunction in terms of deficiencies or dysregulations, and 
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consequently lectin pathway associated disease diagnosis. Although the analysis of both other 

pathways is frequently in the primary focus, the global COVID-19 pandemic has served to 

underscore the significance of analyzing the lectin pathway activity.12 Complement activation 

via the lectin pathway has been demonstrated during SARS-CoV-2 infection with increased 

activation in severe cases.13–15 The correlation for the lectin pathway which was demonstrated 

in the present study between a C3b-deposition ELISA and the liposome-based assay serves 

to validate the latter. Still, the results can be further enhanced, as the ELISA employed, in 

contrast to the liposome assay developed, does not take the entire complement cascade into 

account. Consequently, it is recommended that the liposome-based assay should be 

compared to an ELISA-based method investigating sC5b-9 deposition in future studies, given 

that a more suitable erythrocyte assay based on specific lectin pathway lysis is unavailable. 

The assay's potential as a versatile tool for complement system analysis was further 

highlighted by its adaptability to the classical and alternative pathways, yet still exhibits 

challenges to be faced especially in terms of correlation studies. 

For the classical pathway, high-cholesterol liposomes offer a simplified alternative to antibody-

triggered systems. Despite this methodological advantage and confirmed pathway specificity 

examined in this work, no correlation with C3b-deposition ELISAs was observed. This lack of 

correlation is postulated to be caused by fundamental differences in the mechanisms of 

complement activation between cholesterol and antibodies as a trigger. Specifically, it is 

assumed that additional molecules such as C-reactive protein (CRP)16,17 or other serum 

components like lipoproteins18 are involved in complement initiation or modulation via high 

cholesterol contents in contrast to the direct binding of C1q to antibodies on the liposome 

surface. CRP is described to exhibit proinflammatory properties upon conformational changes 

from pentameric CRP (pCRP) to pCRP* or monomeric CRP (mCRP) revealing new epitopes 

for C1q binding after interaction with phosphocholine containing membranes.19 Furthermore, 

elevated liposomal cholesterol levels were described to cause increased CRP-dependent 

complement consumption and liposome lysis16, which would agree with the results observed 

in our studies. These findings indicate that the presence and role of such supposed cofactors 

need further investigation to understand and improve the assay, its performance and 

interpretability. Pathway specificity was also confirmed for antibody-triggered liposomes, which 

are already widely used in both liposome- and erythrocyte-based complement assays. 

However, antibody-triggered liposomes have not yet been subject to correlation studies within 

this work. Given their established use, a positive correlation with CH50 or respective ELISAs 

is anticipated, and future studies should aim to confirm this. Moreover, alternative approaches 

that simplify the assay preparation, such as the direct immobilization of CRP17, pentraxin 320, 

antibody Fc fragments21, C1q-binding peptides22,23, or other C1q-binding structures, could 
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serve as an alternative to the high cholesterol content triggered approach and enhance assay 

efficiency by eliminating incubation steps and improving reproducibility compared to the 

antibody triggered approach. 

The alternative pathway presented additional challenges. Although lipopolysaccharides (LPS) 

are a common type of trigger in commercial ELISAs, and its application in the liposome-based 

assay development and specificity studies were successful, the subsequent screening of 

individual donor sera revealed limited lysis across a significant proportion of these sera. This 

finding suggests that in this case deposition of early alternative pathway activation products 

on the liposome surface may be inefficient potentially due to the lack of a specific pattern 

recognition protein which attracts subsequent complement protein binding. Furthermore, the 

current anionic liposome surface may not provide suitable binding sites or favorable surface 

characteristics. To address this, future work should focus on optimizing liposome lipid 

composition and exploring alternative triggers such as inulin24, zymosan25, or liposomes with 

high amine content26, either alone or in combination, to enhance the sensitivity and reliability 

of the alternative pathway readout. However, the direct transfer of triggers and their results 

described in literature may remain challenging since in most cases no functional lysis but 

complement consumption, i.e. remaining erythrocyte lysis or increased complement activation 

products are detected. Furthermore, the impact of particle sizes, such as those of zymosan or 

higher-order inulin polymorphisms with sizes in the micrometer range, on the stability and 

reactivity of liposomes in the nanometer range remains to be investigated in the future. Rabbit 

erythrocytes which are commonly used in AP50 assays for alternative pathway activity 

determination27 may also serve as orientation for lipid compositions. Additionally, 

investigations of serum C3b or C5b levels after incubation with LPS-Liposomes under 

Mg2+/EGTA conditions should provide information on whether the absence of lysis in the 

respective sera is rather due to insufficient complement activation or restricted complement 

deposition on the liposome surface. 

Overall, the liposome-based assay developed in this work provides a promising platform for 

both high-throughput diagnostic applications and detailed mechanistic studies. Especially the 

assay's capability for time-resolved analysis offers new valuable insights into the kinetics of 

complement-mediated lysis. Still, there remains potential for optimization, particularly in the 

previously mentioned complement triggers but also in the use of buffer additives to stabilize 

background signals and prevent negative lysis values in non-lysing samples caused by the 

chosen background evaluation. Since 10 or 6-minute data point subtraction as background 

does not take into account any fluorescence intensity decay over time, non-reactive samples 

can show lower fluorescence signals after 60-minute incubation compared to the chosen 

background signal at 10 or 6 minutes. It is expected that additional investigations on buffer 
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additives, in form of alternative amino acids, proteins or low molecular sugars, can stabilize 

the background signal over the whole measurement time. Importantly, such additives must be 

carefully selected to avoid any interference with complement activation. 

The plasma feasibility studies demonstrated the advantages of using EDTA as anticoagulant 

over citrate, in case they are applied with replenished bivalent ions for assessing functional 

complement activity. EDTA plasma may possess a viable alternative to serum in order to 

enhance sample flexibility in diagnostic and research settings and help to reduce the risk of 

artificial pre-analytical complement activation. However, the here performed studies only 

investigate the reactivation potential of serum samples after anticoagulant addition. This does 

not fully represent the final conditions in real plasma but can be regarded as solid foundation 

for future studies. It is recommended to investigate the influence of potential coagulation of 

diluted plasma upon replenished bivalent ion concentrations in the liposome-based assay in 

subsequent studies. Comparisons of plasma and serum samples which were drawn 

simultaneously are finally mandatory to evaluate the real suitability and performance of 

replenished plasma samples compared to complement preserved serum as established matrix 

for complement activity determination. Furthermore, the investigation of animal sera revealed 

significant interspecies variability in complement responses towards varying liposome 

surfaces. Whilst the present studies underscore the importance of species selection in 

preclinical studies especially with respect to later translation to humans and suggest that 

liposome-based assays can serve as effective tools for comparative research, they miss any 

pathway specific analysis because liposomes which allow a reliable specific readout of each 

pathway had not yet been achieved. It is therefore recommended that, upon successful 

completion of the pathway specific liposome development, a comprehensive reinvestigation of 

various animal species should be conducted to determine their variances in each pathway. In 

this study, it is suggested to incorporate species that have historically been employed in 

complement research, such as guinea pigs and rabbits. Additionally, it is recommended to 

include species for which complement reactivity has been described to be similar to that of 

humans, such as dogs28. 

In conclusion, this thesis provides a versatile liposome-based platform technology to assess 

the pathway specific complement activity and functionality via liposome lysis. Further 

refinement, particularly in correlation studies and surface chemistry optimization, will be 

essential to fully realize its great potential in diagnostic and research applications. Its future 

applications range from the quantification of complement activity in serum samples for 

mechanistic studies or diagnostic patient screenings, pathway-specific evaluation of 

complement inhibitors and therapeutic agents during development or therapy monitoring to the 

application as quality control assay of complement-preserved sera, which is critical given the 
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thermosensitivity of complement proteins and the risk of artificial activation during sample 

handling. Furthermore, this work also provides the basis for the adaptation of other erythrocyte-

based complement assays, for example for the detection of autoimmune antibodies29 or factor 

H functionality30. Additionally, this work supports the broader applicability of different sample 

matrices and species in the liposome-based complement assay. It lays the foundation for 

simpler, more reliable yet flexible approaches for functional complement activity analysis. 
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