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"Every failure is a step to success. Every detection of what is 

false directs us towards what is true: every trial exhausts some 

tempting from error.” 

 – William Whewell 
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Abstract (EN) 

Endotoxin detection is essential for pharmaceutical safety and clinical diagnostics, but 

remains challenging due to interference with formulation components and biological 

matrices. This thesis investigates factors affecting detection, focusing on storage 

conditions, the effect of lipopolysaccharide (LPS) structural variants on low endotoxin 

recovery (LER), and masking mechanisms in human plasma. 

First, the influence of container materials on (1→3)-β-D-glucan (BDG) recovery was 

assessed, as BDG interferes with endotoxin measurements by falsely activating the 

Limulus amebocyte lysate (LAL) cascade via factor G. While short-term storage had 

no effect, long-term storage at -20°C reduced recoveries, especially in polyethylene 

containers. This highlights the importance of storage material selection for reliable 

BDG detection. 

Next, the effect of LPS structural diversity on endotoxin masking was analysed using 

rough LPS mutants (Ra – Re) from S. minnesota and E. coli. Polysaccharide length 

influenced masking susceptibility: rough mutants, with a lower hydrophilic/hydrophobic 

ratio and stronger negative charge, showed greater resistance to masking due to 

enhanced cation binding and stabilised supramolecular structures, resulting in higher 

recovery rates. Masking kinetics varied between detection systems, with LAL and 

recombinant Factor C (rFC) assays showing similar masking behaviour, while the 

Monocyte Activation Test (MAT) showed improved recovery. 

Finally, endotoxin detection in human blood was investigated, where plasma proteins 

contribute to masking. While previous research has emphasised electrostatic 

interactions, this study found that highly charged LPS structures, such as Re LPS, are 

less susceptible to masking, suggesting additional contributing factors. 

Overall, this dissertation advances the understanding of endotoxin masking, structural 

influences on detection and external factors affecting test reliability. These findings will 

help to optimise endotoxin testing, reduce false negatives and improve pharmaceutical 

and clinical safety. 
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Zusammenfassung (DE) 

Der Nachweis von Endotoxin ist essenziell für die pharmazeutische Sicherheit und 

klinische Diagnostik, wird jedoch durch Wechselwirkungen mit 

Formulierungsbestandteilen und biologischen Matrices erschwert. Diese Dissertation 

untersucht Einflussfaktoren, insbesondere Lagerbedingungen den Einfluss 

struktureller LPS-Varianten auf Low Endotoxin Recovery (LER) und 

Maskierungsmechanismen im menschlichen Blut. 

Zunächst wurde der Einfluss verschiedener Behältermaterialien auf die (1→3)-β-D-

glucan (BDG) -Rückgewinnung analysiert, da BDG die Bestimmung von Endotoxin 

stören kann. Während kurzfristige Lagerung keine Effekte zeigte, führte langfristige 

Lagerung bei −20 °C zu verringerten Glucan-Rückgewinnungen, insbesondere in 

Behälter aus Polyethylen. Dies unterstreicht die Bedeutung der Behälterwahl für 

verlässliche BDG-Analysen. 

Anschließend wurde untersucht, wie die strukturelle Diversität von LPS die Maskierung 

beeinflusst. Hierfür wurden raue LPS-Mutanten von S. minnesota und E. coli 

verwendet, die keine vollständigen O-Antigen-Ketten besitzen. Die Studie zeigte, dass 

die Polysaccharidlänge die Maskierungsempfindlichkeit beeinflusst. Raue Mutanten 

waren resistenter, da ihr geringeres hydrophiles/hydrophobes Verhältnis und ihre 

stärkere negative Ladung die Kationenbindung und Stabilisierung supramolekularer 

Strukturen begünstigen. Maskierungsmechanismen variierten je nach 

Nachweissystem: Während der Limulus-Amöbozyten-Lysat-Test (LAL) und der 

rekombinante Faktor C-Test (rFC) eine vergleichbare Maskierung zeigten, erzielte der 

Monozyten-Aktivierungstest (MAT) eine höhere Endotoxin-Rückgewinnung. 

Schließlich wurde der Nachweis von Endotoxin im Blut untersucht, wo Plasmaproteine 

zur Maskierung beitragen. Während frühere Studien elektrostatische 

Wechselwirkungen betonten, zeigte diese Arbeit, dass hochgeladene LPS-Strukturen 

wie Re-LPS weniger maskierungsanfällig sind, was auf weitere Einflussfaktoren 

hindeutet. 

Diese Dissertation trägt zum Verständnis der Endotoxin-Maskierung, struktureller 

Einflüsse auf die Detektion und externer Faktoren bei. Die gewonnenen Erkenntnisse 

helfen, Testverfahren zu optimieren, falsch-negative Ergebnisse zu reduzieren und die 

pharmazeutische und klinische Sicherheit zu verbessern.
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2. Introduction 

2.1 Endotoxins and their structures 

Endotoxins, chemically known as lipopolysaccharides (LPS), are large molecules 

embedded in the outer membrane of Gram-negative bacteria [1]. These molecules are 

critical for bacterial survival in harsh environments, providing structural stability and 

acting as a permeability barrier to toxic substances. While essential for bacterial 

physiology, endotoxins pose a major threat to human health when introduced into the 

bloodstream or sterile body sites, as they can trigger a cascade of immune responses 

[2]. 

From a structural point of view, LPS can be divided into three distinct regions: lipid A, 

core oligosaccharide, containing outer and inner core regions and O‑specific 

polysaccharide (Figure 1). 

 

Figure 1: Schematic representation of LPS. Lipid A consists of a di-phosphorylated disaccharide GlcN 

(glucosamine) backbone. The core is divided into inner and outer core. The inner core consists of Kdo (3-deoxy-D-

manno-octulosonic acid) and heptose (L-glycero-D-manno) residues and is phosphorylated with various groups 

such as phosphate (labelled P). The O antigen is composed of 1 to 50 repeating sugar subunits (n = 1-50). Different 

LPS mutants are labelled with Ra - Re. (Modified from [3]) 

Lipid A: Lipid A occupies the proximal position of LPS. It is hydrophobic and consists 

of a bisphosphorylated disaccharide of glucosamine esterified with fatty acids including 

caproic acid (C6), lauric acid (C12), myristic acid (C14), palmitic acid (C16) and stearic 

acid (C18) [4]. Lipid A anchors LPS molecules to the outer membrane of the bacterial 

cell wall through hydrophobic interactions with the acyl chains of phospholipids, 

forming a lipid bilayer. The stability of this layer is enhanced by salt bridges between 
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divalent cations and the phosphate groups of neighbouring lipid A molecules [1]. In 

particular, the lipid A region represents the endotoxic principle of LPS, as changes in 

its structure significantly affect the bioactivity of the molecule [5,6]. Full endotoxic 

activity is observed in molecules containing two hexosamine residues, two phosphoryl 

groups and six fatty acids, including specific 3-acyloxyacyl groups with defined chain 

lengths at different positions [7]. However, not all LPS molecules are toxic, just as not 

all Gram-negative bacteria are pathogenic [8]. For example, certain E. coli strains are 

harmless commensals in the human gut. 

Core oligosaccharide: Attached to lipid A, the core oligosaccharide forms the second 

part of LPS and can be further subdivided into an inner and outer core. The inner core, 

which is more conserved, contains unique sugars such as 3-deoxy-2-oxo-D-manno-

octonic acid (KDO) and L-glycero-D-manno-heptose (Hep), with carboxyl and 

phosphate groups contributing to its negative charge. This negative charge facilitates 

the binding of divalent ions such as Mg²⁺ and Ca²⁺, which is critical for maintaining the 

structure and function of the bacterial outer membrane [9]. In contrast, the outer core 

typically consists of hexoses such as glucose, galactose and N-acetylglucosamine, 

which show more variability between bacterial strains [7]. The core region contains up 

to fifteen monosaccharides and links to the polysaccharide portion to form the O-

specific chain [10]. 

O-specific polysaccharide (O-Antigen): The outermost region of LPS, the O-specific 

polysaccharide, consists of repeating oligosaccharide units. This polysaccharide 

varies significantly between bacterial strains in terms of sugar type, sequence and 

substitution patterns, resulting in different serotypes. Common sugars found in this 

region include glucose, galactose, rhamnose and mannose. The presence or absence 

of the O-specific polysaccharide determines whether bacteria are classified as smooth 

(S-type) or rough (R-type), with smooth types having a complete O antigen and rough 

types lacking it. The naming of these classes is based on the colony morphology 

observed on agar plates, where smooth colonies have a glossy appearance and rough 

colonies have a matte appearance [11]. Functionally, the O-specific polysaccharide 

plays a key role in bacterial survival, particularly in the host environment. In pathogens 

such as Salmonella species, it helps to evade host immune defences by providing a 

barrier to the membrane attack complex of the complement system. As it is the most 

exposed part of Gram-negative bacteria, the O-specific polysaccharide is often 
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targeted by the host immune system, including antibody binding, and is therefore 

referred to as the O-antigen [12]. 

The absence of O-antigen can occur naturally or as a result of genetic mutation. While 

all rough mutants lack O-antigen, the length of the oligosaccharide core varies 

depending on the gene loci involved. Rough mutants without O-antigen but with a 

complete inner and outer core structure are called Ra-LPS. In contrast, rough mutants 

with a significantly reduced core are termed Re-LPS or "deep rough" LPS [13]. Re-

LPS represents the smallest LPS structure that supports bacterial membrane integrity, 

while Ra-LPS has the longest core configuration among rough LPS. Mutations at 

different loci result in core lengths between Ra and Re-LPS [8]. In wild-type organisms, 

which predominantly express smooth LPS, there is significant size heterogeneity 

among LPS molecules. Approximately 40-50% of these molecules are semi-rough, 

characterised by the absence of the O-antigen repeating units [11]. 

Due to its amphiphilic nature, with hydrophilic (O-antigen and core region) and 

hydrophobic (lipid A) regions, LPS tends to aggregate in aqueous solutions. Depending 

on the molecular structure and environmental conditions, LPS can form various 

supramolecular assemblies, including non-lamellar, inverted cubic or hexagonal 

phases, as well as lamellar structures. Several studies have shown that the 

aggregation state of LPS influences both its biological activity and detectability [5,14–

16]. 

2.2 Clinical relevance of endotoxins 

Endotoxins can induce an adverse reaction in the picogram range per kilogram of host 

body weight, meaning that even minimal amounts can lead to significant immune 

responses. The intensity and threshold to induce pyrogenicity depends on the source 

of the endotoxin. Endotoxin units (EU) have been introduced to allow comparison of 

the biological activities of different LPS. The units are based on the approximate 

threshold of pyrogenic activity of E. coli LPS, where 1 EU corresponds to the biological 

activity of 0.1 nanogram of purified E. coli endotoxin in humans [17]. 

Due to their potent immunostimulatory effects, endotoxins play an important role in 

clinical settings. When endotoxins enter the human bloodstream, they can trigger a 

systemic inflammatory response known as endotoxemia [18]. This condition is 

particularly critical in sepsis, a life-threatening organ dysfunction caused by a 



Introduction 

6 
 

dysregulated immune response to infection. Sepsis remains a major cause of morbidity 

and mortality in intensive care units (ICUs) worldwide [19]. The lipid A component of 

LPS is primarily responsible for the endotoxic effects as it activates the innate immune 

system by binding to Toll-like receptor 4 (TLR4) on host cells. This interaction initiates 

a signalling cascade leading to the production of pro-inflammatory cytokines such as 

tumour necrosis factor alpha (TNF-alpha), interleukin-1 beta (IL-1beta) and interleukin-

6 (IL-6). In vivo, these cytokines contribute to fever, hypotension, endothelial activation, 

and increased vascular permeability [20]. 

The severity of endotoxin-induced sepsis highlights the importance of early diagnosis 

and prompt treatment. As sepsis progresses, organ dysfunction and systemic 

complications make effective therapy increasingly difficult, emphasizing the need for 

early intervention. Current therapeutic strategies for sepsis include fluid resuscitation, 

administration of broad-spectrum antibiotics, and the use of vasopressors. However, 

despite advances in medical care, sepsis remains associated with high mortality. This 

underscores the urgent need for novel therapeutic approaches that target endotoxin 

activity and, more importantly, for reliable methods to detect endotoxin at an early 

stage to enable timely and effective treatment. [21,22] 

In addition to sepsis, endotoxins have been implicated in several non-infectious 

inflammatory diseases [23]. Chronic exposure to low levels of endotoxins, often 

referred to as metabolic endotoxemia, has been linked to metabolic disorders such as 

insulin resistance, obesity and atherosclerosis. In these conditions, endotoxins derived 

from the gut microbiota can enter the bloodstream through a compromised intestinal 

barrier, triggering low-grade systemic inflammation [24–26]. 

The clinical relevance of endotoxins extends beyond human health to the 

pharmaceutical and biomedical industries. Endotoxin contamination in parenteral 

drugs, intravenous fluids and medical devices can pose serious risks to patients, 

making endotoxin detection and removal a critical aspect of product development and 

quality control [27,28]. Overall, understanding the clinical implications of endotoxins is 

essential to improve patient outcomes in both infectious and non-infectious diseases. 

Continued research into the mechanisms of endotoxin action, detection technologies 

and therapeutic interventions holds promise for reducing the global burden of 

endotoxin-related disease. 
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2.3 Detection of endotoxins 

Given that Gram-negative organisms inhabit nearly every environment on Earth, LPS 

is among the most abundant complex organic molecules in nature.[29]. Gram-negative 

bacteria thrive in diverse habitats, from soil and freshwater to the extremes of icy 

oceans and scalding hot springs. Gram-negative bacteria can grow in the cleanest 

water due to their minimal growth requirements. The ubiquity of endotoxins therefore 

requires routine and reliable screening of all fluids and drugs prepared for parenteral 

therapy. [1] 

Over the years, several assays have been developed to detect endotoxins, with the 

Limulus amebocyte lysate (LAL) assay being the most widely used. To address some 

of the limitations of LAL, alternative methods such as the Recombinant Factor C (rFC) 

assay and the Monocyte Activation Test (MAT) have been introduced. Each method 

uses a different mechanism with unique advantages and challenges. 

Introduced in the 1960s, the LAL test remains the gold standard due to its high 

sensitivity and specificity. It is derived from the blood of horseshoe crabs (Limulus 

polyphemus or Tachypleus tridentatus) and uses a natural coagulation cascade 

triggered by endotoxin binding. The occurrence of LPS activates an LPS-sensitive 

serine protease zymogen Factor C. The active form of the enzyme Factor C* then 

activates zymogen Factor B to Factor B*, following a forming formation of the clotting 

enzyme from proclotting enzyme (Figure 2). The clotting enzyme converts coagulogen, 

an invertebrate fibrinogen-like substance, to coagulin, resulting in a gel [30]. The whole 

enzymatic cascade is present in the Limulus amoebocyte lysate and allows for an 

extremely high sensitivity of the lysate to nanogram quantities of endotoxins [31,32]. 

The gel-clot method (Figure 2 A) relies on the occurrence of gel forming and is closest 

to the coagulation reaction happening in vivo [33]. Chromogenic and turbidimetric 

methods are referred to as photometric techniques. They are based on development 

of colour after cleavage of a synthetic chromogenic substrate by an enzyme activated 

by the endotoxin or a turbidity change after gel formation in lysate, respectively (Figure 

2 B, C) [34,35]. The rates of absorbance change in the chromogenic method and the 

turbidimetric method are proportional to the endotoxin concentration. Despite its 

effectiveness, the LAL assay has several limitations, including reliance on animal 

resources and susceptibility to interference from certain pharmaceutical formulations, 

resulting in issues such as low endotoxin recovery (LER) [36]. 
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Figure 2 Reaction mechanism of the Limulus coagulation cascade system and its usage as endotoxin test. 

Activation of Factor C through LPS results in the formation of coagulin gel. Unspecific activation of the cascade by 

factor G through glucans is also possible. Substrates and Products A) used for gel clot assay; B) used for 

turbidimetric assay; C) used for chromogenic assay are shown. D) Activation of recombinant Factor C (rFC) by LPS 

and fluorogenic substrate and product used for recombinant assay. 

The rFC assay offers a synthetic alternative that addresses the ethical and 

sustainability concerns associated with horseshoe crab harvesting. It uses 

recombinant technology to produce Factor C, which specifically binds to endotoxins 

and elicits a measurable response (Figure 2 D). This assay is recognised as being 

ethical, sustainable and less prone to interference, with performance comparable to or 

better than LAL [37–39]. Regulatory bodies, including the Food and Drug 

Administration (FDA) and European Medicines Agency (EMA), have begun to 

recognise the rFC assay as a valid alternative for endotoxin testing [40,41]. 

Unlike LAL and rFC, which specifically detect endotoxins, MAT can identify a wider 

range of pyrogens than endotoxins, known as non-endotoxin pyrogens (NEPs). 

Examples of NEPs include lipoteichoic acid from Gram-positive bacteria and 

peptidoglycan from fungi. The MAT uses human monocytes, monocytic cell lines or 

whole blood to measure the biological response to pyrogens. When pyrogens are 

present, they bind to Toll-like receptors on monocytes, triggering the release of 

cytokines such as IL-1 beta, which are then quantified by ELISA or similar techniques. 

MAT offers the advantages of detection of endotoxins and NEPs, closer simulation of 

human response and ethical compliance as it is entirely in vitro. However, it is more 

complex, costly and less standardised than LAL or rFC [42]. 
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To summarise the key differences, LAL and rFC assays are highly sensitive and 

specific for endotoxins, whereas MAT provides broader pyrogen detection for 

endotoxins and NEPs. LAL is animal-dependent, whereas rFC and MAT are animal-

free, making them more sustainable options.  

2.4 Limitations in the detection of endotoxins 

2.4.1 Test Interference 

Assay interferences are a significant limitation in endotoxin detection. Various factors 

present in the sample matrix can lead to false-positive or false-negative results by 

interfering with the assay reaction. For LAL assays, common interferents include 

certain proteins, detergents or salts that can either inhibit the clotting reaction or cause 

non-specific reactions, making accurate quantification difficult. These interferences 

can result from the physicochemical properties of the sample, such as pH, ionic 

strength or the presence of chelating agents, which affect the assay's ability to reliably 

detect endotoxins. The LAL reaction is optimised for pH values between 6.4 and 8.0; 

deviations from this range will suppress reactivity. Divalent cations such as calcium 

and magnesium are essential for LAL activity as they help to disperse endotoxin 

aggregates. Chelating agents such as citrate and heparin can inhibit LAL by binding 

calcium, reducing sensitivity. [43] 

Another specific challenge for LAL assays is the presence of (1→3)-β-D-glucans 

(BDG), which can activate the LAL pathway independently of endotoxins. By activating 

factor G, it leads to the formation of the clotting enzyme (Figure 2), leading to false-

positive results [30]. BDGs are polysaccharides composed of glucose monomers that 

can trigger an inflammatory response, similar to endotoxins. They are produced by 

most fungi as a cell wall component, but they are also found in a wide range of other 

eukaryotic and prokaryotic organisms, like yeast and algae [44]. Unlike LAL, rFC based 

assays are not sensitive to glucans, making them preferable in certain applications. 

Overcoming test interferences often involves sample preparation steps such as 

dilution, pH adjustment or the use of endotoxin-free materials, but these can introduce 

additional variability [45]. 

2.4.2 Sample Interference – Masking of Endotoxin 

Sample interference occurs when an endotoxin spike cannot be recovered over time, 

even though valid Positive Product Controls (PPCs) indicate that the enzymatic 

reaction is functional and no direct test interference is present. This phenomenon is 
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known as LER and is characterised by a time-dependent reduction in detectable 

endotoxin levels, typically observed in undiluted samples containing specific 

formulation components (e.g. chelators or buffers). 

In 2013, Chen and Vinther first reported LER during bacterial endotoxin testing (BET) 

of biopharmaceuticals. They observed that spiked endotoxins were insufficiently 

detectable after incubation in certain formulations. [46] LER primarily affects 

biopharmaceutical products where the active pharmaceutical ingredients (APIs) are 

large proteins, such as monoclonal antibodies. These products are often formulated 

with excipients such as phosphate and citrate buffers and polysorbates to improve 

stability. 

Reich et al. [36] proposed a two-step mechanism for endotoxin masking. First (Figure 

3, A), chelating agents disrupt the salt bridges between endotoxins and divalent cations 

such as magnesium, reducing the structural stability of endotoxin aggregates. Second 

(Figure 3, B), surfactants solubilize the loosened aggregates by forming mixed micelles 

with monomeric endotoxin, thereby altering its structure and reducing detectability. 

Ionic surfactants, which combine chelating and hydrophobic properties, can induce 

masking directly by breaking up endotoxin aggregates and forming undetectable 

complexes. 

 

Figure 3: Two-step mechanism of endotoxin masking Reich et al. proposed a potential mechanism of endotoxin 

masking, caused by a chelator and a surfactant. A) Chelators disturb pure endotoxin aggregates and reduce the 

rigidity of the aggregates. B) Surfactants interact with endotoxin and form mixed aggregates which masked the 

endotoxin for enzymatic detection. (adapted from [36]) 
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However, LER is not limited to formulations containing both chelators and surfactants. 

Williams highlighted that proteins in biopharmaceutical formulations can independently 

induce LER. Proteins can bind endotoxins via ionic or hydrophobic interactions, 

altering their aggregation state and rendering them undetectable. [1] 

Blood is a particularly challenging matrix for endotoxin detection due to its complex 

composition of proteins, lipids and cells. These components can interact with 

endotoxins and either inhibit or enhance detection, depending on the specific 

interactions. There is currently no universally reliable method for detecting endotoxin 

in blood, which complicates clinical diagnosis and safety assessment. [47–49] This 

limitation is critical in scenarios such as sepsis diagnosis, where rapid and accurate 

detection of endotoxins could significantly improve patient outcomes. 

The FDA has expressed concern that LER may lead to underestimation of endotoxin 

levels in drugs, resulting in a potential risk of pyrogenic reactions. To mitigate this risk, 

regulatory authorities recommend thorough validation of endotoxin detection methods 

for each specific product matrix. Understanding the mechanisms underlying LER and 

ensuring accurate endotoxin detection remains critical for safeguarding patient health 

and maintaining product quality in pharmaceutical and medical device manufacturing 

[40]. 
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3. Aim of work 

The primary objective of this thesis is to improve the reliability of endotoxin detection 

in complex biological matrices, in particular human plasma, by systematically 

investigating the factors that contribute to endotoxin masking. The study will follow a 

structured approach to analyse the mechanisms behind masking, identify key 

influencing factors and develop strategies to improve detection accuracy. 

External factors affecting endotoxin detection, including storage conditions and 

potential contaminants in the samples, will first be investigated. This will be combined 

with an investigation of how (1→3)-β-D-glucan detection with the LAL-based assay is 

affected by storage conditions. 

The focus of the research will then be on internal factors, with an emphasis on the 

structural diversity of endotoxins. Variations in LPS structure, including differences in 

O-antigen chains and core oligosaccharides will be evaluated under masking 

conditions to determine their effect on endotoxin detectability. 

Finally, the study will investigate endotoxin masking in human plasma by assessing 

the interactions between endotoxins and plasma components, in particular proteins. 

Various strategies to overcome masking will be investigated, including salt-based 

treatments, pH adjustments and the use of polyanionic substances such as heparin. 

The effectiveness of these methods in restoring endotoxin detectability will be 

systematically evaluated. 

Ultimately, the vision of the research is to improve endotoxin detection methods to 

increase the reliability of endotoxin testing in clinical diagnostics and pharmaceutical 

quality control. By overcoming the limitations of endotoxin masking, the study aims to 

contribute to more accurate safety assessments of blood products and injectable 

drugs, thereby reducing the risk of false-negative results and improving patient safety. 

This research provides a comprehensive framework by sequentially addressing 

external factors, internal structural diversity, and endotoxin masking, ensuring a 

systematic approach to enhancing endotoxin detection strategies. 
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4. Results 

4.1 Publication I 

Effects of Different Container Types on (1→3)-β-D-glucan Recovery 

Burgmaier Luisa, Illes Bernhard, Leiss Michael, Avci-Adali Meltem, Reich Johannes 

Molecules/ published 2023, October 4 

Reliable detection of (1→3)-β-D-glucan is critical in pharmaceutical quality control, as 

this contaminant can trigger inflammatory responses and interfere with endotoxin 

measurements. To ensure accurate detection, it is essential to understand how storage 

conditions and container materials affect glucan recovery. 

This study investigated the effect of different container types, borosilicate glass, 

polypropylene and polyethylene, on BDG recovery under different conditions, including 

room temperature (RT) and long-term freezing at -20 °C. During short-term storage 

(up to 3 hours) at RT, all containers showed glucan recoveries above 80%. However, 

after 24 to 48 hours, polyethylene containers showed significantly lower recoveries 

(57% and 46%), while borosilicate and polypropylene containers maintained consistent 

results. 

In case of long-term storage at -20 °C, glucan recovery decreased with time for all 

types of containers. Borosilicate and polypropylene containers maintained higher 

recoveries (76% to 80%), whereas polyethylene containers had lower and more 

variable recoveries (68%). Freeze/thaw cycles in polyethylene containers, reduced 

recoveries to 66%, while the recovery rate in borosilicate and polypropylene containers 

remained stable at close to 100%. 

The study also tested the effect of surface area to volume ratio using two borosilicate 

containers of different dimensions. After 28 days of storage at 4 °C, both showed 

similar recoveries of around 89%, indicating no significant effect of this factor in this 

study. 

In conclusion, container material can play a critical role in BDG recovery. Borosilicate 

glass and polypropylene are the most reliable options, whereas polyethylene 

containers run the risk of underestimating contamination, particularly during long-term 

storage or freeze/thaw processes. These findings highlight the importance of selecting 

appropriate containers to ensure accurate glucan detection in pharmaceutical quality 

control.  
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4.2 Publication II 

The impact of LPS mutants on endotoxin masking in different detection 

systems 

Burgmaier Luisa, Pölt Stefan, Avci-Adali Meltem, Reich Johannes 

Biologicals/ published 2024, November 24 

Endotoxin masking poses a potential risk to patient safety by rendering endotoxins in 

pharmaceutical products undetectable. This study investigates how structural 

variations in LPS from Salmonella minnesota and Escherichia coli affect masking and 

how this can be detected using different assays: the LAL test, the rFC test, and the 

MAT. It builds on previous work on (1→3)-β-D-glucan detection, which showed that 

container materials and storage conditions influence recovery. These findings highlight 

how technical and biological factors affect reliable pyrogen detection in pharmaceutical 

products. 

The susceptibility to masking strongly depends on polysaccharide chain length. Rough 

LPS mutants with shorter chains show slower masking than smooth LPS with longer 

chains. This is attributed to a lower hydrophilic/hydrophobic ratio in rough mutants, 

reducing masking, and their stronger negative charge, which stabilises supramolecular 

structures by increasing affinity for divalent cations. 

Masking kinetics varied between bacterial strains. E. coli mutants masked faster than 

S. minnesota, likely due to the higher hydrophobicity of S. minnesota lipid A. In both 

strains, mutants with longer polysaccharide chains showed faster masking. 

LAL and rFC assays showed similar masking behaviour and masked smooth LPS and 

rough mutants with longer chains (Ra, Rb) within 45 minutes. In contrast, MAT showed 

higher endotoxin recovery for rough mutants, suggesting it can detect masked 

endotoxins for longer. However, MAT showed lower activity for short-chain mutants 

due to their reduced potency in immune activation. 

Short-term studies (up to 45 minutes) showed rapid masking for smooth LPS and 

longer-chain mutants, while rougher mutants masked only after longer incubation of 

up to 72 h. Masking was induced by a matrix containing sodium citrate and polysorbate 

20. The study concludes that LPS structure, particularly polysaccharide length and 

charge, significantly influences masking behaviour.  
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4.3 Publication III 

Beyond Electrostatic Interactions: The Key to Reliable Endotoxin Analysis in 

Human Plasma 

Burgmaier Luisa, Lifka Johanna, Avci-Adali Meltem, Reich Johannes 

European Journal of Pharmaceutics and Biopharmaceutics/ published 2025, June 13 

Accurate detection of endotoxin in human blood is critical for sepsis diagnosis and 

safe drug administration. However, masking by blood components complicates 

detection using the LAL assay. This study investigates masking mechanisms and 

shows that electrostatic interactions alone cannot fully explain the effects, with LPS 

structure and additional binding forces playing key roles. The findings complement 

previous studies showing that both technical factors such as container materials and 

biological properties like LPS structure influence pyrogen detection and can lead to 

underestimation of contamination. 

Endotoxins interact with plasma proteins such as human serum albumin (HSA) and 

lysozyme. While HSA showed limited masking at physiological levels, lysozyme, even 

at low concentrations (~6 µg/ml), contributed significantly via electrostatic interactions. 

Denatured proteins masked less effectively, and their reduced hydrophobic interfaces 

suggest a role for hydrophobic interactions. 

High salt solutions disrupted masking in lysozyme samples but were ineffective in HSA 

and plasma, indicating additional binding mechanisms. pH adjustment to 11 or 12 

improved recoveries by reducing electrostatic interactions, but full recovery remained 

elusive. Smooth LPS (S-type) with complete O-antigen chains masked more rapidly 

due to hydrophilic interactions, whereas rough mutants retained higher recoveries. 

Size exclusion chromatography (SEC) of plasma fractions showed that masking 

depended on specific protein interactions rather than total protein concentration. The 

results suggest masking results from a combination of electrostatic, hydrophilic, and 

structural interactions. 

In conclusion, endotoxin masking in plasma involves complex mechanisms beyond 

electrostatics, including specific protein interactions and LPS structural diversity. 

Effective detection requires strategies addressing these diverse mechanisms to ensure 

reliable diagnostics and patient safety.
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5. Discussion 

Endotoxin detection in human blood plays a critical role in clinical diagnostics and 

contamination control of blood-derived products in pharmaceutical quality assurance. 

Although several studies have reported variable levels of endotoxin in humans, 

methodological limitations make these values difficult to interpret with certainty. One 

study found endotoxin levels in the blood of 116 healthy donors ranging from 0.01 to 

0.5 EU/mL, with a mean of about 0.1 EU/mL [50]. Another published study documented 

similar results, with endotoxin levels generally below 1 EU/mL [51]. Some research has 

indicated that endotoxin levels in the blood of healthy individuals can be even lower, 

typically below 0.05 EU/mL [52]. 

Both the U.S. Food and Drug Administration (FDA) and the European Pharmacopoeia 

set a limit of 5 EU/kg body weight per hour for endotoxin exposure in injectable drugs 

and medical devices [40,53]. The threshold is a standardized constant derived from 

studies that assessed the endotoxin levels required to induce fever in rabbits [54,55]. 

For an average adult weighing 70 kg, this translates to a total endotoxin load of 350 

EU, which, distributed across an approximate blood volume of 5 L, results in a 

concentration of about 0.07 EU/mL. This limit is established to protect individuals from 

even the smallest amounts of endotoxins, which could trigger adverse immune 

responses when introduced through injectable drugs or other parenteral products. In 

clinical settings, however, endotoxin levels in the blood can be significantly higher, 

often serving as a marker for the severity of the condition. These elevated endotoxin 

levels observed in sepsis patients, as highlighted by studies such as those by Opal et 

al., ranging from 0.5 to several EU/mL, with severe cases reaching up to 8 EU/mL 

indicate a fundamentally different clinical scenario compared to the controlled 

conditions of pharmaceutical manufacturing. The high endotoxin levels observed in 

sepsis are linked to systemic inflammation and poor clinical outcomes, underscoring 

the critical role of LPS in the pathophysiology of sepsis [51]. Therefore, while the 0.07 

EU/mL limit is crucial for safeguarding against external endotoxin exposure, the higher 

endotoxin levels observed in sepsis patients represent a separate and more complex 

issue in clinical practice. 

This difficulty raises concerns about the reliability of current endotoxin assays, 

particularly in detecting the full spectrum of LPS concentrations in clinical settings. The 

variability in reported endotoxin levels across different studies suggests that 
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measurement techniques might not consistently capture true LPS levels, potentially 

leading to underestimation or misinterpretation, and impacting clinical decisions and 

patient management [56]. In addition to sepsis, LPS levels also show significant 

variability in other disease contexts. For example, in chronic liver diseases, research 

by Duan et al. has demonstrated that circulating LPS levels vary significantly among 

patients with different stages of liver fibrosis. This variability suggests differential 

responses to LPS-induced hepatic inflammation and fibrogenesis [57]. Similarly, 

studies investigating neuroinflammatory conditions have found varying levels of LPS 

in cerebrospinal fluid and brain tissues of patients with neurodegenerative diseases. 

Banks et al. emphasized the complexities involved in measuring LPS-induced 

neuroinflammation and the necessity for standardized protocols to accurately assess 

LPS levels across different biological matrices [58]. 

Given the critical role of endotoxin in sepsis and other inflammatory conditions, reliable 

detection methods are essential for timely diagnosis and effective treatment. Sepsis 

remains a leading cause of mortality, thus delays or inaccuracies in endotoxin 

measurement can significantly impact patient outcomes. Advancing detection methods 

and understanding endotoxin interactions will improve sepsis management and 

therapeutic interventions.  

The studies presented here examine various aspects of the complex issue of endotoxin 

detection in human blood, addressing both external and internal influencing factors. 

External factors, defined as environmental or procedural conditions influencing the 

sample from the outside, include storage conditions and potential accompanying 

contaminants. Internal factors, referring to properties inherent to the sample itself, 

include the structural diversity of endotoxins and their masking mechanisms, as well 

as the limitations of current detection systems in complex biological matrices like 

human blood. By addressing these challenges, the combined results offer valuable 

insights into endotoxin behaviour, the reliability of detection methods, and the influence 

of interfering factors. 

5.1 External factors influencing endotoxin detection 

The chromogenic variant of the LAL assay employed for BDG detection relies on the 

coagulation cascade of horseshoe crab amoebocytes. While native lysates contain 

both Factor C and Factor G, activated by endotoxin and BDG respectively, specificity 

for BDG is achieved by eliminating Factor C. As a result, the assay becomes 
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exclusively responsive to BDG [59]. Despite this specificity, both endotoxin and BDG 

assays remain highly susceptible to external influences, particularly container 

materials and handling conditions, which can significantly impact analytical accuracy.  

Our study demonstrated that polyethylene containers resulted in significantly lower 

BDG recoveries during long-term storage and freeze/thaw cycles, whereas borosilicate 

glass and polypropylene containers provided more stable recoveries. These findings 

suggest that adsorption or degradation over time may reduce BDG detectability, 

potentially leading to false-negative results.  

The differences in adsorption behaviour among the tested materials can be attributed 

to their distinct surface properties. Polyethylene, composed of nonpolar -CH₂ groups, 

presents a highly hydrophobic surface that favours van-der-Waals forces and 

hydrophobic interactions with the large and flexible but overall hydrophilic BDG 

molecules [60]. These interactions often lead to irreversible or strongly retained 

binding, thereby reducing the analyte’s availability for detection. In contrast, 

borosilicate glass offers a hydrophilic, negatively charged surface with polar silanol 

groups capable of reversible hydrogen bonding with BDG [61]. This interaction 

supports better dispersion and availability of BDG in solution. Polypropylene, although 

nonpolar, exhibits higher crystallinity and reduced surface flexibility, resulting in fewer 

interactions with BDG compared to polyethylene, which explains its good performance 

[62].  

These observations align well with previous research emphasizing the impact of 

surface chemistry on biomolecule adsorption. The comparable BDG recoveries in our 

study observed in different sized borosilicate containers suggest that surface chemistry 

plays a more significant role than surface area in this context, providing practical 

guidance that container volume within typical ranges may not substantially affect 

glucan detection. 

Similar material-dependent effects are well-documented in endotoxin analysis. 

Novitsky et al. demonstrated that different container surfaces influence endotoxin 

recovery, primarily due to their adsorptive properties [63]. While borosilicate glass and 

polystyrene containers exhibited high endotoxin recoveries, polypropylene containers 

showed significantly lower recoveries, confirming the adsorptive nature of certain 

surfaces. The amphipathic nature of LPS leads to complex interactions with container 

surfaces. Hydrophilic, negatively charged materials like borosilicate glass promote 
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stable dispersion of LPS aggregates, whereas hydrophobic surfaces such as 

polyethylene and polypropylene facilitate aggregation and physical losses [64]. 

Comparable mechanisms govern endotoxin behaviour, although the amphipathic 

nature of lipopolysaccharides introduces additional complexity. LPS molecules consist 

of both hydrophilic polysaccharide chains and a hydrophobic lipid A moiety, and the 

ratio between these regions can vary significantly among bacterial species or LPS 

mutants [65]. This structural variability directly affects how LPS interacts with container 

surfaces and other sample components. 

Moreover, sample matrix composition, especially protein content and charge, 

substantially influences endotoxin adsorption. Yokota et al. investigated the impact of 

cationic proteins on endotoxin adsorption to glass surfaces [66]. While glass generally 

minimizes endotoxin loss in water-based solutions, the presence of cationic proteins 

led to significantly lower endotoxin recoveries. This suggests that charge-mediated 

adsorption plays a major role in endotoxin loss in glass containers. In contrast, 

polystyrene tubes exhibited better recoveries in the presence of cationic protein but 

performed worse when non-cationic proteins were present. Cationic proteins can 

mediate adsorption by bridging negatively charged glass surfaces, while polystyrene’s 

interaction varies depending on protein characteristics [66].  

These findings highlight the importance of matrix effects in endotoxin analysis, which 

may also be relevant for BDG quantification. Our study focused on BDG recovery in 

water samples, and therefore does not account for the potential influence of more 

complex matrices such as those containing proteins or other charged components. 

The parallels to endotoxin behaviour suggest that matrix-dependent effects could 

significantly impact BDG detectability as well. Given the growing scientific interest in 

glucans due to their immunomodulatory properties, future research should investigate 

the influence of realistic pharmaceutical formulations on BDG detection [67]. While 

endotoxins are strictly regulated because of their significant impact on patient safety, 

BDG are not currently subject to regulatory control, although their biological activity 

may justify closer examination [68]. 

Our findings, along with results from the other studies, underscore the necessity to 

experimentally validate the choice of storage materials in the context of specific sample 

matrices to avoid assay artifacts and ensure accurate quantification. The observed 

differences in recovery depending on protein content and container surface emphasize 
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the importance of container selection, particularly when analysing protein-rich 

samples, as such interactions can significantly influence assay performance for both 

endotoxins and BDG. This highlights the need for follow-up studies using more 

complex and pharmaceutically relevant matrices to fully understand and control 

potential interferences.  

Matrix effects are not limited to storage conditions but also extend to the pre-analytical 

phase, particularly in blood-based samples. The choice of anticoagulant is a critical 

factor when analysing endotoxins in blood. Heparinized blood samples often yield 

more reliable endotoxin results compared to EDTA- or citrate-treated samples. This 

difference underscores the importance of optimizing blood collection methods to 

minimize interferences in LAL assays, for example by standardizing protocols, 

preferring heparin, and ensuring prompt, pyrogen-free handling. [69] In our studies, we 

consistently used heparin as the anticoagulant to minimize such interferences and 

ensure comparability of results across experiments. 

Moreover, the blood sample itself can also cause interference. Several serine 

proteases, including trypsin, factor X, and α-thrombin, can hydrolyse the chromogenic 

substrates used in the LAL assay, leading to false-positive results. Conversely, serine 

protease inhibitors, such as trypsin inhibitor and antithrombin III, may cause false-

negative results by inhibiting LAL clotting enzymes[70]. While these interferences are 

typically addressed by heat treatment (75 °C, 15 min) and sample dilution, our findings 

show that these measures are not consistently effective. Heat treatment alone led to 

highly variable results, with residual interference still observed in several plasma 

samples (data not shown). We found that a minimum dilution of 1:500 was required to 

reliably suppress plasma-associated interferences in the chromogenic LAL assay. 

However, this level of dilution significantly compromises assay sensitivity, making the 

detection of low endotoxin levels challenging or impossible.  

While the LAL assay is FDA-approved for BDG detection in human serum, its clinical 

application faces challenges due to limited sensitivity and specificity. The sensitivity of 

BDG assays typically averages in the mid-70% range, meaning that negative results 

do not reliably exclude invasive fungal infections. Furthermore, specificity is 

compromised by false-positive results caused by albumin, intravenous 

immunoglobulin, and other components. [59] These limitations complicate clinical 

decision-making and suggest the presence of additional, unidentified factors 
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influencing BDG detection. Despite these challenges, BDG assays remain valuable for 

early fungal infection detection, offering a faster alternative to traditional blood cultures, 

which require 2-3 days of incubation. Optimizing assay reliability through improved 

sample handling and a better understanding of external influences is crucial for 

enhancing diagnostic accuracy. 

These findings highlight the critical role of external factors, particularly storage 

container material and sample handling, in the detection of both endotoxins and BDG 

using the LAL assay. While endotoxin detection is further complicated by masking 

effects and structural variability, BDG assays primarily require stringent control of 

external variables. Addressing these factors through the use of pyrogen-free, low-

binding containers, standardized sample preparation protocols (e.g., use of 

heparinized blood and rapid processing), and targeted assay optimization (such as 

heat treatment and validated dilution steps) is essential for ensuring reliable endotoxin 

and BDG detection, ultimately improving pharmaceutical safety and clinical 

diagnostics.  

5.2 Internal factors influencing endotoxin detection 

While external factors affecting endotoxin detection and LER, such as container effects 

and matrix components like buffers, APIs and surfactants, have been extensively 

studied, internal factors such as the structural diversity of LPS remained unexplored. 

Evaluations using defined endotoxins are often recommended to assess assay 

performance. However, naturally occurring contamination is more complex due to the 

enormous structural diversity of LPS resulting from different bacterial growth conditions 

and mutations. Different LPS variants exhibit different masking susceptibilities, often 

for reasons that are not fully understood. Although some research has focused on the 

effects of naturally occurring endotoxin (NOE), these studies primarily examine 

whether purified LPS variants, which do not occur naturally in their isolated form, 

introduce artefacts. However, they did not investigate the structural influence of LPS 

on masking, but rather focused on the effects of purified endotoxins. A better 

understanding of the link with the structure of LPS is therefore essential to support the 

development of more reliable detection methods for endotoxins [8,71–73]. 

In this thesis the effect of LPS mutants on the LER phenomenon and its detection in 

different test systems was evaluated. The aim was to investigate how structural 

variations in LPS affect masking processes and ultimately endotoxin detectability. 
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Despite its importance, this phenomenon is still not fully understood. Therefore, this 

study analyzed the role of LPS mutants in LER within pharmaceutical formulation 

matrices and human plasma, assessing their detectability using the most commonly 

employed endotoxin assays. 

To begin with, the endotoxin activities per mol of each mutant were determined, 

revealing a wide range of assay responses across the different LPS structures. This 

variability is partly explained by the strong tendency of LPS molecules to form 

aggregates, which complicates the accurate determination of their molecular mass 

and, consequently, the calculation of molar activity [8]. As molarities were estimated in 

this study, slight variations in activity per mol may occur, particularly in E. coli where 

different core types with different polysaccharides complicate accurate measurements. 

For S. minnesota mutants, activity decreased progressively from smooth LPS to 

mutants with shorter sugar chains, except for the Ra mutant. A similar trend was 

observed for E. coli mutants, where activity decreased from mutant Rc to lipid A.  

Interestingly, for both strains, lipid A exhibited the lowest activity, which was 

unexpected as lipid A is generally considered to be the most toxic component of LPS. 

Lipid A is a hydrophobic anchor embedded in the bacterial membrane and is 

recognized by the host immune system as a pathogen-associated molecular pattern 

(PAMP) [20,74]. Lipid A is the most conserved component of LPS but still exhibits 

significant structural variability. This variability is primarily due to differences in the 

number, length, and saturation of acyl chains, as well as the degree of phosphorylation. 

For example, E. coli lipid A typically contains six acyl chains, while lipid A from 

Pseudomonas aeruginosa and Helicobacter pylori contains fewer acyl chains, which 

affects their endotoxic activity and recognition by the immune system [75,76]. The 

reduced activity could be attributed to the shorter sugar chains, which may hinder the 

mutants' ability to form the supramolecular structures required for detection by Factor 

C. This finding is consistent with previous observations that the size and state of LPS 

aggregate correlate with activity in LAL assays [74,77]. Mueller et al. also reported that 

LPS monomers showed no biological activity in either MAT or LAL assays [78]. 

Furthermore, while endotoxin aggregation is necessary for stimulation, other studies 

have shown that the structure of the aggregates also plays a critical role [79]. 

In addition, changes in solubility caused by the shortened sugar chains and increased 

hydrophobicity may affect the conformations of LPS, thereby influencing its 



Discussion 

23 
 

detectability. Nevertheless, further investigation of different lipid A structures is 

warranted as these variations have a significant impact on endotoxin activity. As 

highlighted by Dardelle et al., differences in lipid A composition, such as the number 

and length of fatty acid chains, the presence and position of phosphate groups and 

potential modifications, lead to different LPS behaviours [80]. 

While LAL and rFC can only detect endotoxic activity, the MAT can also indicate 

biological activity. The MAT is based on the activation of immune cells, e.g. by LPS. 

The immune cells then express and release cytokines and chemokines [81]. It is 

noteworthy that the MAT in our study tends to detect lower levels of endotoxin activity, 

particularly in mutants with shorter sugar chains. It is known that mutants consisting of 

shorter sugar chains and lacking O-antigen are less potent than those with O-antigen 

[82]. The O-antigen is the most variable part of LPS, with differences in the composition 

and arrangement of sugar residues contributing to a wide range of serotypes. This 

diversity is a key factor in the ability of bacteria to evade the host immune system and 

is a major determinant of the antigenic specificity of LPS. O-antigen variation allows 

bacteria to adapt to different environments and hosts, making it a critical factor in 

pathogenicity and immune evasion [83]. While lipid A is crucial for TLR4 activation, the 

core oligosaccharide and O-antigen can modulate the immune response by influencing 

the accessibility and presentation of lipid A. Variations in the core region can affect the 

interaction of LPS with LPS-binding proteins and receptors, thereby modulating the 

downstream signalling pathways [12]. The O-antigen play a crucial role in adhesion 

processes and shield bacteria from hostile environments, such as host-derived 

antibacterial agents, thereby enhancing virulence. Bacteria that lack O-antigen or 

possess negatively charged cores are typically non-virulent and unable to survive 

within animal or plant hosts [83–85]. This could explain the lower endotoxin levels for 

mutants with missing O-antigen and shortened core saccharide when measured with 

MAT. 

5.3  Impact of LPS structural variability on masking kinetics in 

pharmaceutical buffers 

The primary objective of this study was to investigate the susceptibility of different LPS 

mutants to LER. In S. minnesota, a clear correlation between polysaccharide chain 

length and masking kinetics was observed: smooth LPS exhibited the fastest masking, 

followed by Ra and Rb. Although Ra and Rb retained recoveries above 50% after 45 
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minutes (LAL and MAT), a trend toward lower recoveries was evident. Mutants with 

truncated chains (Rc, Rd1, Rd2, Re, lipid A) showed no masking in short-term 

experiments but demonstrated progressive masking during longer incubation (5 days). 

Consistently, the Rc mutant, which has the fourth highest polysaccharide content, 

exhibited the fourth fastest masking in long-term kinetics in both measurement 

methods. These results suggest that while shortened LPS structures delay masking, 

they are not resistant to it. The masking rate strongly correlates with the saccharide 

content, which determines the hydrophilic/hydrophobic balance of the amphiphilic LPS 

molecule. As lipid A remains constant across mutants, rougher variants display greater 

hydrophobicity [3]. Consequently, rougher mutants exhibit greater hydrophobicity. 

Changing this ratio in amphiphilic molecules alters the physicochemical properties of 

the resulting aggregates. This shift alters aggregate structure, as seen in the micelle 

sizes, 24 nm for smooth LPS and 91 nm for the Re mutant [65]. 

In addition to the reduced hydrophilic/hydrophobic ratio, the shortening of the 

polysaccharide chain indirectly increased the charge density in the LPS mutants. This 

is because the negatively charged groups in LPS are predominantly located in the 

inner core region [86]. In mutants lacking an outer core, such as the Rd1 mutant, some 

negative charges remain through lipid A, but the absence of the typically neutral outer 

core polysaccharides prevents the distribution of these charges over a wider structure. 

Reich et al. identified the removal of divalent cations as the rate-limiting step in the 

masking process [36]. Only after chelation of the divalent cations, detergents can be 

incorporated into the supramolecular structure and disrupt it. Unpublished work by us 

showed a clear relationship between the rate of masking and the amount of chelator 

for LPS mutants. A titration of the chelator in the masking matrix was performed. After 

7 days we were able to show that smooth LPS was masked by the lowest chelator 

concentration (0.0625 mM), whereas the short mutants were only masked by the 

highest chelator concentration (10 mM) and lipid A was not masked at all at the chelator 

concentration tested. This indicates that negative charges contribute to the stabilization 

of the aggregates. The importance of negative charges is further highlighted by Rice 

et al. study in 2018, which examined the role of Ca²⁺ bridges between the HEP5 and 

HEP3 phosphate groups in the Rd1 mutant of S. Minnesota [87]. In contrast, the Rd2 

mutant lacks the HEP5 sugar, preventing similar salt bridge formation. This difference 

is likely to explain the significant reduction in recovery observed in the Rd2 mutant after 
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24 h in the rFC assay and after 48 h in the MAT, while the recovery of the Rd1 mutant 

remains stable. Sali et al. [65] showed that rough mutants typically have higher 

negative charge densities, which enhance electrostatic interactions by increasing the 

affinity for divalent cations. 

While in S. minnesota mutants the masking rate increased consistently with the 

hydrophobic/hydrophilic ratio, from rough to smooth LPS, this trend was not observed 

in the E. coli mutants. Despite its higher hydrophilic character, smooth E. coli LPS did 

not exhibit the fastest masking. This indicates that, unlike in S. minnesota, the 

hydrophobic/hydrophilic ratio alone cannot explain the masking behavior of E. coli LPS 

variants. Unlike S. minnesota, which has only one core polysaccharide type, E. coli 

has five different core polysaccharide types [74]. This diversity of core types is likely to 

contribute to the remarkably low endotoxin activity of the Ra mutant. In contrast to other 

mutants, the Ra mutant shows 10 to 100 times lower reactivity in the endotoxin assay. 

Classified as core type R2, the Ra mutant contains a neutral galactose (Gal) residue 

in its inner core [88]. Previous studies have shown that variations in charged moieties, 

such as inner core sugars and their functional groups, can significantly affect reactivity; 

for example, removal of a negative charge has been reported to result in a 100-fold 

reduction in activation of the LAL cascade [7]. 

Smooth LPS corresponds to the E. coli core type R1, which is characterised by the 

presence of glucosamine in the inner core region [89]. This saccharide contains a 

positively charged amino group that facilitates interactions between LPS molecules 

even in the absence of divalent cations. Studies have shown that the incorporation of 

aminoarabinose, another sugar with an amino group can increase the number of inter-

lipid hydrogen bonds between LPS molecules [87]. This increased stabilisation 

reduces the reliance on salt bridges formed by divalent cations. Although the presence 

of glucosamine in smooth E. coli LPS reduces the overall negative charge density and 

affinity for Ca²⁺, it may contribute to a slower masking process due to increased 

aggregate stability [3]. 

Despite species-specific differences, both S. minnesota and E. coli mutants showed 

increased masking susceptibility with longer saccharide chains. However, this trend 

was more pronounced in S. minnesota. Interestingly, E. coli mutants tended to mask 

faster overall in our study, suggesting additional structural factors such as lipid A 

composition contribute to the observed differences. 
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Lipid A from E. coli is predominantly hexa-acylated (~ 90%), with a smaller proportion 

(~ 10%) being penta-acylated [90]. Conversely, in S. minnesota, lipid A is hepta-

acylated in 20% to 70% of cases, depending on growth conditions [91]. For mutants 

with identical saccharide chain lengths, this results in greater hydrophobicity in S. 

minnesota mutants compared to E. coli mutants, leading to a slower masking process. 

In addition, under certain growth conditions, S. minnesota LPS can incorporate 

aminoarabinose sugars, further stabilising aggregates through hydrogen bonding as 

previously described [92]. This finding is consistent with the observations of Reich et 

al., who tested several NOEs for their masking behaviour. Among these, the NOE from 

Burkholderia cepacia showed prolonged resistance to masking compared to other 

endotoxins. [73] In particular, LPS from the Burkholderia genus often contains multiple 

aminoarabinose substitutions on both lipid A and the core region, contributing to 

increased aggregate stability [93]. These findings highlight how species-specific 

features like acylation degree and core composition influence aggregate stability and 

baseline masking susceptibility. 

However, masking in pharmaceutical formulations is not solely driven by intrinsic LPS 

properties. It also depends on formulation components, particularly chelators and 

surfactants. The interplay of formulation components, in particular complexing agents 

(chelators) and non-ionic surfactants, has been identified as a key factor influencing 

endotoxin recovery [36]. Studies indicate that neither chelators nor surfactants alone 

are sufficient to cause masking; rather, their simultaneous presence is necessary to 

significantly reduce detectability of LPS [36,94,95]. Chelators such as EDTA, citrate 

and phosphate disrupt the electrostatic interactions within endotoxin aggregates by 

competing with divalent cations (e.g. Ca²⁺, Mg²⁺), thereby reducing the rigidity of the 

aggregates [96]. The degree of masking is directly proportional to the chelating 

strength of the buffer component, with EDTA having the strongest effect. In addition, 

the pH of the buffer system modulates chelation efficiency, which further influences 

endotoxin recovery. A lower pH reduces the availability of cations for complex 

formation, thereby altering the extent of masking [77].  

Non-ionic surfactants, such as polysorbates, disrupt the hydrophobic interactions that 

stabilise endotoxin aggregates. These surfactants intercalate between LPS molecules, 

modifying their supramolecular structure. As a result, endotoxin aggregates become 

mixed micelles with surfactants, altering their affinity for the Factor C activation 
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mechanism in Limulus-based detection systems. The presence of both chelators and 

surfactants shifts the equilibrium towards less detectable LPS structures, resulting in 

reduced endotoxin recovery [77,96]. 

The underlying mechanism of masking appears to follow a two-step process: (I) 

chelators disrupt salt bridges within LPS aggregates, reducing rigidity; (II) surfactants 

subsequently integrate into the disrupted structures, forming mixed micelles that 

further reduce detectability [36]. Given the time-dependent nature of this phenomenon, 

the duration of endotoxin presence in a pharmaceutical sample may influence the 

degree of masking. A novel one-step mechanism for zwitterionic surfactant-induced 

endotoxin masking is proposed by Ørving et al. [97]. The principle is similar to a 

previously proposed two-step mechanism for endotoxin masking, but in the case of 

zwitterionic surfactants, these two steps are combined: disruption of the salt bridges 

and hydrophobic interactions with LPS in one molecule. These molecular interactions 

occur rapidly when both endotoxin and the zwitterionic surfactant are present in the 

same matrix. The amphiphilic nature of the zwitterionic surfactant allows it to disrupt 

both electrostatic and hydrophobic interactions simultaneously, resulting in an 

immediate and stable masking effect [97]. 

These results demonstrate that masking is the product of both intrinsic LPS 

architecture and extrinsic matrix effects. A full understanding requires consideration of 

molecular structure, environmental context, and the dynamic behaviour of LPS 

aggregates in solution. 

5.4 Impact of LPS structural variability on masking kinetics in human 

plasma 

The study demonstrates that the structural diversity of lipopolysaccharides (LPS), 

ranging from smooth (S-type) LPS with complete O-antigen chains to rough (Ra, Rc) 

and deep-rough (Re) mutants, significantly influences masking dynamics in human 

plasma. We observed that the masking patterns of these LPS chemotypes in plasma 

closely resemble those seen in pharmaceutical matrices containing chelators and 

surfactants. In such matrices, masking is typically attributed to LPS disaggregation by 

agents such as EDTA or polysorbates, which reduces LAL reactivity. However, the 

precise mechanism in plasma remains elusive and likely involves additional 

endogenous factors such as proteins or lipoproteins. Despite this complexity, the 

parallels suggest that similar interactions occur in both systems, modulated by blood-
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specific components. While demasking strategies can often reverse masking in 

pharmaceutical products, reversibility in plasma is uncertain, raising both 

methodological concerns and physiological implications. 

Among the tested LPS types, S-type LPS displayed the fastest and most pronounced 

masking. This may be attributed to its full-length O-antigen chain, which facilitates 

hydrophilic interactions and hydrogen bonding with plasma proteins, accelerating and 

amplifying the masking effect. In contrast, rough and deep-rough mutants, as well as 

lipid A, exhibited slower masking kinetics and higher endotoxin recovery rates. The 

truncated polysaccharide chains of these variants provide a smaller hydrophilic surface 

area, reducing their ability to form extensive interactions and lowering their masking 

potential [3].  

Additionally, the molecular conformation of LPS appears to contribute to masking 

efficiency. The extended O-antigen in S-type LPS supports the formation of 

supramolecular structures that may enhance accessibility to masking components. In 

contrast, rough mutants, lacking complete polysaccharide chains, adopt different 

conformations that may hinder such interactions. Although this structural difference 

helps explain the slower masking of rough LPS, it does not entirely account for the 

significantly higher recovery rates observed. The limited hydrophilic surface area of 

rough LPS likely restricts further interaction with masking agents, thereby improving 

residual detectability [98,99]. 

The supramolecular organisation of LPS is critical for both its detection in LAL assays 

and its biological activity. LPS molecules naturally form aggregates through 

hydrophobic interactions between the lipid A acyl chains, which are further stabilised 

by divalent cations such as Mg²⁺ and Ca²⁺ [94]. These aggregates are essential for the 

activation of Factor C in the LAL assay, which specifically detects LPS in its aggregated 

state [77]. Dissociation of LPS into smaller units or monomers significantly reduces its 

ability to trigger Factor C, thereby reducing the sensitivity of the assay.  

In biological contexts, LPS aggregation is also associated with toxicity, as 

disaggregated LPS is less pyrogenic. Detergents or plasma proteins can induce 

dissociation, leading to reduced toxicity, although removal of these agents can restore 

both aggregation and biological activity. This suggests that a minimum aggregate size 

is required for full biological potency [100–102]. However, it remains unclear whether 

LPS that evades detection in LAL assays, retains its biological activity. Studies suggest 
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that masked LPS in LER solutions (i.e. chelating agent and surfactant) can still 

stimulate the release of pro-inflammatory cytokines, and thereby induce an immune 

response [103]. Previous studies have shown that monomeric Re LPS from E. coli is 

more active than aggregates in the LAL assay. In contrast, Mueller et al. reported that 

E. coli Re LPS and Lipid A are exclusively active in their multimeric form, both in the 

LAL assay and in stimulating cytokine production from human mononuclear cells 

[78,104]. 

Given the strong correlation between LPS aggregation and its biological activity, it is 

important to determine whether the same LER effects that inhibit LPS binding to Factor 

C also prevent recognition by the immune system through the TLR4-MD-2 complex. 

Tan et al. concluded that the LPS binding domain of Factor C interacts cooperatively 

with multiple lipid A molecules, suggesting that more than one LPS molecule is 

required for Factor C binding and that monomeric LPS alone may be insufficient to 

activate Factor C [105]. In contrast, monomeric LPS must be presented to the TLR4-

MD-2 complex to initiate the signalling cascade. The accessory proteins 

lipopolysaccharide binding protein (LBP) and CD14 enhance LPS recognition by 

extracting LPS from aggregates and converting it into monomers [106]. However, it 

has been suggested that LBP binds efficiently to LPS aggregates, which may explain 

the link between aggregates and biological activity. This is likely due to LBP´s varying 

affinities for different aggregate forms and its inability to bind monomeric LPS. 

Consequently, LBP cannot deliver monomeric LPS to CD14, which is necessary for its 

presentation to the TLR4-MD-2 complex [107]. 

Understanding how LPS aggregation influences Factor C activation and TLR4 

recognition is crucial, as the innate immune system relies on pattern recognition 

receptors (PRRs) such as TLR4 to detect microbial components like LPS. Structural 

differences in LPS can lead to differential activation of these receptors, resulting in 

variable cytokine profiles. For example, the acylation pattern of lipid A determines the 

strength of TLR4-mediated signalling and the subsequent production of cytokines like 

TNF-α, IL-6, and IL-1β [107].  

Beyond innate immunity, LPS also shapes adaptive immune responses by modulating 

antigen-presenting cells (APCs) and T-cell activation. When LPS interacts with APCs 

such as dendritic cells (DCs), it triggers their maturation and enhances their ability to 

present antigens to T-cells, thus initiating the adaptive immune response. The 
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structural diversity in LPS plays a crucial role in shaping the type and magnitude of this 

immune response. Different LPS structures can influence the maturation process and 

the pattern of cytokine production by DCs, which subsequently affects the 

differentiation of T-helper cells (Th cells) into various subtypes, including Th1, Th2, or 

regulatory T-cells (Tregs) [108]. For example, LPS from E. coli is known to be a strong 

inducer of DC maturation, leading to a robust production of pro-inflammatory cytokines 

that promote a Th1-biased immune response. This type of response is characterized 

by the production of interferon-gamma (IFN-γ), which is crucial for combating 

intracellular pathogens. In contrast, LPS from other bacterial species may induce 

different cytokine profiles in DCs, potentially favouring Th2 responses, which are 

associated with antibody production and the defence against extracellular pathogens, 

or promoting the development of Tregs, which play a role in immune tolerance and 

preventing autoimmunity [13]. The structural elements of LPS, including variations in 

lipid A, the core oligosaccharide and the O-antigen, determine its interaction with TLRs 

on DCs, shaping not only the immediate innate immune response but also the long-

term adaptive immune response.  

Integrating knowledge of LER effects on both Factor C and TLR4-MD-2 interactions 

with insights into in vivo aggregation and immune activation could clarify the biological 

relevance of masked LPS. Notably, early and accurate detection of endotoxin in blood 

could be a valuable biomarker for sepsis, enabling timely intervention. However, the 

application of LAL-based assays in sepsis diagnostics remains limited [70]. Numerous 

plasma components, including proteins, lipoproteins, bile salts and amphiphilic 

peptides, interfere with LPS detection by altering its structural and chemical properties 

[48]. These interactions can inactivate LPS or prevent Factor C activation, contributing 

to false-negative results [109–112]. 

Furthermore, the immune response in sepsis is highly dynamic, characterised by 

alternating periods of hyperactivation and immunosuppression. These fluctuations can 

result in varying levels of detectable endotoxin and different thresholds of immune 

activation throughout the course of the disease. The body's endotoxin clearance 

mechanisms, such as hepatic clearance and immune neutralisation, further complicate 

detection by significantly reducing circulating endotoxin levels [113,114]. 
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This thesis investigates why previous methods have struggled to produce consistent 

results and aims to identify the factors and binding mechanisms that interfere with 

endotoxin detection in human blood.  

The SEC experiment identified 20 fractions without masking and 47 with strong 

masking effects. Masking correlated with later-eluting proteins, suggesting an 

association with specific protein properties rather than a random effect. While protein 

concentration influenced endotoxin recovery, similar concentrations in masking and 

non-masking fractions gave different results, suggesting a protein-specific effect. 

Some proteins, such as HSA, were present in almost all fractions without a direct 

correlation with masking and require further investigation. 

To study the effects of individual plasma proteins and to verify previous findings on the 

role of electrostatic interactions, we selected model plasma proteins with specific 

properties, i.e. different net charges. Antimicrobial peptides (AMPs) neutralise LPS 

through a combination of electrostatic and hydrophobic interactions. Positively charged 

residues bind to the negatively charged phosphate groups of LPS, while hydrophobic 

residues incorporate into the lipophilic core of LPS. This dual mechanism disrupts the 

bacterial outer membrane and neutralises endotoxins [115–117]. Lysozyme stands out 

as a key antimicrobial enzyme and an essential component of innate immunity. While 

it primarily targets Gram-positive bacteria by hydrolysing peptidoglycan in their cell 

walls, conventional lysozymes also exhibit peptidoglycan-independent antimicrobial 

activity due to their strong cationic properties [118]. The results showed that lysozyme 

effectively masks endotoxins even at low concentrations (~ 6 µg/ml). However, the 

masking could be reversed by adding high salt solution to the lysozyme sample, 

suggesting a sole electrostatic mechanism behind LPS and endotoxin interaction. This 

is also in line with earlier findings by Brandenburg et al. [119].They were also able to 

show that this interaction alters the structure of LPS aggregates, shifting them from 

cubic (highly endotoxic) to lamellar (less endotoxic) forms. 

In contrast, HSA, the most abundant plasma protein with concentrations of 35 to 50 

mg/ml, showed limited masking capacity under physiological conditions and resulted 

in endotoxin recovery rates of over 50%. Albumin is known to bind and solubilise LPS, 

including its lipid A component, and can partially mask endotoxin activity. However, 

this interaction primarily involves non-electrostatic forces and induces only minor 

changes in endotoxin structure and charge, reflecting its limited masking potential. 
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[120,121] Although albumin contributes to endotoxin binding, it cannot explain the 

extent of masking observed in human plasma and should not be considered as primary 

masking agent, demonstrating that masking is influenced by the specific binding 

characteristics of individual proteins rather than their overall abundance. 

The interaction between endotoxins and individual blood proteins has been the subject 

of numerous recent studies [122–125], focusing primarily on binding mechanisms and 

their impact on the immune system. However, these studies rarely address the impact 

of such interactions on endotoxin detection using standard LAL assays. While it is well 

established that plasma proteins can bind to endotoxins, there is no definitive evidence 

that these interactions directly cause masking effects. It remains possible that despite 

binding, endotoxins can still be detected under certain conditions. Therefore, further 

research is needed to clarify whether specific protein-endotoxin interactions contribute 

to masking and how they affect assay performance. 

Although we showed that electrostatic interactions between the negatively charged 

phosphate groups of LPS and the positively charged amino acids, such as lysine and 

arginine, of plasma proteins possibly play an important role in endotoxin masking, the 

results also suggest that electrostatic forces alone do not fully explain the phenomenon 

[69]. This conclusion is reinforced by the partial effectiveness of strategies targeting 

electrostatic interactions alone. 

High concentrations of salts, such as NaCl, disrupt electrostatic interactions by 

neutralising molecular charges, a common approach in protein purification to minimise 

non-specific binding [126]. The Na⁺ and Cl- ions shield opposing charges by 

surrounding them, thereby weakening or eliminating the attractive forces between 

molecules bound primarily by electrostatic interactions [127]. If endotoxin-protein 

interactions remain intact, as shown by masking, despite high salt concentrations, this 

suggests that other types of forces are involved in maintaining the interaction. These 

could include hydrophobic interactions, which are not affected by ionic strength, or 

more stable covalent bonds. Adjusting the pH of plasma samples, which reduces the 

positive net charge on plasma proteins, resulted in improved endotoxin recovery, with 

average recovery rates exceeding 50% when endotoxin was added after adjustment. 

However, when pH modification was applied to samples where masking had already 

occurred, recovery remained incomplete, suggesting that masking in these cases 

involves mechanisms beyond simple electrostatic binding. This highlights the need for 
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further research into the nature of the underlying interactions. Recent work by Harm et 

al. [128] explored the mitigation of electrostatic interactions by the addition of the 

polyanionic substance heparin alongside divalent cations. However, their use of a 

heparin injection solution with additional components, like sodium chloride, disodium 

hydrogen phosphate, sodium dihydrogen phosphate, sodium hydroxide, hydrochloric 

acid, may have influenced the results. In our experience, heparin alone, even in 

combination with divalent cations, has shown limited success in completely resolving 

endotoxin masking. 
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6. Conclusion and outlook 

The detection of endotoxins in complex biological matrices such as human plasma 

remains a significant challenge due to various interfering factors that can lead to false-

negative results. This study systematically addressed these challenges by 

investigating external effects, the impact of endotoxin structural diversity and endotoxin 

masking mechanisms, to contribute to the development of more reliable detection 

strategies. 

First, external factors were investigated, which revealed that sample storage conditions 

and container material significantly influence the detection of endotoxin and BDG. 

These findings highlight the importance of optimised handling procedures to prevent 

loss of detectability due to adsorption or degradation of the BDG. 

In the second study, the influence of the structural diversity of LPS on detectability was 

analysed. Different LPS chemotypes were shown to have different susceptibilities to 

masking, with smooth LPS showing the fastest masking kinetics due to its increased 

hydrophilic interactions, whereas rough mutants and lipid A were more resistant. These 

results highlight the need to consider endotoxin structure when assessing detection 

reliability. 

Finally, endotoxin masking in human plasma was systematically investigated and key 

interactions between endotoxins and plasma proteins were identified as the primary 

contributors to masking. While electrostatic interactions play an important role, 

additional hydrophobic and structural factors were found to influence detectability. 

Various approaches, including pH modifications, salt-based treatments and 

polyanionic substances, have been tested to restore endotoxin recovery. However, no 

universal demasking strategy could be identified, highlighting the need for tailored 

solutions depending on the specific sample matrix. 

While this study provides important insights into endotoxin masking and its impact on 

detection reliability, several aspects remain to be explored in future research. 

First, the investigation of endotoxin-protein interactions was limited to two model 

plasma proteins. Extending this research to a wider range of plasma proteins is 

essential to better understand the complexity of endotoxin masking in biological 
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matrices. Future studies should not only focus on the binding interactions, but also 

simultaneously evaluate the impact on endotoxin detectability to ensure a 

comprehensive assessment of masking effects. 

In addition, further research is needed to investigate how structural modifications of 

endotoxins occur in masking matrices such as blood and how these changes affect 

detectability. Combining structural analysis of endotoxins in a masked state with 

detection assays could provide valuable insights into the mechanisms that contribute 

to loss of detectability in biological samples. 

This study did not provide a definitive solution for reversing endotoxin masking in blood. 

However, the findings contribute to future work in this area and emphasise that efforts 

should not focus solely on electrostatic interactions. Given the complexity of masking 

mechanisms, future research should explore additional molecular interactions that may 

play a role in endotoxin sequestration and develop targeted strategies to counteract 

them. 

Another important aspect that remains unclear is the relationship between endotoxin 

masking and the immune response. It is not yet known whether masked LPS can 

induce an immune response, which would have important implications for clinical 

diagnosis and therapeutic intervention. Methods such as the MAT can provide initial 

insights, but remain limited due to their in vitro nature. Understanding whether masking 

represents a physiological immune mechanism could reshape our approach to 

endotoxin detection and risk assessment. 

Finally, it is important to investigate how structural differences in LPS affect not only 

detectability but also recognition by the immune system. Variations in LPS structure 

could lead to differences in pyrogenicity, which could influence the severity of immune 

responses. A deeper understanding of these relationships could help to refine 

detection assays and improve safety assessments for pharmaceutical and clinical 

applications. 

In conclusion, while this study has provided a strong foundation for understanding 

endotoxin masking in human plasma, further research is needed to explore protein 

interactions, structural modifications of masked endotoxins, immune recognition and 

potential demasking strategies. Addressing these issues will be critical to advancing 
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endotoxin detection methods and ensuring more reliable safety assessments in 

pharmaceutical and clinical settings. 
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