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Abstract

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)-B-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.



Zusammenfassung

Zusammenfassung (DE)

Der Nachweis von Endotoxin ist essenziell fur 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.

Zunachst wurde der Einfluss verschiedener Behaltermaterialien auf die (1—3)-3-D-
glucan (BDG) -Ruckgewinnung analysiert, da BDG die Bestimmung von Endotoxin
storen kann. Wahrend kurzfristige Lagerung keine Effekte zeigte, fihrte langfristige
Lagerung bei =20 °C zu verringerten Glucan-Rickgewinnungen, insbesondere in
Behalter aus Polyethylen. Dies unterstreicht die Bedeutung der Behalterwahl flr

verlassliche BDG-Analysen.

Anschlieltend wurde untersucht, wie die strukturelle Diversitat von LPS die Maskierung
beeinflusst. Hierfur wurden raue LPS-Mutanten von S. minnesota und E. coli
verwendet, die keine vollstandigen O-Antigen-Ketten besitzen. Die Studie zeigte, dass
die Polysaccharidlange die Maskierungsempfindlichkeit beeinflusst. Raue Mutanten
waren resistenter, da ihr geringeres hydrophiles/hydrophobes Verhaltnis und ihre
starkere negative Ladung die Kationenbindung und Stabilisierung supramolekularer
Strukturen  beglnstigen.  Maskierungsmechanismen  variierten je  nach
Nachweissystem: Wahrend der Limulus-Amobozyten-Lysat-Test (LAL) und der
rekombinante Faktor C-Test (rFC) eine vergleichbare Maskierung zeigten, erzielte der

Monozyten-Aktivierungstest (MAT) eine hdhere Endotoxin-Rickgewinnung.

SchlielRlich wurde der Nachweis von Endotoxin im Blut untersucht, wo Plasmaproteine
zur  Maskierung beitragen. Wahrend frlhere Studien elektrostatische
Wechselwirkungen betonten, zeigte diese Arbeit, dass hochgeladene LPS-Strukturen
wie Re-LPS weniger maskierungsanfallig sind, was auf weitere Einflussfaktoren

hindeutet.

Diese Dissertation tragt zum Verstandnis der Endotoxin-Maskierung, struktureller
Einflusse 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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Introduction

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).

Smooth LPS (n> 1)

Semi rough LPS (n=1)
Rough LPS(n=0)

A A

Ra Rc Re

n Rb Rd1 .

D@%:l:

®

L J\ J
I T T

O-antigen Quter Core Inner Core Lipid A

T I
Hydraphilic polysaccharide Hydrophobic phospholipid

Figure 1: Schematic representation of LPS. Lipid A consists of a di-phosphorylated disaccharide GIcN
(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 Mg?* and Ca?*, 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

4
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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
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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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1,3-B-D-Glucan

rFC D LPS C Factor C ! .
Product Fluorogenic D Factor B E Factor G i
Fluorescence Substrate ﬂ---------------------.‘
Proclotting Clotting
Enzyme Enzyme

N
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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 (NEPSs).
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

241 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)-B-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
9
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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.
lonic surfactants, which combine chelating and hydrophobic properties, can induce

masking directly by breaking up endotoxin aggregates and forming undetectable

complexes.

@ @

. o_
= endotoxin @ - divalent cation O = chelator = surfactant
23

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])

10
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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].

11



Aim of work

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)-B-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.

12
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4. Results

4.1 Publication |
Effects of Different Container Types on (1—3)-B-D-glucan Recovery
Burgmaier Luisa, llles Bernhard, Leiss Michael, Avci-Adali Meltem, Reich Johannes
Molecules/ published 2023, October 4

Reliable detection of (1—3)-B-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, Polt 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)-B-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 IlI
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 pg/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.

15



Discussion

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 -CH, 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

19



Discussion

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 a-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 Ill, 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
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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 Ca** bridges between the HEPS and
HEP3 phosphate groups in the Rd1 mutant of S. Minnesota [87]. In contrast, the Rd2
mutant lacks the HEPS 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 hin 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 Ca?*, 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. Ca?*, Mg?*), 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; (I1) 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 @rving 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.

54 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 Mg?* and Ca?* [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-a, IL-6, and IL-1B [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-y), 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 ug/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.

31



Discussion

[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 CI 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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Abstract It has long been known that containers for sample analysis or storage can play a role in
endotoxin recovery and have to be taken inlo account when determining endotodin concentrations.
However, thene is little data on the effects of containers regarding (1-—+3} p-D-glucan, which plays
a Tole as a contaminant in endotoxin measunements. To determine the effect of the container on
(13} B-D-ghican measurements, four different types of containers wene investigated at different
temperatures and stored for up to 28 days. For short-erm stoTage for 3 hat room temperatune, o
effect of the container on the (1—3)-B-D-glucan recovery could be observed, but for storage at —20 “C,
the results indicake that the storage time and temperature influences (1—+3)}-F-D-glucan detection.
All containers showed a trend of lower necoveries over ime, but the polyethylene container showed
a significantly lower recovery compared to the other containers. We also showed that freeze/ thaw
cycles had a strong influence on the recovery of (13} f-D-glucan in polyethylene containers. Cur
study showed that the container can affect not only the detection of endotoxing but alse the detection
of (1—+3}-B-D-glucans.

Keywords: (13} B-D-glucan; container effect; sample hold time; SHT; freeze / thaw; spike recovery

1. Introductiop

The contamination of pharmaceutical products with glucans can occur within a num-
ber of upstream and downstream processes, such as filtration during purification. The
potential origins are cellulose-based materials (e.g., cellulose filters) or fungal contami-
nation of raw materials (e.g., sucrose-containing buffers) [1,2]. (1—3F p-D-glucans 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. They are also a component of plant tissuwe. They possess high structural diver-
sity, e.g., differences in polymer length. This also results in different properties regarding
biological activity and solubility. The least water-soluble particulate forms are assodated
with mome poent immunological activity [2,4].

The detection of {1—=3}f-D-glucans employs a similar enzymatic cascade to the
detection of endotoxins. Both substances trigger the Limulus Amoebocyte Lysate (LAL)
reaction, utilizing blood cells (amoebocytes) sourced from horseshoe crabs. In the cascade
mediated by LP5, three distinct serine protease zymogens are involved: factor C, factor
B, and proclotting enszvme, in addition to coagulogen, a protein possessing the capacity
to form gel-like structures. This cascade commences with LPS catalyzing the conversion
of zymogen factor C into the active factor C;. Subsequently, factor C, activates factor
B, leading to the conversion of proclotting enzyme into clotting emeyme. The clotting
erzyme then cleaves two peptide bonds in coagulogen, a molecule resembling fibrinogen,

Muolecules 2023, 28, 6931, hitps / /doiorg/ 103390/ mole cales281 96931
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to form insoluble coagulin gel. The above-described cascade can also be initiated by
(1—=3)-p-D-glucan. Initially, factor G, a zymogen of serine protease, undergoes activation
and subsequently triggers the activation of the procdotting encyme [5]. As a consequence,
employing the LAL assay for endotoxin measurement may yield false-positive results in
the presence of (1—+3}f-D-glucans [6]. Fortunately, solutions are available to address this
interference issue. To mitigate such interference, the kst can be altered to indude ghucan-
inhibiting substances [7], or an allemative approach involving the use of a recombinant
factor C assay can be used. In the recombinant factor C {rFC) assay, factor G is absent,
preventing the cascade’s activation by this protein in response to (1—=3}p-D-glucans.
rFC-based testing methods have proven to be reliable and, notably, exhibit greater specificity
than LAL tests [8]. For glucan detection, factor C is removed from the lysate, allowing the
remaining factor G to initiate the cascade upon encountering (1—3)-f-D-glucans [4].

In comparison with bacterial endotoxins, (1—3)-p-D-glucans exhibit milder immuno-
logical activity but retain immunomaodulatory characteristics. They are recognized for their
ability to bind to and stimulate various cell types, such as monocytes and
macrophages [10-12]. Furthermore, it has been observed that (1—3)B-D-glucans can
augment the detrimental effects of endotoxin-induced toxicity, thereby impacting the im-
mune system adversely [13]. Unlike bacterial endotoxins, there is no universally accepted
standard for detecting (1—3}B-D-glucans. Nevertheless, there is an emerging pattern in the
industry and among global regulatory bodies to recognize and quantify {1—3+f-D-glucan
impurities and to comprehend the factors that affect their detection [1,14,15].

Ome often-overlooked aspect of contaminant detection is the effect of the container. It
has long been established that, besides the low endotoxin recovery phenomenon [16,17],
the container (e.g., adsorption) can also influence endotoxin determination.  Different
types of plastic lead to differences in endotoxin recovery and even the initial endotoxin
concentration or source of the endotoxin can lead to differences in recovery [15]. Another
factor that can influence endotoxin recovery is the storage time of the samples in a specific
container, with containers made of certain materials like polycarbonate showing decreasing
recoveries over time. This effect of endotoxin adsorption to the surface of containers is mone
strongly pronounced in plastic containers than in those made of borosilicate [19] However,
this effect can also be influenced by the samples, kading to differences in adsorption in the
presence of different makerials or the charge of the samples [20]. Taking all of these factors
into account, borosilicate containers are the preferred containers for performing endotoxin
testing and studies.

However, little is known about how differences in container properties affect the ne-
covery of (1—+3f-Dglucan. As (1—3)-f-D-glucan contamination is often accompanied by
endotoxin contamination, it is important that accurate measurements can also be performed
for (1—+3}p-D-glucan, regardless of the container type, to obtain an accurate pictune of the
total contamination.

This study investigated the recovery of (13} f-D-glucan from containers composed
of borosilicate, polypropylene, or polyethylene for short-kerm storage at room temperatune
(ET; 18-25 °C) and long-term storage at —20 °C (—30-—10"C). This study aimed to investi-
gate the temperature, time, and container dependencies of {(1—3}f-D-glucan recovery and
to provide recommendations for the best practice for obtaining the most accurate results.

2 Results and Discussion

In the following, we present our findings regarding the contamination of different
containers with (1—+3}@-D-glucan and the influence of storage under different conditions.
First, a short-term storage at BT was performed, which mimicked the processing time
between sampling and possible analyses, such as immediate in-process controls. Sub-
sequently, a sample-hold time study was performed at —20 "C to mimic the storage of,
e.g., etain samples. In addition, the influence of freezing and thawing was investigated.
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21, Initinl Cowtamination of Containers

First, before the investigation of the effects of the container on the recovery of
(1—=3}f-Deglucan, the contamination of different container types was determined. For this,
10 containers of each type weme filled with 1 mL reagent-grade water (RGW) heated to
37 °C and vortexed for 15 s. The containers were incubated for 60 min at KT, and after
30 min or 60 min, the test containers were vortexed again for 15 s. The (1—=3)-f-D-glucan
content was measured without additional dilution.

The results of these investigations are summarized in Table 1. All 10 individual
containers tested per material showed no initial contamination above the limit of detection
(8.26 pg/ mL) with (1—+3)-f-Dglucan. The positive product controls (PPC), which ensured
that no test interference occurred, were valid for all samples.

Table 1. Initial contamination of containers used in this study.

Average (1-3)-ji-D-glucan Number of Valid
Container Concentration [pg/mL] Average PPC Measurements
Boresilicate 1 <6.26 102 10
Boresilicate 2 <626 134 91OV > 300%)
Paolyethylene <626 113 10
Polypropylene <6.26 05 10

Labw are is often labelled as sterile, RNA se-free, DM Ase-free, or pyrogen-free. Sterile
defines a product as absent of any living organisms; however, nonviable biologic contami-
nations may not be removed via standard sterilization processes. RMAse- and DN Ase-free
defines, as stated, a product that is free of ENAse or DMNAse. Endotoxin-based contamina-
tions could be excluded under the pyrogen-free label [21]. Nome of these labels guarantee
the exclusion of glucan contaminations. It is, therefore, important to excdude possible
contaminations prior to sampling. Cur data showed glucan contamination below the
detection limit for all tested containers, so the investigated containers were suitable for
glucan sample collection.

2.2. Short-Term Storage af Foom Temperature

For the investigation of the effects of short-term storage on the recovery of (1—3)0--D-
glucan, four different containers were filled with 1 mL {1—3}B-D-glucan-spiked RGW to
imitate a glucan contamination. The initial spike concentration was set at 25 pg/mlL. All
samples were measured directly after adding the spiked sample and after an incubation
time of 3 h or 24 h at ET. As a confirmation of the spike concentration, a waker control was
prepared using the same spike solution.

The results of the short-time storage study are shown in Figure 1. For the measurement
of the samples at time point (Tmp) 0 h, no significant differences between the different
containers are observed. All containers reach a recovery above 80% calculated to the
water control at Tmp 0 h (borosilicate 1: 92%, borosilicate 2: 88%, polyvethylene: 107%,
polyvpropylene: 95%) The measurement after storage of the samples for 3 h at BT also
showed valid recovery of the glucan spike (85%, 84%., 88%, §7%). Even after 24 hand 48 h
of storage, all samples show stable (1—3)-p-D-glucan recoveries around 1007, except for
the sample in the polyethylene container. The recovery in this sample is only 57% after 24 h
and even sinks below the 507 limit after 45 h (46%). Thus, it shows a significant decrease
compared to the water control at Tmp 0 h
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Figure 1. {13} -D-glucan recovery after the short-kerm storage of spiked reagent-grade water in
four types of containers at Toom emperatune for up to 48 h (13} p-D-glucan recovery for each
ke point is shown. Time point 2eto (0 h) of the water control with the 25 pg/mL (13} B-D-glucan
apike was used as the reference value and set to 1007% for calculations The recovery is shown relative
to this reference value. Each point shows the mean recovery of thnee replicates. The error bars reflect
the standard deviation of replicates (n = 3). The dotted line marks 3% recovery.

Fegardless of the differences in material or surface-anea-to-v clume ratios, all containers
appeared to be well suited for glucan detection after short-term storage for 3 h. If samples
are stored for longer than 3 h, effects appear with the use of polyethylene containers. The use
of polyethylene containers poses the risk of underestimating potential contamination. These
results are in contrast to the container effects observed for endotoxin analysis. Meadows
et al. showed that, up to 24 h, there was no significant difference in endotoxin recovery in
different containers of different materials and surface-area-to-volume ratios (polystyrene
tube, polypropylene tube, glass tube) [19].

2.3. Long-Term Storage at —20°C

As the short-term storage of samples in the containers did, in most cases, not corme-
spond to the storage conditions used in industry, longer storage times at —20 °C were
also investigated. It was also hoped that freezing the samples might reduce or prevent
the observed container effects. Sample preparation was identical to that of the short-term
storage experiments. Samples were stored at —20 “C and thawed for measuring after
specific storage times (0 h, 1d, 7 d, 14 d, 28 d). The recoveries at each time point for each
container type ane shown in Figure 2.

For time point 0 h, all container types showed comparable recoveries. This was in
common with the results for time point Tmp 0 h of the short-term storage study. After
1 d of storage and thawing, all of the containers showed valid recoveries in a similar range
(borosilicate 1: 89%, borosilicate 2: B6%., polyethylene: 88%, polypropylene: 78%). The
mean recoveries over all time points were: for borosilicate 1, 76% with a coefficient of
variation (CV) of 10%; for polypropylene, 7% (CV 10%); for polyethylene, 68% (CV 21%:);
and for borosilicate 2, 0% (CV 11%). It was notable that for the polyethylene container, the
mean recovery was the lowest and also showed the highest variance.
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Figure Z (1—3)p-D-glocan recovery after the long-term storage of spiked neagent-grade waler in
four types of containers at —20 "C for up to 28 days. (13} B-D-glucan recovery for each time point
is showrn Time point zeto (0 h) of the water control with the 25 pg/mL (1—3}-B-D-glucan spike was
used as the reference value and set to 100% for calculations. The recovery is shown relative to this
reference value. BEach point shows the mean mecovery of thnee replicates. The error bars reflect the
stamdard deviation of replicates {n = 3). The dotted line marks 507% recovery.

These results indicate that the storage time influences glucan detection regardless
of the container type. However, the container material also appears to have an effect.
Although all containers show a trend of lower recoveries after storage at —20 *C and all
recoveries remain above 50% of the water control at Tmp 0 h for all time points, the use of
polvethylene containers again has the risk of underestimating a potential contamination.
However, the data show that the container effects of polyethylene occur much later when
stored at —20 °C than at RT. This could, therefore, indicate an energy-dependent process.

24. Freeze and Thaww Com parison

To investigate whether a freeze-and-thaw process also has an influence on recovery
depending on the container type, a further experiment was performed. Water spiked with
(1—=3)-f-D-glucan was used to fill each of the containers and subjected to a freexe/ thaw
cycle with 15 min thawing time before measuring, As a reference, water spiked with
(1—3}B-D-glucan was used to fill each container and was not subjected to the freese,/ thaw
cycle. As can be seen in Figume 3, all samples in the different containers eached recoveries
owver 50%: of the control. In the borosilicate 1, borosilicate 2, and polypropylene containers,
recoveries of 100%, 134%, and 95%, respectively, were determined. Only for the polyethy-
lene container was the recovery lower (66%). This indicates that the freeze/ thaw cycle also
influences the recovery of (1—+3+f-D-glucan in polyethylene containers.

The results indicate that the freeze/thaw cycle generally has no effect on the recovery
of beta-glucan. For thmee of the four containers, the recovery rate was close to 100% of the
mespective control without freezing. For borosilicate 1, borosilicate 2, and polypropylene,
storage time and storage temperature appear to have a greater impact on glucan defection
than freeze/thaw cycles.
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Figure 3. Mean (1—3}-p-D-glucan recovery after one freeze/ thaw cycle of spiked reagent-grade
water in four bypes of containers. A water control with a 25 pg/mL (13} f-D-glucan spike thatwas

not subjected to the freeze/ thaw cycle was used as the mference value and set to 100% for calculations.

The recovery is shown relative to this reference value. Each bar show s the mean recovery of three
replicates. The error bars neflect the standard deviation of replicates (n = 3). The dotled line marks
5 necovery.

To further investigate the effect of thawing times and possible container dependencies,

the recovery of (1—+3)p-D-glucan was investigated after 5, 20, and 30' min of thawing.

The overall process was handled as before where a 15 min thawing time was used before
measuring. The only difference was the time the samples were allowed to thaw and
acclimate before measuring, After thawing times of 5 min and 20 min, the recoveries for
all containers aside from borosilicate 1 were below 75% compared to the control, which
was not subjected to the freese /thaw cycle. While the recoveries for the samples in the
borosilicate 2 and polypropylene containers increased with a longer thawing time (30 min]),
the polyethylene container showed an even lower recovery. This was only slightly above
50% (52%:) (Figure 4).

Recovery [%]

5 0 el
Time to thaw |min]
Bl Goroslicate I [ Polyethylene
B EBorosilicate 2 3 Polypropylens

Figure 4. {13} B-D-glucan necovery after one freeze / thaw cyclewith different thawing Hmes in four
container types. (1—3)-p-D-glucan recovery for each thawing time is shown, A water control with a
35 pg/mL (13} p-D-glucan spike that was not subjected to the freeze / thaw cycle was used as the

reference value and set to 100 for calculations. The recovery is shown relative to this reference value.

Each bar shows the mean necovery of bwo replicates. The etror bars reflect the standard deviation of
replicates (n= Z). The dotted line marks 50% necovery.
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1.5, Depmdemce of Surfice-Area-to-Volume Ratio

In a further experiment, the influence of the surface-area-to-volume ratio was investi-
gated. For this study, only the two borosilicate containers were compared, as they differed
only in their surface-area-to-volume ratio and were, therefore, best suited for comparison.
For this purpose, samples were kept in the containers at 4 °C for 28 days. In order to
avoid freeze /thaw effects, storage at 4 "C was chosen. This is also in common with the
storage of samples in industry when a sample cannot be immediately analysed. Sample
preparation was performed according to the —20 *C long-time storage experiments. Sam-
ples were stored at 4 "C and measured directly after adding the spiked sample and after
a specific storage time (0 h, 1d, 7 d, 14 d, 28 d). The recoveries at each time point for the
two borosilicate containers are shown in Figure 5.

125=

£
£
g
i Efjmf covsuannnnnnnnnitotitasasnnnnsnsnstiitsiaaansnnnnsnnses
25=
0 | | | | | |
01 7 13 28
Time [days]

—+— Borosilicate 1
—=— Borosilicate 2

Figure 5. (1—+3)p-D-glucan recovery after the long-term storage of spiked reagent-grade walker in
wo types of boresilicate containers at 4 *C for up to 28 days. (1—3} p-D-glocan recovery for each
time point is shown, Time point zeto ([ h) of the water contrel with the 25 pg/ mL (1—3}-B-D-glucan
apike was used as the reference value and set to 1% for calculations. The recovery is shown relative
tor this e feremsce value. Each bar shows the mean recovery of three neplicates. The ertor bars reflect
the standard deviation of replicates (n = 3). The dotted line marks 50% necovery.

Both containers show similar behaviours over the tested time interval. For time point
(' b, both containers showed recoveries near 1000% (92% for borosilicate 1, 95% for borosili-
cate 2}. After 1 d of storage, the recoveries are slightly lower for both sample containers
comparned to Tmp 0 h (79% for borosilicate 1, 71% for borosilicate 2). Mevertheless, both
container types revealed recoveries of 1007 after storage for 28 d. The mean recoveries over
all time points were: for borosilicate 1, 89% (CV 11%), and for borosilicate 2, 88% (CV 13%).
Although both containers have different surface-area-to-volume ratios, the ecoveries are
almost identical.

The surface-area-to-volume ratio plays an important role in many biological processes
and influences, for example, pharmacokinetic and pharmacodynamic parameters [22].
Also, in assay development, the surface/volume ratio is a considering factor In solid
phase assays like ELISA {enzyme-linked immunosorbent assay ), a larger surface-area-to-
volume ratio implies a faster adsorption of molecules from the liquid phase because the
liquid is exposed to more surface [23]. Therefore, it is conceivable that a container with a
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larger surface-area-to-volume ratio has a greater impact on (1—3}p-D-glucan recovery
than a container with a smaller surface-area-to-volume ratio. The sample and possible
(1—3}B-D-glucan contamination are mone exposed to the material. However, our data indi-
cate that borosilicate as a container material does not influence the recovery when stored at
4°C over 28 d and, therefore, the surface-area-to-volume ratio does not influence recovery.

3. Materials and Methods
3.1. Materials and Reagents

{1—=3}B-D-glucan standard, lyophilized Glucatell reagent, and RGW were purchased
from Associates of Cape Cod (East Falmouth, MA, USA). The used container types and
their suppliers are summarized in Table 2.

Table 2. Container types used in this study.

Container Material Volume Supplier
ACILA AG
PyroCentral Boresilicake glass (1) 10mL (Mirfelden-Walldarf,
Gearman)
BioMeriew:

Endoirade Glass Test Tubes  Borosilicate glass (2) aml {Marcy-TEtole, Fr. )

Thermao Fisher Scientific
(Waltham, MMA, 1TISA)
Greiner bic-one GmbH
(Frickenhausen, Germany)

Malgene Cryow ane Polyethylene 2mL

CELLSTAR Tubes Polypropy lene 15mL

3.2. Beta-Glucan Assay

The {1—3}f-D-glucan concentrations were determined using the Glucatell assay kit
following the manufacturer’s instructions (Associates of Cape Cod). The detection is based
on a modification of the Limulus Amoebocyte Lysate (LAL) pathway and therefore specific
for (1—3} p-Dglucan. As procedure, the kinetic mode using onset 0.1, was chosen, with
a log—log plot of the cnset times versus the standard concentrations. The glucan standard
was reconstituted with RGW to provide a solution of 100 pg glucan/mlL.. The standard
curve was prepared via serial dilution of the stock solution {100 pg/ml-3.125 pg/mL).
A total of 25 pl. of the standard or sample was added to each well of the microtiter plate.
The Glucatell reagent was reconstituted with RGW and Pyrosol buffer, and then 100 pl.
of the reagent was added to each well of the plate. The Glucatell lysate,/ sample mixture
was incubated at 37 °C + 1 °C and measured using an ELx808 Absorbance Microplate
Feader (BioTek, Bad Friedrichshall, Germany) equipped with a 405 nm filtker Analysis
was executed using the Gen5 Secure software, version 311 (BioTek, Bad Friedrichshall,
Germany). All samples were fested in duplicate. The glucan concentration was determined
from the mean of the readings interpolated from the kinetic standard curve. Samples wemne
accepted as valid if the CV of the duplicates was less than 30%.

3.3. Caloulation of Recovery Rate
The determined (1—3}pf-D-glucan content in the tested samples was determined

relative to the total content at time point zero in water controls and stated as a percent.

Water controls werne prepared by spiking (1—3}8-D-glucan in ROW using a 25 pg/mL
(1—3} B-D-glucan spike solution.

For the freezing,/ thawing experiments, the content of (1—3}f-D-glucan in the tested
sample was determined and the recovery rate was determined relative to the content in the
water spiked with a 25 pg/mL (1—3} B-D-glucan spike solution that was used to fill each
container that was not subjected to the freeze/ thaw cycle.

The obtained results were rated as valid when the recovery of the (1—3}-D-glucan
content was between 500 and 200
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The calculation of the mean and standard deviation as well as the creation of figures
were performed using Graph Pad Prism, version 100000,

4. Conclusions and Future Directions

The growing scientific evidence of the immunomodulatory effects of beta-glucans
mesults in an increasing need for its reliable quantification. While there ame established de-
tection methods, little is known about the potential influences on beta-glucan analysis and
more work needs to be performed to validate these methods and to establish compendial
procedures for their application [24-27].

It is known that endotoxin recovery depends on various parameters, including but
not limited to the plastic resin manufacturer, sample container manufacturer, and en-
dotoxin species. However, less is known about the influence of these parameters on
(1—3}f-D-glucan.

Cur study shows that the container can also have an influence on the detection
of (1—+3Fp-Dglucans. The material and storage time as well as storage temperatune
play important roles. In this study, four different container types for storage at different
temperatures and time infervals were analysed. The data showed that the polypropylene
and borosilicate containers had the most reliable results over time. The standard deviation
of the average of glucan recovery across all time points in the long-term study was 7%
for borosilicate 1, 6% for borosilicate 2, and 8% for polypropylene compared to 13% for
the polyethylene container. Consequently, sampling containers should be selected with
care. In general, all tested containers were suitable for short-term storage, as no initial
contamination of the containers could be detected. When the measurement is performed
within 3 h of the sampling event, all containers can be recommended. If samples for the
detection of {1—+3}-D-glucans are subjected to storage for more than 3 hin the container,
independent of storage temperature, polyethylene is not recommended as a container
material. Borosilicate glass as well as polypropylene containers appear to be equally
suitable for the detection of (1—3)-p-D-glucans. Although polypropylene is chemically
quite similar to polyethylene, it is much harder, stronger, and more thermally resilient.
These differences could influence the adsorption properties of the materials [25].

The long-term storage study was conducted at only one temperature (—20 °C), as this
is the most common storage temperature for samples for long-term storage in industry.
However, it would be interesting to observe how other temperatures (4 “C, —80 *C) affect
(1—=3}Ff-D-glucan detection in all four containers used in this study. This will be the subject
of further studies.

Another point that should not be overlooked is the surface-area-to-volume ratios of
the containers. [t is possible that this also plays a role in the observed effects on the mecov-
eries as the polyethylene container had the lowest volume of the investigated containers.
The comparison of both borosilicate containers, which possess different surface-area-to-
volume ratios, has shown that during long-term storage at 4 “C the surface,/volume ratio
has no influence on the recovery of (1—+3}p-D-glucan, although a dependence on the
surface/ volume ratio cannot be completely excluded with the investigations performed.
The effects of surface-area-to-volume ratios of other container materials should be further
investigated in follow-up studies. It should be noted that in this initial investigation, only
water spiked with a standard (1—+3}-p-Dglucan was used. Thus, it would be interesting to
know if the sample matrix or glucan species also contribute to this container effect. This
should be part of further nesearch.
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Endotoxin masking poses a potential rizh to patient safaty by rendering endotoxin undetectable. While research
often focuses on intemational andotoxin standards (RSE), the effects of LPS mutant on Low Endotoxin Recovery
(LER] are poorly undemstood. Our othudy investigated 5 minnesots and B. coli mutaniz with incomplete O-antigen
LAL chaine (rough LPS) using Lismshiz amebocyte lyzate (LAL), recombinans Pactor C (rPC) and the monocyte acti-
i vadion test (MAT]). All tected methods detected the mutans with variations in activity oboared. Meaasurements
MAT over time in a common drug fermulation (10 mM sodinm citrate and 0.05 % (w'v) polyoorbate 200 chowed
different masking kinsticz for the mutsnts using different methoda. We were able to show that LAL and rPC have
comparable kinetica, whereas MAT chowed improved recovery of mached endotoxin. The study chovesd that the
mutation of LPG have an effect on macking, independent of the assay system. We propoce that polyzaccharide
length afferts moacking mmcepsibility, with lower hydrophilichpdrophobic ratice canced by the chortened
polymaccharide chain (rough LPS) reducing macking. In addition, the sronger negative charge of the rough
mnstants increaces cation afinity and is suggested to contribute to the stabilization of supramolecolar strsctures,

1. Inooducdon Growth conditions also affect the soueoure, resulting in different sub-

stitutions in lipid A, core and o-antgen (e.g. amine arabinoce, phos-

The sources of microbial contamination in pharmacentical
‘manufacturing can be diverse. Contamination comes from many sour-
ces: water, perzonnel, raw materialz and equipment, toname but a few.
Thiz shows that microbial contamination iz diverse and endotoxins can
come from a variety of sources [1]. Endotoxins, chemically known as
lipopolyzaccharides (LP3), are part of the outer membrane of
Gram-negative bacteria. Multiple studies showed that endotoxdns cause
inflammatory responses when entering the human bloodsmream. This
can lead to severe phyziological reactions, from fever to septic chock and
death [2-4]. The toxicity of these molecules derives from the interacdon
with mammalian host cells, which leads to the production of potent
bioactive mediavars, like cyrolines [5]. LPS, mainly lipid A iz recognized
as the main coniributor to towdeity linked with Gram-negative bacteria

Haowrever, endotoxin is not a homogensous molecule and its souctire
can vary significantly depending on the bacterial zpecies producing the
LPS, the contamination stams, ie. intect bacteria, outer membrane
wvezicles (OMV) or degradation products caused by byziz or cell divizion

* Corresponding author.
B-mail address: jreichfmicrocoat de (). Beich).

hetpe: /doi org,10.101 6. biologicals 2004 101308

phates, amino acids), the number of farty acids in lipid A amd
polyzaccharides in the core, and the number of repeats in the o-antigen
[5]-

Diespite the highly ordered souctures of LPS in all Gram-negative
bacterial strains, which comespond o a fundamental three-umit
compozidon - O-antgen, core, and lipid A - variations in these con-
stituents lead to diverse owerall structurez, resulting in different LPS
classifications (Fig. 1).

The classification of LPS as high molecular weight (smooth) or low
malecular weight (rough) depends on the presence or absence of O-
antigen in itz structure [1]. The absence of O-antigen can occur namrally
or due to genede mutation. While all rough mutanes lack O-antigen, the
length of the oligozaccharide care varies depending on the affected gene
loci. Bough mutants without O-antigen but with a complete inner and
aguber core structure are termed Ra-LPS. In contrast, rough mutants with
a zignificantly reduced core, are termed Re-LP3 or “deep rough”™ LPS [9,
10]. Re-LPS reprezents the smallest LPS soructure supporting bacterial
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membrane integrity, while Ba-LPS has the longest core configuradon
among rough LPS. Mutations at different loci yield core lengths ranging
berween Ba and Re-LPS [2]. In wild-type organizme, which predomi-
nantly express smoath LPS, there is significant size heterogensity among
the LPS moleculer. Approximately 40-50 % of there molecules are
semi-rough, characterized by the absence of the O-antigen [8].

Endotoxin contamination poses a potental safety concem in the
context of parenteral drug manufacoring [11,12]). Various detecdon
methods were therefore established, including the rabbit pyrogen test
(RPT), the monocyte activation test (MAT), and the Limulus amebocyte
Ivzate (LAL) test The LAL test, renowned for its simplicity and high
sensitivity, stands as the preeminent method for endotosxn detection in
scientific applications [13-1Z]. In recent years, the recombinant Factor
C (rFC) test has become increazingly widespread, indicating a mend
towards replacing the LAL vest [19].

A controversial topic of debate in the context of evaluating current
testing methods results iz the issue of “Low Endotoxin Recovery™ (LER)
[20]. The term LER describes the inability to recover more than 50 % of
activity when endotoxin is added to an undiluted product, which ealls
into question the reliability of current endotoxdn detection methods
[21]. The presence of LER has been extensively confimmed [22-27].
However, the clinical relevance of this phenomenon remains umder
discuszion. Schwarz et al. [26] demonstrated in their study that mazked
endatoxins still migger immune reactions. Furthermore, a human whole
blood aszay haz been showm to resolve LER and detect the pyrogenic
activity of endotoxin, while demonstrating reduced activation of the LAL
cascade and activation of the TLR receptor syztem in MAT [22]. Addi-
donally, modemn drugs are often associated with side effectz such as
cough, fever, and inflammation [29,30]. These symptoms make it
diffienlt to distinguizh whether the reactions are cauzed by the treatment
imelf ar by potential undetected contamination Thiz lack of differenti-
ation poses a significant challenge for regulatory agencies, as they
struggle to accurately aszess the safety profile of theze dougs. Until this
izzue is fully understood, endotoxin masking must be considered a po-
tential rizk and further study of the LER phenomenon is exzential.

Standardized endotoxins like Reference Standard Endotoodn (RSE)
are often wred az spikes in hold tme experiments [31]. LER iz particu-
larly relevantwhen surfactant: and other components like salt, urea, and
warious organic substances — which are common in drug formulations —
are prezent Due oo its amphiphilie namre, LPS can be modified by these
components, leading to the spontaneous formation of LPS aggregates,

Smooth LPS (n > 1)

Biologicals B9 (2025) 101508

which cannot be reliably detected. The ransition from a detectable to an
undetec@ble (masked) form is probably accomanied by a change in the
supramalecular structures of the endotoxin. As a result, the endotoxdn is
mazked and inacressible for detection [24,26, 32].

Degpite the significant variability in LPS molecules, stoudies invest-
gating LER hawve focused on structurally defined REE. Several studies
have shown wvarying susceptibilicy to the LER phenomenon. For
example, some crude LPS preparations (Le. NOE: (namurally ecourring
endotocdns)) have been found to be less susceptible to thiz phenomenon
[33])- Considering that masking iz azsociated with a structural change, it
is surprising that different LPS structures, such as mutanes, have not
bean extenzively explored in thiz context. Due to the inherent hetero-
geneity of LPS, naturally eeowring contaminations are likely to consist
of both smooth and rough LPS variantsz. This heterogeneity results from
genetic mutations and varatons in growth conditions, leading to
considerable souctural vanabilicy in LPS. As the exact nature of the
contamination iz unknown, the specific LPS structures involved remain
undefined, making it diffienlt to predict their composidon amd
behawiour.

Understanding the connection between LPS supramolecular ar-
rangements and their detection in LAL azsays by Factor C, az well az LPS
recognition via the TLR4-MD2 cascade in MAT, is crucial for unraveling
the mechanizm of LER. In thiz smdy, the causes of masking were
investigated in more detaill by examining the influence of emdotoxin
structures and their suscepdbility to the LER phenomenon.

2. Materials and methods
2.1. Chemical: and material

Polyzorbate 20 and trizodivm citrate were obmined from Sigma-
Aldrich Chemie GmbH, Steinheim, Germmany. Endotoxin-free water
amd borozilicate glass mbes were obmined from Microcoat Bio-
technologie GmbH, Bemried, Germany. Kinetic chromogenic Limulus
amebocyte lyzate test (Kinetic-QCL™) was obtained from Lonza Ine.,
Walkerzville, USA. The recombinant Factor C test (EndolISA®) was
obtained from Biomeriew, Man':y—l'ﬁmﬂe, France, and the monocyte
activatdon test (HaemoMATE) from Haemochrom Diagnostica GmbH,
Eszen, Germany. Prior to the experiments, all relevant materials were
tested for endotoxin content and proven to contain less than 0.005 EUY
ml.

- Semi rough LPS (n = 1)

Raough LPS ( n=0)

Ra
n Rb

i

Rd2 e v
e
*:HEP' OO
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T
Hydraphilic polysaccharide

T
Hydrophobic phospholipid

Fig. 1. Schamoatic representation of smooth LPS and different LPS mutanty (labellad Ba - Re). Lipid A concicts of a di-phosphorylated disaccharide Qle¥ (glucos-
amine) backbone. The core iz divided into inner and outer core. The immer core consizts of Kdo (3-deoxy-D-manno-octulogonic acid) and heptose (L-ghyoere-D-manna)
residues and iz phosphorylated with various groups such 2z phosphate (labealled P The O antigen iz composed of 1-50 repeating sugar subunits (o= 1-50) (Modified

from Ret. [T
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22 Lipopolyzaccharides

LPS mutantz from Escherichio coli O8:F27 (5-form), EH 100 (Ra), J5
(Re), R515 (Re) and LPS mutants from Salmonela minmesota (5-form),
RG0 (Ra) R345 (Rb), BS (Re), BT (Rdl), R3 (Rd2), R5095 (Re) az well az
the Lipid A from E. coli R515 and 5. minnesomm BS65 were obtained from
BIOMOL GmbH, Hamburg, Germany. The provided concentration was 1
mg/mL far each solubon

2.3 Preparation stock solutions

To determine the endotoxin activity, ;amples with a concentration of
1 mg/ml of the respective mutant were measured using a kinetic
chromogenic assay (Einetic-QCL™). The detected activities are lizted in
Table 2 and uzed to prepare 10,000 EU/mL solutions of each of the LPS
mutants.

2.4 Preparation of samples and measurement of masking kimetics

Samples were prepared in 5 ml glass rubes with sample volumes of 1
mbl per zample. Unless otherwise described, szamples were zpiked with
10 pl. Epopolyzaccharide (LPS mutant) out of a 10,000 EU/mL stock
solution. Stock solutions were chaken at 1400 rpm for 30 min before
adding the spikes to the zamplez. After spiking, the zamples weare incu-
bated at room temperature and for different periods.

Samples with different incubation periods were meazured on the
same microtiter plate, to avoid variaton from test to test. For the short-
tme incubaton (up to 45 min), the endotoxin recovery kinetie: were
measured in an online manner. Therefore, the zamples were spiked with
the respective LPS mutant. After a specific ime interval, a 10 pL aliquot
wias @ken from each sample and diluted 1:100 in endotoxin-free water.
Thiz waz necestary to stop masking effectz and to avoid test
interferences.

Far the long-time incubation, the endotoxin recovery kinetics were
measured in a reverse manner. Sample: were aliquoted and stored for
the time of the study. The aliguots with the longest incubarion tme were
spiked first with the respective mutant Further aliquots with shorter
incubation period: were spiked later in accordance with the respective
incubation period. The dmepoint 0 aliquots were measured immediately
after adding the LPS spikes. All the samples were diluted 1:100 in
endotoxin-free water for measurement.

2.5 Detection of endotoodn

The kinetic chromogenic assay (Kinetie-QCL™), the recombinant
Factor C assay (ENDOLISAT) and the monocyte activation test (Hae-
moMATE) were uzed. All amays were performed following the sup-
plier’s instructions.

For both the LAL-based and the rPC-based assay, 100 pL of samples,
pocitive product controls (PPC) and the prepared standard curve di-
lutions were added in duplicate o a 96-well microtter plate. A 10 plL
endotoxin spike was added to the PPC walls. Lyzate (containing the LAL
encyme cascade) or reaction mixture (containing the rPC) was then
added.

For the LAl-based method the amount of released chromogenic
substrate was measured at 405 nm with a BioTek ELX008 abzorbance
microplate reader (BioTek Instrumentz, Ine. Winooski, VT) coupled with
WinKQCL™ software version 5.3.3 (Lonza Walkerzville, MD) at 37 +
1 °C. The mean of the duplicates per sample was used to determine
endotoxin concentrations (EU/ml) uzing a standard curve fitted with a
linear regression model. The detection limit of the asay was 0.005 EUY
mL (Kinetie-HCL™).

Faor the recombinant Factor C assay, the amount of released fluo-
rescence subsirate was measured spectrophotometrically at 440 nm with
an FLx800 Avorescence microplate reader (BioTek, Bad Friedrichshall,
Germany) at 37 + 1 °C coupled with Gen5 Secure zoftware (version
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3.11, BioTek). The mean of the duplicates per mample was used to
determine endotoxin concentradons (EU/mL) using a standard curve
fitted with a four-parameter logistic non-linear regression maodel. The
detection limit of the assay was 0.005 EU/mL (ENDOLISAE].

For MAT, 20 pL of the samples, PPCs and the prepared standard
curve dilutdons were added in miplicates to a 96-well microtter plate. A
20 pL endotoxin spike was added to the PPC wells and 20 pL. eell culoure
medium was added to all ather wells. Thawed PBMCz were then diluted
in pre-warmed cell culture medium and 160 pl of cell suspension
(PBMC) was added per well of the 96-well plare. The plate was incu-
bated at 37 °C+ 2°C and 5 % + 0.5 % €O, for 17-19 h. After incuba-
ton, the supematant was colleeted. The amount of IL-6 released was
measured using the IL-6 ELISA (part of the HaemoMAT®E) at 430-630
nm with a BioTek ELX808 absorbance microplate reader (BioTek In-
struments, Ine., Winoedki, VT) coupled with GenS Secure zoftware
(verzion 3.11, BioTek]. The mean of the triplicate: per zample was uzed
it determine endotoxin concentration: (EL/mL) using a standard curve
firted with a four-parameter logistic non-linear regression model. The
detection limit of the azzay was 0.125 EU/mL (HaemobATHE ).

206 Calculeton of endotoxdn recovery for the measurement of kinetics
and statishics

The endotoxin concentrations determined in the zamples wers
compared with the endotoxin concentrations at timepoint 0 amd
exprezed as a percentage.

Caleulations of means, standard deviations (3D) and all other sta-
tiztical tests were performed using Graph Pad Prism, version 10.1.1. For
comparizon between groups (e.g. smooth LPE detected by LAL v
smooth LPS detected by fFC), ANOVA was performed with Tukey's
muldple comparizon test. p-values less than 0.05 were considered sta-
tiztically significant Significance iz indicated in the manuscript az fol-
lowys: *p = 0.05, “*p < 0.01, ***p = 0.001.

27 Estimation of molecular mazs of the different LPS mutents

The estimation of the molecular mass of the mutant: was based on
the generic polyzaccharide showm in Fig. 1. For the molecular mass of
the individual monosaccharides, an average rounded valuve of 200 g/mol
was determined (Kdo = 238 g/mol; Hep = 210 g/mal; Gal= 180 g/mol;
Gle = 180 g/maol). The molecular mass for Lipid A and smooth LPS was
esomated based on literature values, with an average of 1800 g/mol for
Lipid A (noting thar its mass can vary significantly) and approximarsly
10.000 g/mol for smoath LPS [34-37]. It should be noted thar the mo-
lecular mazs of smooth LPS can alzo vary depending on the number of
sugar repeats in the O-antigen

The primary focus of thiz analyziz is the relative relationship between
the estimated values of different mutantsz, which have been presented
with az much precizion az possible. Due to the naturally cccurring va-
nety of bacterial strainz, absolite magnitudes can vary. All estimated
values are summarized in Table 1.

Of note, the zame molecular mass was estimated per mutant for both
sirains, which does not reflect reality.

3. Results

3.1. Activity of different LP'S mutints

Orverall, thirteen LPS mutantz with different struetures were testad.
Eight mutants, including smooth LPS and the lipid A derived from
5. minnesotn and five mutanes, inchiding smooth LPS and lipid A from
E coli (zee Materialzs for further strain information). In an imigal
approach, the activity of the LPS mutantz was determined. For this
purpose, solutions of 1 mg/mb of each mutant were meazured with a
kinetic chromogenic assay (KCA). To account for differences in the
meaolarities of the LPS mutants, the actovities are presented as activity per

59



Appendix

L Burgmier o al Biologicals 89 (2025) 107808
Table 1
Estimation of molscular mass of the different mutoants,
Mlutant Estimate number of momssscchardes Molecalar mass of polysaccharide [g/mal] Estimate molecular mass [g/mol]
LFE smoath =11 = EEM TOOCHN
LFE Ra 1 ] A0
LFE Rk 9 1800 2600
LFE Re 5] 1300 3000
LS Rdl 5 1000 2800
LPE Rd2 4 LI 2600
LFE Re 2 400 2300
Lipld & o o 1800

mol. The molarites of each mutant were estimated bazed on the mo-
lecular mass of their monosaccharides and relevant literature (Details
can be found in the Methods section). The molarities and corresponding
activities of the mutants are summarized in Table 1. Activities were for
5. minnesotr LPS smoath 90,900,000 EU/mol, Ra 54,000,000 EU/mol,
Rb 72,000,000 EU/mal, Re 66,900,000 EU/mol, Rdl 67,200,000 EU/
mol, Rd2 66,300,000 EUy/mel, Re 34,100,000 EU/mel and lipid A
10,206,000 EU/mol. The activity per mol tends to decrease with
decreasing polysaccharide chain. Howewver, for the Be mmurant, the
‘mutant with the shartest sugar chain amd for lipid A alone, the activity
per mg decreazes. Mutants of E. coli, showed the following activites LPS
smooth 93,500,000 EU/mol, Ra 3,764,000 EU/mol, Re 109,200,000
EU/mol, Re 91,960,000 EUsmol and lipid A 26,460,000 EU/maol
(Table 2). The activities for zmooth LPS from 5 minnesoftn amd E. coli
woere similar. Owerall, E coli mutants exhibited a higher actvity per mol
Interesdngly, the Ba mutant of E coli, showed wery low actvity
compared to all other mutants.

3.2, Conmparison of assay systems for the detection of LPS mutants

To assess whether commerecially available azzay systems are able to
detect heterogensous LPS, we performed tests with different LPS mu-
tantz on different assay systems. Thiz effort alzo aimed to determine
whether rFC-bazed aszayz could replace the LAL aszay. The endotoxin
activities of zelected LPS mutantz obtained by ECA measurements
(Table 2} were used to prepare 10,000 EU/ml solutions for each
respectve mutant To compare the capabilities of different azsay syz-
tems in detecting LPS mutantz of 5. minnesota and E. coli, the KCA assay,
the rFC-bazed aszsay, amd the MAT were applied. The KCA amssay is
dezigned to detect endotoxin actvities in the range of 0.005-50 EU/mL,
the rPC-based azzay in the range of 0.05-500 EU/ml. and the MAT uzed
in thiz study can detect activities in the range of 0.125-1 EU/ml.

For mutantz of 5. minnesota, all three amay systems successfully

Table 2

Endotoxin activities of the mutantz (meamured with the kinetic chromogenic
aszay (H-QCLI). The mean and the coefficient of variation (CV [%6]) of thres
independent experiments (conducted in duplicate) & shown (n = 31

Struin Mutant Estimnated maleralar Activicy [ELU o
mass [g/mal] mal] %]

5. muimmEsnny LPs 10000 G0, GO0, D) 1
st
LFS Ha 4000 54,000, D00 4
LFs Rb 3500 T2000,000 16
LFS He 2000 £, 900,000 B
LP% Rl =[00 7,200, D00 1
LPs Rd2 3500 iy, A0, D0} 1a
LFS He 2200 34,100,000 z
Lipid & 1800 T, 308, D) 4

E coli LPs 10000 GO0, D00 1
smooth
LPs Ra 4000 3,704,000 12
LFs Re 2000 QLR i 15
LFS He 00 1,560,000 4
Lipid A 1800 26, 450,000 1

detected the structural diversity of LPS, as tlustrated in Fig. 2. No sta-
tiztically differences were obsarved for smooth LPS and mutantz Bb, Re,
Rdl, and Re. However, for the Ra and Rd2 mutants, a shight significance
(p < 0.05) was observed when comparing the assayz. Forthe Ba mutane,
the MAT detected lower endotoxin activitdes compared to the rPC-based
assay. For the Fd2 mutant, the MAT detected lower endotoxin activities
compared to the KCA. Significant differences (p = 0.001) were found
between the three test systems, expecially when analyzing lipid A from 5.
minnesoa. However, these resultz should be interpreted with eanton
due to the relatively large standard deviations and the limited numbser of
tests conducted. The rFC assay showed the highest endotorin actvities
compared to KCA and MAT. Lower endotoxin activities were detected
with the MAT than with the KCA and rPC assays. Thus, higher endotomdn
activifies were detected with the KCA than with the MAT, but lower
activitier than with the rPC. It iz noteworthy that for lipid A, the within-
test variability observed for ECA and rPC also increazed, az indicated by
the stamdard deviation {SD).

Similar to obzervations made with the 5. minnesot mutants, all est
systems were able to detect the mutants of E coli. However, when E. coli
mutants were examined, they chowed more differences between the
aszays compared to 5. minnesods. Fig. 3 illustrates the activities of these
mueants, measured through KCA, rFC, and MAT assays. Nowably, all
tested E coli mutants exhibited significant differences in endotoxin ac-
tivity across various asmay systems, with parteular emphasis on the Ba
mutant, a= well as mutantz Re and lipid A. For smooth LPS, we observed
lower endotoxin activites when measured with the MAT compared to
the KCA. For the Ra mutant, the KCA detected lower endotoxin activities
compared to the rFC and the MAT. The MAT also detected lower ac-
tivites for the Fa mutant compared to the rFC. For both the Be and Re
mutants, we found that the KCA detected higher endotoxin activities
compared to the rFC and the MAT. The MAT detected lower endotodn
activides compared o the KICA and the rFC for lipid A. In most cases, the
rezults indicate that the activity observed in the MAT is comparatively

H
n
= et sk mw Kinedo chromogeric LAL test
£ o ! = Rusaerbinird Factor © st
= T KMonocyte acivaton test
£ B
E 1"
E .
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Wutasis of 5. minnesot

Fig. 2. Comparizon of the sndotoxin activity of the different mutans from
5. minnesots in variows asay systems (LAL, fPC, MAT). The mean + standand
deviation of the mean (5D) of three indspendent experimens (conducted in
duplicates) iz chown (n = 3) and plotted on logZ2 scale. *p < 0.05; **p < 0.01;
veun o QU001
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Fig. 3. Comparison of the endotoxin activity of the different mutants from
E coli in variour assay aystems (LAL, fFC, MAT). The mean 4+ standard devia-
tiom of the mean (5D) of three independent experiments (conducted in dupli-
cates) iz shown (n = 3) and plotted on log2 scale. *p < 0.05; **p < 0.01; “**p
< 0.0D1.

loweer than in other assay systems (for mutant Ra, Be and lipid A). Thiz
suggests that the measured LPS preparations may not poctess the same
level of potency in activadng the immune system compared oo their
ability to activate Factor C. The most significant differences are deter-
‘mined between the LAL and the MAT aszay. These results highlight the
importance of considering azsay specific variadons when evaluating
endotoxin actvity.

3.3. Shorr-gme gnalysis of the mosking kinetics of the 5. minnesote
ks

Alfter proving that the uzed test systems are able to detect various LPS
structures of the LPS mutants, we forused on investigating their masking
behaviour. We employed a known masking mairix comprising 10 mM
sodium citrate and 0.05 % (w/v) polyzorbate 20 and recorded the
‘mazking kinetics uszing the zame azsay systems as above (LAL, rPC, and
MAT) for 45 min In accordance with the definition of mazking, samples
with a recovery of less than 50 % were classified az masked. Samples
were also considered invalid if the recovery was greater than 200 %.

Dizdnet masking behaviours among the LPS mutants were observed
in the LAl -based assay kinetics (Fig. 4 (a)). Smooth LPS demonstrated
the faztest macking, similar to the smooth RSE. Within 20 min, the re-
covery of smooth LPS fell below 50 %5 Similarly, after 30 min the re-
covery of BSE fell below 50 %. Motably, mutantz Ra and Bb, possessing
shorter polyzaccharide chains than the smooth LPS, exhibited recoveries
of around 50 % after 45 min In contrast, all other mutants, character-
ized by shorer polysaccharide chains (induding lipid A), showed no
masking after 45 min, with recoveries ranging from 70 % to 121 %

In the mazking kinetics measured with the rFC assay (Fig. 4 (b)), the
RSE az well as the smooth LPS and Ba mutant, exhibited maszking after
20 min Mutant Bb chowed recovery below 50 %o after 30 min
Conwersely, all the other mutantz displayed recoveries above 50 %0 For
mutant Rd2, Re and lipid A recoveries were 95 %, 83 % and 92 %,
respectvely after 45 min. Moteworthy are the recovery pattems of
mutants Be and Rdl. For the Re mutant, the recovery increased until 20
min to a recovery of 161 %, after which it gradually declined and
showed recovery of 121 % after 45 min In the case of Rdl, the recovery
demonsirated a contimuous increase over the 45-min duration and
showed recovery of 177 % after 45 min However, it is important to note
that both mutants remained below the 200 % threshold throughout —
indicaning a valid recovery.

The MAT (Fig. 4 (c]) revealed that the RSE az well as the smooth LPS,
exhibited maszking after 30 min, consiztent with the observations from
the other two detection systems. All other mutantz showed no in-
dications of a LER within the given time frame. Motably, the Bd] mutant,
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Fig. 4. Madking susceptibility of diferent mustantz from 5 mimesoen. Endo-
toxin recovery waz plotted ac a function of mcobation time 100 EU/mlL
endotoxin from different mustants were spiked into samples containing 10 mM
sodium citrate and 0.05 % (w,+) polysorbate 20 and incubated at room tem-
peramre (KT} for up to 45 min. Por detection, {a) kinetic chromogenic LAL teat,
(b} recombinant Factor C teot and {c) monocyts activation test were uoad. Por
calculation of the data poiniz the mean values of three individually performed
repetitionz {n = 3 of the kinetico were uzed. For a better comparicon of in-
dependent measurements, the das was normalized and the starting points were
set bo 100 ¥

which had zhown increased endotoxin activity in both the LAL and rfPC
assays, also showed inecreaszed activity in the MAT. Thiz acdvity excee-
ded 200 % after 45 min. It iz important to note that no data is available
for the Rb mutant in MAT a= all measurements performed exceeded the

3.4 Short-dme analysis of the masking kinetics of the E coli murtanis

In the LAL-based azmay conducted on E. coli mutantz (Fig. 5 (a)), the
fastest marking was observed for murant Ra, with recoveries falling
below 50 % after just 5 min Smooth LPS, mutant Re and RSE alo
showed masking, but at a slightly slower rate, with recoveries falling
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Fig. 5. Mashing susceptibility of different mutants from B coli. Endotoxin re-
convery was plotted az a function of incubation time. 100 EU/mL endotoxin from
different mutants were cpiked into camples containing 10 mM sodivm citrate
and 0.05 % (/%) polysorbate 20 and incubated at room temperamre (AT for
up to 45 min. Far detection, (2] kinetic chromogenic LAL teot, (b) recombinant
Pactor C test and (c) monocyte activation teat were used Far caloulation of the
data points the mean vahies of three individually performed repetitions (n = 34
of the kineticz were wsed. Por a better comparizon of independent measure-
menty, the dats war normaliced and the starting point wers o=t to 100 %.

balow 50 % after 30 min Similar to the mutants of 5. minnesota, those
with longer sugar chains (LPS smooth, Ra, Re) displayed faster masking
kinetics. Mutant Be and lipid A showed no masking after 45 min. The
recovary was 69 % for Re and 89 % for lipid A.

The rFC assay (Fig. 5 (b)) showed similar recovery patterns to the
LAL assay. Mutant Ba cshowed the fastest mazking kinetier with re-
coveries below 50 % after 5 min, followed by RSE, smooth LPS and
mutant Re. RSE and smooth LPS had recoveries balow 50 % after 20 min
and mutant Be after 30 min Re and lipid A showed no masking
behaviour within the tme interval studied, with recoveries of 74 % and
85 % respectively.

In the MAT azzay (Fig. 5 (¢]], only the recovery of mutant Be (az well
as the RSE) fell below 50 % within 45 min The smooth LPS, Be, and lipid

Biologicals 8% (2025) 101508

A exhibited a trend toward lower recoveries over time, although they
consistently remained above the 50 % threshold. Smooth LPS showed a
recovery of 63 %, Re of 70 % and lipid A 76 % after 45 min No data were
available for mutant Ra in the MAT, sinece all measurements exceaded
the limit of detection. While thiz mutant showed the fastest mazking in
the other assays, it i important o note that it also showed significandy
increazed activity in these aszayz compared to the water control (data
not shown). Howewver, this actvity decreased rapidly over dme. It iz
therefore surprizing that thiz tend for mutant Ra iz not reflected in the
MAT measurements.

In summary, both the LAL and rPC asmay showed comparable
masking kineties for the two bacterial strains. Specifically, 5. Minnesota
mutants showed recoveries below 50 % for smooth LPS to Bb mutants,
whereas shorter mutamts (Re to Lipkd A) showed recoveries above 50 %
for both. For MAT, the recovery rate wasz below 50 % only for smooth
LPS in 5. Minnesota. In E coli, smooth LPS to Bb mutants showed re-
coveries below 50 % after 45 min in LAL and rFC azsay, while recoveries
were above 50 % for mutant Re and lipid A. The MAT zhowed recoveries
below 50 % only for Be mutant. The results showed that endotoxin was
detecrable for longer in MAT compared oo LAL and rPC. In addidon, 5.
Minnesota mutantz showed a clower maszking compared to E coli
mutants.

3.5, Long-time analyziz of the masking kinetics of the 5. minnesoto
mfants

After observing the mazking kinetics within a 45 min interval and
recognizing the variability in masking behaviour among LPS mutants,
we extended our investigations to include long-term kinetics at specific
time pointz, incloding 24, 48, 72 and 96 b Given the comparable kinetic
patterns obtained from the LAL and rPC asmays, the forus for further
investigation was narrowed to the rFC assay and MAT.

For 5. minnesota strains, including the e, Rdl, Bd2, Re, and lipid A
mutants, no masking behaviowr was evident within the first 45 min
measured with the rPC azsay (Fig. 4 (b)). The Be mutant showed the first
masking with recovery rates below 50 % after 48 h, while the remaining
mutants showed recovery rates less than 50 % after 72 h (Fig. 6 (a)).

‘When 5. minnezota mutants were subjected to MAT, only the smooth
LPS mutant showed recovery rates below 50 % within 45 min (Fig 4
(c1h. Next, all mutants from Ra to Lipid A were examined for their long-
term kinetics (Fig. 6 (b)), After 24 h, both the Ba and Bb mutants and,
surprisingly, lipid A chowed recoveries below 50 % Consistent with the
rezults of the FC aszay (Fig. 6 (a)), all mu@ntz showed mazking
behaviour after 72 h

3.6 Long-tome analysiz of the masking kinetics of the E. coli mutanis

In comfrast to 5. minnesota mutants, only the Re and Lipid A mutants
of the E. coli srain showed no mazking behaviour within the firse 45 min
as measured by the rFC aszay (Fig. 5 (b)) Thus, long-term kinetic
analyzis in the rPC aszay was performed for these owo muant (Fig. 7
(a)). Mutant Re showed recoveries below 50 % after the 24 h, while lipid
A showed similar rezules after 72 h, reflecting the kinetics obzerved for 5.
minnesota lipid A

For measzurements with MAT, in addition to mutant Be and lipid A,
zmooth LPS showed recoveries abaowe 50 % at the 45 min tme point
(Fig. 5 (c)). Shown in Fig. 7 (b), both smooth LPS and mutant Re fell
below 50 % recovery after 24 h, indicating mazking. Lipid A showed a
recovery balow 50 % after 72 h, consistent with all other mutanes from 5.
minnesota and E coli.

Although none of the mutants tested were resistant to masking
behaviour and showed recoveries below 50 % after 72 h at the latest,
they exhibived different kinetics. Some mutants zhowed masking
behaviour as early az 45 min, while others did not show it untl 72 h
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Fig. 6. Masking musceptibilisy of different mutantm from 5. minmnessta. Endo-
toxin recovery was plotted a= a function of incubation time 100 EU/mL
endotoxin from different mutants were spiked into sample: containing 10 mM
sodivm citrate and .05 % (wv) polysocbate 20 and incubated at room tem-
perafure (BT} for up to 96 h. Por detection, (2} recombinant Factor C test and
ib) monocyte activation test were wed. Por calcolation of the data points the
mean values of three individually performed repetitions (n = 3) of the kinetics
wmre 1zed. Por a better comparizon of independent measurementz, the data waz
normalized and the starting pointz wese set to 10 %.

4. Discusslon

The detection of endotoxin levelr is of paramount importance,
particularly in the pharmaceutical and biomedical mdustmes. Endo-
roxine represent one of the most prevalent and potent pyTogens, pocing a
significant rizk of contamination in pharmaceutieal produets. Contammi-
nations rezulting from endotoxine can lead to fever and even progress to
sepdc shock, underscoring the cnidcal need for effective detecdon
methods. Despite the availability of establizhed detection methods, the
challenge presented by LER phenomenon iz noteworthy. Soadies uzing
defined sorueural endotoxin are recommended to assess the effective-
ness of detecdon methods. However, natural contaminations are far
‘more complex, given the infinite diversity of LPS arising from various
growth conditions and mutadones. Different masking suscepdbilities are
Imowm, often with unknown underlying reaszons [1,33,32,39]. It was
aimed o investgate the affect of LPS mutant on the LER
and their detection wzing different test systems. The souctire of LPS
influences masking processes, which in tum has a profound effect on
detectability. Interestingly, thiz phenomenon has not been extensively
studied. Thiz study therefore elucidates the effect of LPS mutants on LER
and itz detectability in the most commaonly uzed endotoxin aszays.

4.1. Actvity of different LPS mutantz

First, the endotoxdn acdvides per mol of each mutant were deter-
mined, revealing a wide ramge of amay activitiezs within the LPS
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Fig. 7. Macking sunceptibilisy of diferent mutants from E. coli. Endotoxin re-
covery was plotted 22 a function of incubation time. 100 EU/mL endotoxin from
different mutants were gpiked into samples containing 10 mM sodium citrate
and 0.05 % (v polyzarbate 20 and incub 1 at ronem P (BT for
up to 96 b Por detection, (a) recombinant Pactor G test and (b)) monocyte
activation teat were used. For calculation of the data points the mean values of
three individually performed repetitions (n = 3] of the kinetics voere used. Fora
better comparizon of independent measurements, the data was normalized and
the starting points were set to 100 4.

sructures. The activity of smooth LPS torwards mutants with shorter
sugar chaines decreased for 5. minnesota mutants, with the exception of
the Ra mutant A similar decrease in activity was observed for E coli
murants, starting from mutant Be to lipid A. Due to the soong tendancy
of LP3 molecules to form aggregates, it iz difficult to determine their
exact molecular mass [39]. Since the molarities were estimated, there
may be zlight deviations in the activities per mol, especially for E coli
due to the presence of different core types with different poly-
saccharides, which will be dizcussed later. Howewer, for both strains,
lipid A showed the lowest actvity, which was unexpected as lipid A is
uzually considered to be the toxic part of LPS [40,41]. The obszarved
reduced activity could be associated with their shortenad sugar chainz,
which consequentdy reduces the mutant’s ability to form supramolecular
sructures required for detection by Factor C. This would be consistent
with previous observations that the zize and aggregation state of LPS
aggregate: comelate with activity in LAL [12,41]. Mueller et al. [42]
found no biological activity of LPS monomers in either MAT or LAL. In
addidon oo these observations the endotoxin must be aggregated for
simulation, other studys have shown that the stmucture of the aggregare
aslo plays an important role [43,44]. In addition, changes in solubility
due to the shorter sugar chain and grearer hydrophobicity may alzo play
a role by affecting conformations. Mewvertheless, different lipid A stroe-
tures zhould alzo be imvestigated in a follow-up study, as these have a
major influence on the acdvicy of the endotoxins. Az demonsoated in
Dardelle et al."s [45] study, LPS exhibit varied reactions primarily due to
differences in their lipid A composition, including varatons in the
number and length of faoty acid chains, the prezence and positioning of
phosphate groups, and any potential modifications or substmtons.
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4.2 Conparison of asay systems for the detection of LPS mutonis

In the first part of thiz study, we investigated the capability of
different test gystems to detect varous LPS soucoures. All vest methaods,
ndependent of the detection mechanizm were suitable for the detecton
of LPS mutant. Regarding naturallly cccurring contaminations in water
or pharmacentical zamples, it is cruecial to ensure that a reliable test
method is wsed. Namral ccouming contaminations may consist of
different LPS molecules from different strain: comprizing different chain
lengths [5].

While significant differencez between LAL, FC, and MAT in
5. minnesoto mutants were mainly restricted to Lipid A, for E coli dif-
ferences were detected within all mutants. Looking at the significant
differences, almost all are within a factor of 2 for LAL and rPC mea-
surements, which iz not unuzual for endotoedn measurements. Addi-
donally, cauton iz advized when interpreting these statiztically
significant differenses, as they are based on only three tests with rela-
dvely large standard deviations. Compared to MAT, LAL and FC are
based on the same mechaniztie principle. Consistently, the results sug-
gezt that rPC iz equivalent to LAL amd can therefore be used to replace
LAl The significant differences benween MAT and LAL azzay are soik-
ingly higher than within LAL/TFC. It iz noteworthy that partieulardy for
mutants posseszing chorter sugar chains, the MAT tends to detect lower
amounts of endotoxin actvity. The MAT is based on the actvaton of
mmune cellz, &g by LPS. Subsequently, immume cellz express and
release cytokines and chemokines. Mutants consising of shorter zugar
chains and lacking O-antigen are known to be less potent than those with
O-antigen. Thiz could be an explanation for the lower recovery of the
MAT for mutants with shorter sugar chains [39,46].

It would be wery interesting to inwestigate further mutants from
different strains and determine the ability to detect these different LPS
structures in common test systems. In thiz smdy, we focused on mutants
of E coll and 5. minnesota. E coli, chosen as a strain reprezenting all
mmtemnational reference standards, served as a comparizon and also
provided insight into the varability in masking behaviour within a
species. Salmonella, a common and abundant pathogenic stoain, was
uzad az an addifional example of contaminartion, as theze are the best
characterized LPS mutantz.

4.3, Maskdng Mnedcs of the mutants

To eompare whether one of the aszays has an advantage in tenms of
sensitivicy, reliability and aceuracy in detecting endotoxin in a masking
mamix, a kinetic study was performed. The LAL and rFC assays showed
similar kinetics in both mutant strains. Both aszays showed masking for
5. minnezoft smooth LPS and the mutants Ra, Bb and Be in the 45 min
time interval, but no masking for the mutants Re, Rdl, Rd2, Re and lipid
A Forthe E coli mumantz, both azmays showed masking for smoaoth LPS,
Ra and Re, and no masking for Re and lipid A. The MAT inidally appears
o detect the selected LPS mutants in macking matrix better than the LAL
and rPC azzays, with maost mutants (except smooth LPS from 5. muinmesosz
and LPS Fe from E. coli and the RSE) =till chowing over 50 %: recovery in
thiz aszay after 45 min In a smdy by Schwarz et al. [26], mazked
endotoxin waz reported to be biologically active in inducing the release
of proinflammarory eytolines in human monocytez. This could explain
the higher residual recovery in MAT after 45 min, as Factor C may be less
activated by masked LPS compared to the TLR-4 receptor. Negwer et al.
[47] alzo demonsrate a significantly reduead but z6ll present residual
activity of masked LPS in MAT compared to LAL aszays.

Recoveries between LAL and rPC were nearly identeal for almest all
mutants, considering mazking criteria (50 %200 % recovery). This
suggests that the complete LAL rascade, compared to an assay exclu-
sively containing Faetor C, does not fundamentally differ in capruring
masking kinetics. In additdion, the possibility of false positves due to
glucans iz excluded. Theze would have activated the LAL caseade via
Factor G, which iz present in LAL but not in the recombinant Factor C
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aszay [47].

Howvever, it iz important to note that LPS reacts very sensidve to the
masking zolution used in this study, which consists of citrate and poly-
sorbate 20. Therefore, the kinetics show some variability. This becomes
evident when examining the standard deviadons of individual mea-
surements (Zupplement 1). Even replicates of BSE in the zame maitrix
showed wvery high fluetuadons. This iz most likely atributed to the
concenmation of polyzorbate 20; minimal changes here lead to highly
varied reactions of the LPS. Of note, it has been demonsirated (data not
showm) that a lower concentration of polysorbate 20 initially increasas
masking capability (while reducing macking time), but then a reduction
in the concentration of polyzorbate 20 reduces the masking capability

again.

Masking kinedes are strongly influenced by the sample mamrix
Polysorbate 20, combined with citrate buffer, iz a pobent inducer of
masking, whereaz polyzorbate 50 with cimate buffer shows slower
masking kineties [24,48]. Recent studies conducted masking kinetics in
a polysorbate 80-citrate matrix at and concluded that there was no
masking of NOEs [49]. However, the conditions were not completely
conchisive. The mazking kinetics were only performed at 4 °C, which
does not reflect the real scenario. It is known that masking is tempera-
ture dependent, with stronger masking at higher temperamres [24].
Oither studies using polysorbate 20 demonstrated that NOEs also exhibit
masking behavior, albeit with varying susceptibilidies [26,33]. This
highlightz how significantly masking kinetics are influenced by the
sample marrix az well az the molecular structure of the LPS.

The zmooth LPS from 5. minnezom conzisting of the highest poly-
saccharide content, iz masked most rapidly, followed by the Ra and Rb
mutant with the second and third highest polysaccharide content
Although the Ba and Bb mutants exhibited recoveries abowve 50 % after
45 min in two out of three asays, they showed a tendency to lower
recoveries, demonsirating a similar dependence of mazking spead on
polyzaccharide content. For the five mutants with shorter poly-
saccharide chains (Re, Rdl, Rd2 Re and lipid A), there no masking was
obzerved after 45 min They neither exhibit lower recoveries nor a
dizeernible wend towards decreasing recoveries. Only hold dme sudies
of 5 days showed mazking for these mutants. Consistently, the mitant
with the fourth highest polyzaccharide content (Re) was the fourth
fastest to be mazked, conzidenng both measurement methods for the
long-time kinetics. The long-time maszking kinetics suggest that the
masking process iz slowed dowm and that these mutants are not
completely resistant to the mazking phenomenon.

The LPS mutants of 5. minnezots suggested that the rate of masking is
closely linked to the proportion of polyzaccharides. Thiz proporton
determines the ratio of hydrophilicity to hydrophobicity, as lipid A re-
mains constant within a species [7]. Therefore, rougher mutants exhibit
higher hydrophobicity. Altering this ratio in amphiphilic melecules re-
sultz in a modification of the physicochemical properties of aggregates.
Smooth LPS from 5. mummesotn forms micelles with a diameter of
approximately 24 nm, while the Fe mutant of 5. minnezoto forms mi-
celles with a diameter of abowt 91 nm [36]. In addition to a reduction in
the hydrophilic-to-hydrophobie ratio, the shortening of the poly-
saccharide chain of LPS indirectly rezulted in an increased charge den-
ity in LPS mutants. This iz becanze the negatively charged groups of LPS
are primarily located in the inner core region [50]. When mutants lack
an outer core, as zeen in the Rd]l muant up o lipid A, some of the
negatively charged groups are sdll present However, the outer core
polrzaccharides (typically neutral), onto which the negative charge ean
be distributed, are abzent.

Reich et al. [24] reported that the rate-determining step in the
demazking proces: iz the removal of divalent cations. Only after these
cations are removed by a chelator, the detergent can integrate and alter
the supramolecular structure. The impact of there negative charges is
alzo evident in the examination of Rice’s work in 2018 [51]. In a Rdl
mutant of 5. mEnnesons, bridges are formed between the HEPS and HEP3
phosphate groups through Ca®*. However, the Rd2 mutant lacks the
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HEPS sugar, preventing the zalt bridge formation in a similar manner.
‘This could explain why a significant decreaze in recovery is observed in
the Rd? mutant after 24 h (for the rFC azzay) and after 48 h (for the
MAT), while the recovery of the Rdl mutant remains unchanged.

Wahib Sali [36] demonstrated that rough mutants tend to exhibit
larger negative charge dencitdes. These charge densiges enhance elec-
mostatic interactions, miggered by higher affinities to divalent cations.
The magnitude of this influence could be investigated by further studies,
in which mutanes are exposed to different coneentrations of the chelator
at a cons@ant detergent concentration, similar to the studiez of Reich
etal [24].

Smooth LPS iz not the faztest masked mutant for E coli. The increase
In mazking speed cannot be zolely explained by the hydrophobic-to-
hydrophilic rado. It iz noteworthy that, unlike 5. pEnnesofz mutants,
which have only one core polyzaccharide type, E. coll has five distinet
core polyzaccharide gypes [41]. These diverss core polyzaccharides may
akzo influence the remarkably low endotoxin activicy of the Ba murant.
In contrast to other mutants, the reactivity of the Ba mutant is 10-100
rmes lower. The Ba mutant, claszified a2 core type B2, has a nentral Gal
in the inner core [52]. Other studies hawve showm that differences in
charged molecules, such a= inmer core rugars and associated funetional
groups, can also affect reactivity. For example, it has been shown that
the removal of a negative charge rezultz in a 100-fold reduction in
activation [53].

Smooth LPS comesponds to an E coli core type R1 [54]. This core
type differs from others by having glucosamine in the inner core region.
‘This saccharide has a positively charged aming group, which allows LPE
molecules to interact with each other even in the absence of divalent
cations. There are studies describing that the incorporation of amino-
arabinose, aleo a ;ugar with an amino group, leads to a higher number of
inter-lipid hydrogen bondz among LPS molecules [51]. Thiz additional
stabilization reduces the significance of salt bridges involving divalent
cations. Even though glucosamine in the mner core of smooth LPS from
E. coli lowers the negadve charge density and thereby reduces the af-
fnity for Ca** | it might enable slowed masking through this additional
stabilization [7].

The mutants of both strains exhibired a comparable dependence of
the mazking susceptbility on polyzaccharide chain length, although the
influence was more pronounced in 5 mimmesota. For E coli mutants, an
additional dependence on different core types was astumed. When
comparing the respective mutants of both species, it was found that
E. coli mutanitz tended to mask more rapidly.

The main differences between the mutantz lie in their lipid A For
E. coli, lipid A is hexa-acylated in about 90 % of cases and penta-acylated
in about 10 % of cases [55]. In 5. minnesotz, lipid A iz 20 %70 %
hepta-acylated, depending on growth conditions [56]. For the same LPS
mutants (i.e, with the same saccharide chain length], this results in
higher hydrophobicity in 5. ménnesotio mutants compared to E.coli mu-
tants, leading to a slowed masking process. Addidonally, 5 minnesotz
LPE can zubstitute amincarabinose sugars depending on growth condi-
dons, coniributing to additional aggregate stabilizadon through
hydrogen bonding, az deseribed above [57]. This observation aligns
with findingz by Beich et al. [33], where several namrally ocourring
endotoxins (WOE) were examined for masking. The NOE from Bur-
kholderia Cepacia did not mask over an extended period compared to
others. LP3 from the Burkholderia genus often carries multiple aming-
arabinoses, which are subsdmuted on both lipid A and the core region
[5E].

5. Coneluzlons

Our research shows that the souctural properties of LPS play a
critical role in influencing both itz potency and its detection. One key
factor iz the length of the polyzaccharide chain which significantly
‘madulates LPS activity. For example, rough LPS mutants exhibit greater
varability in detection compared oo their smooth counterpars,
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highlighting the importance of soucral differences. Furthermore, the
mazking kinetics of LPS are determined by its molecular structure, with
rough LPS mutants exhibiting slower masking kinetics than smooth LPS.
Thiz suggests that different LPS soucoures interact uniquely with sur-
rounding substances in a given sample. The hydrophilic to hydrophobic
ratio plays a critical role in masking susceptibility. A lower ratio, as seen
in mutants with shorer polyzaccharide chains, cormezponds to a lower
masking rate. In addition, rough LPS mutants tend to carry an increased
negative charge, indicating a grearer affinity for divalent cations, which
may stabilize supramaolecular structures and reduce suscepdbility to
masking.

The uze of 2 model matrix for masking in thiz study has improved our
understanding of masking mechanizms. Howewver, further studiez are
neaded o explore the influence of LPS structure in other masking
maitrices. In addition to molecular sorucoure, the sample marrix itself has
a zignificant influence on masking kinedcs. Components such as poly-
sorbate 20 vz polysorbate 80, buffers such as citrate, phosphare, or
hiztidine, and protein stucture strongly influence the extent of masking.
Thus, the factor of sruetural variability investigated in this soady is only
one of several influencing factors.

Contamination can be highly heterogensouz and unpredictable
Some studies suggest that using NOE:z az reference materials in LER
stmudies could provide a more realistic assezzment of masking behavior
compared to RSE. However, thiz approach has limitations. Becauze the
soucrure of environmental endotoxin contamination iz usually un-
knovm and different forms of LPS have different suscepdbilities to
masking, using NOEs as reference materials may not be practical or
predictive for all contaminaton scenarios. It iz likely that real-world
contamination consists of a mixture of rough and smooth LPS, which
adds complexity to detection and recovery. Our resulz show that
smooth LPS iz particularly susceptible to masking, making it a “worst-
caze” scenario for endotoxin detection. Consequently, RSE compozed of
smooth LPS provides a suitable zpike material for LER smdies due oo its
high zusceptibility to mazking, aleo in accordance with PDA Technical
Repaort 82 [59]-
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Knyworde Ridinhle endotoxin detestion in hamn ploms b eompeombsed by matking efferes, which inberfere with Limules

Ijuﬂbdl Amehoeyte: Lysate [LAL)based assays. While electrostuile interections hove boen consbdersd a major cause of
poprlymcciaride (LS masid . .

ng, our stody demonstrates that they alone cannot fally explain the phenomenon. We show that mskdig

Gironbem Anateacros Lipnsme (AL Ay ceeurs rapidly in plasma, with endotoqin recoveries dropping below 509 within minwies. Although incressing

Hn“"I the pH to 12 partially restoess detection, high-slr weitments fail 1o disrupt endotorin-protein comgdenes,

Hlood indicating additicnal sabilizing forces. Plosma froctionation experimvents revealed that specific probeiss,

particularly bysoryme, contsibute significantdy to mesking, while human serum albumin plays coly a minor role
at pliysisdogical concentrations. Fusthirmore, I dift b lipospoidysarcharidis (LPS) infloeser:
masking behavicor: speooth LS varlants are masked more rapidly than rough mutints, suggesting that hydro-
philic interactioes and molecular conformation play & cnselal rode. Oor fndings highlight thar endotoxin meskisg
s not soldy deven by dectrostatle interections buf mewlis from o complex interplay of strscheral and
btochemalcal factors. Recognizing thise mechanisms b essential for developing sellable defertion strateghe,

ensuring the accuracy of endotoxin testing in clinical and pharmaceoties applications.

L. Imtroduction

Endotcodns, also kmown as Bpopal ysaccharides (LPS), are esential
companents of the outer membrane of gram-negative bacteria [1,2].
Their srmactural complexity and biclogical activity play a critical rols in
bacterial infections, triggering robust immone responses. When endo-
toxins enter the bloodstream, they are recognissd by the immuone sys-
tem, primardly through binding to Tall-like receptor 4 (TLR4). This
interaction activates the immate immune response, resulting in the
release of procinflammatory cytokines [J7]. While this response is
esmential to eliminate invading pathogens, sxcewive activation can lead
to severe inflammatory conditions soch as sepeis and sepiic shock,
highlighting endonadins as key players in dissase pathology [4]. Becauss
of their pathogenic potential, strict monitoring of endptoxin contami-
nmation is esmential, particalasrdy in intravenoes drogs and biclogicals.
Eegulatory standards, as oatlined in varioons pharmacopoeias, sef strict
limits for endotoxin levels (5 endotoxin wimdts per kg body weight per
hanur for intravenous applications) [5,6]. Adherence to thess guidelines
is essential to erure patient safety, particularly in clinical settings

where immunocompromised individuals are at high risk.

Sepsiz, a life-threatening condition characterissd by an extreme im-
mmme resporse to infection, remains a major clinical challenge. It can be
cnmed by gram-negative or gram-positive bacteria and even fungal
companents [7,8]. Current diagnostic methods rely on dinicl asses-
ment and biomarkers such 2 procalcitonin and Coreactive protein,
which indicate systemic inflammation et do oot directly identify the
underlying pathogens [9]. Early and acourate detedtion of endoboxins im
bood could serve as a critical marker for sepsis diagnoss, allowing for
prampt and targeted ireatment. Integrating endotoxin assmys indo
diagnostic protocols could improve specificity, allowing dinicans to
differentiate between bacterial and non-bacterial canses of inflamma-
tion. Diespite the promise of endotoxin detection in the diagnosis of
sepsis, there is still no reliable detection method. [10]. Blood cultures,
the zold standard for identifying bacterial infections, are fime-
consuming and aften have low sensitivity, espedally after antibiotic
administration [10,12]. Mon-mulhore-based methods such as the
Limulus Amebocyte Lyste (LAL) assay and the recombinant Factor ©
assay, affer a faster alternative for the detection of endotoxins [173,14].
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Hopwever, their dinical wtility has been limited by inconsistencies be-
tween LAL-f=tected endotoxin levels and patient clinical stahe or dis
ease severity [10,15-17].

Umee of the major challenges in applying the LAL asay to homan
hond & the phenomenon of endotoxin masking, which can lead to false-
megative results [18-20]. This phenomenon, alsn known as Low Endo-
toxin Recovery (LER), complicates the detedtion proces by making
endotoxing undetectable by cumrent methods despite their presence. In
the complex matrix of buman plasma, various substances may interfene
with the detection process [21,22]. Plasma components, including
proteins, lipoproteins, and bile salts, contribute to LER by interacting
with endotaxing and altering their sructural and chemical properties.
Amphiphilic and cationic polypeptides, as well as various plasma pro-
teins, chelating agents, and surfactants, can bind to LPS, nactivating it
and preventing it from triggering Factor C in the LAL assay [23-26].

Mccurate endotoxin detection & critical not oaly for the treatment
and prevention of sepsis but also for ensuring the safety of hlood prod-
wcts and pharmaceuticals. Undetecied endotodn contamination poses a
serious risk to patient safety, particularly in vulnerable populations
relying on intravenous therapies [27]. Therefore, understanding the
mechanisms behind endotoxin masking and developing strategies o
cmmieract these effects is oritical. Improving the performance of the
LAL-bassd test methods, which remains the gold standard for endotoxin
these inhibitory factnrs and optimising sample preparation methods.
Various approaches have been proposed to mitigate the inhibitory ef-
fects af plasma components on LAL assays, such as smple dilution and
heating  [26-30]. Howewer, these methods have limitations and a
standardised, relishle method for the quantification of endotoxin in
human plasma has yet to be established. For example, while sample
dilutiom can reduce the concentration of inhibitors, it also dilutes the
endotoxin, redocing detection sensitivity. Heat treatment can denatune
proteins and rechsce their binding to LPS, but it can alse affect the
structure and reactivity of endoboxin.

Undersganding and addressing the challenges presented by the
complex matrix of human blood are sssential for enhancing the reli-
ability of LAL assays in dinical diagnostics and pharmaceutical quality
cantral. This study aims to identify the factors and binding mechanisms
that interfere with endotoxin detection in human bloed, explore why
previous methods have failed to achiewe consistent remults and elocidatbe
the underlying mechanisms. (vermoming these challenges will improve
diagnostic accuracy, enhance reatment outcomes for sepsis patients,
and ensmme the safiety of thempeutic products.

2, Materials and methods
21, Collection of fuman Mood plosme

The study was condhscted in accordance with the guidelines of the
Dedaration of the World Medical Association of Helsinki, and the
plasma peed in the following experiments was obtained by internal
bood collsction. Blood samples were collected from 10 donars by
trained persoans] using the Vacuette B safety blood collection set to
obtain whole human blood Lithium heparin tubss (BD YACLETTER
TUBRE % ml LH Lithivm Heparin; Becton Dickinson (BDY) GmbH, Hei-
delberg, Germany ) wene nsed, which were then cendrifuged at 2000 g for
10 min. The separated plasma was collected, pocled, and frozen in
myotubes at 80 “C. These samples were thawed and used for all ex-
periments in this paper. Written comsent to participate and approval for
publication was obitained from sach voluntesr.

23 Sample spiking with endotorin

Unless otherwise specified samples were prepared in 5 ml glass tubes
(EndoGrade Glass Test Tubes from Biokbsrieux, Hl:n:,n'l'ElniL:, Francs)
and spiked with reference standard endotoxin (RSE; Eooli O1 13:H100E;

Eurvpans Joermal of I o Bl 204 (20Z5) | 178G

EDQM Coundl of Europe, Strasbourg, France) from a 10,000 EU/mlL
stock solutinn. The siock solution was shaken at 1400 rpm for 30 min
before the spikes wers added to the samples. All samples were spiked to
a theoretical endotoxin value of 100 EL/ml.

213, Endotooin masking fetics of humon wisole blood ood plosma

Fresh buman heparinised blood and human plasma samples were
prepared in 5 ml glass tubes with a volume of 500 pl. per smple.
Samples were spiked and incubated st room tempermabre. After 5§ mim,
10 min, 15 min, 20 min, 30 min, 45 min, 60 min, 4h, and 24 b, a 5 pl.
aliquot was taken from each sample and diloted 1500 in LEW {LAL
reagent water; Endolrade Water from BioMerienx, Marcyd Ernile,
France). Prior to the experiments, the samples were tested for mitial
endotoxin content. For both whale blood and plasma, sndotoxin levels
were below the limit of detection (LOT < 2.5 ELU/ml).

24. pH siaft of the plosma samples

Humam plasma samples were prepared in 5 ml glass tubes with a
wolume of 500 pl. per ssmple. A 2 M NaOH solution was used to adjuest
the pH to 11 and 12, pH was tested with pH test strips (Merck KGad,
Darmstadt, Germany]l. Samples were spiked and incubated for 1 h at
rorm temperature and then 5 pl aliqaot was taken from each sample and
dilated 1:500 in LEW.

2.5. Flosma sepaoration by size ooclusion chromatogrophy (SEC)

A 10 ml sample of human plasma was applisd to a self-packed
Sephacryl™ 55300 HR column (colomn dimensions: 50 mm = 480
e bed wolume: 940 mL; resin from Cytiva, Mardborough, MA, USA)
The sepamation range for globular proteing of 10— 1500 kDa. 1x PES
(Dulbecco’s Balanced Salt Solution (DEES) without Ca, Mg, pH: 7.0 -
7.3: Gibeo™) was used as the ranning buffer, The flow rate was adjusted
ta 1 mL/min. A volume of 5 mil per fmction was collected, resulting in 67
fractions.

To characierise the fractions, an SD5 gel of the fradion groups was
performed and the protein concentration af the samples was determined
acoarding to Bradford (as described below). For the amalysis of the
muasking behaviour of the indivicheal fractions, smmples were prepared in
5 ml glass tubes with a smmple volume of 1 ml per sample. The samples
were spiked and incubated at room temperature for 24 he A 5 L aliquot
was taken from each sample and diluted 1:500 in LREW.

2.4, Masking hel af plesma p

Far human senam albumin (Cat. Mo, 1850 0028, SeraCare, Milford,
WA, USA), solutions ranging from 5 mp/mL to 200 mg/ml were pre-
pared according to physiological conditions. For lysozyme (Cat Moo
LIG6T, Sigma-Aldrich, St Lowis, MO, USA) solutions mnging from 1 pgs
ml to 1000 pg/ml were prepared. Stock solutions were tested for
endotodn content and found o contain < 2.5 EU/mL at the highest
concentrations tested (200 mg/ml. for HEA and 1000 pgyml for byso-
zyme). famples were prepared in 5 ml glass tubes with a smple volume
of 500 yl. per sample. Samiples were spiked and inoabated for 1 bat room

temperature and then a § pl. aliquot was taken from each sample and
diilatesd 1:500 in LEW.

27, Approache for overcoming mizsking

Humam plasma samples were prepared in 5 ml glass tubes with a
smple volume of 500 pL per sample. The samples were spiked and
incubated for 1 b to ensure masking.

A highesalt approach using varying molarities of soditm chloride
(Sigma-Aldrich Chemie GmbH, Steinheim, Germany) was employed.
Thersfore, 3 M NaCl stock sohetion in TRIS buffer pH 8 (Sigma-Aldrich
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Chemie GebH, Steinheim, Germany) was prepared, and 100 pl. of this
solution was added to 500 pl. of the masked sample. In a second
experimental setup, & M Nall was used and combined with the masked
sample at different mtios (201, 10:1, 51, 421, 2:1). Afterwards samples
were dilubed 1:500 in LEW.

A pH shift approach was also used. The pH was shifted using 2 M
Ma(H. Appropriate volimes were added to the masked sample and the
H was tested using pH test strips (Merck KGad, Darmstade, Germany).
In the fird experiment, the samples were diluted at a ratio of 1:500 in
LAW water, and in the ssrond experiment at a ratio of 1:500 in dihtions
Chemie GmbH, Steinheim, Germany) solutions were prepared (con-
cenirations of Calls solution: 0.1, 0.5, and 1 mM, concentrations for
MigCl, solution: 1, 5, and 10 mM.

28, Befurvioar of differemr LPS souctures

LPS mutants from Salmorefla minnesata (5-form], RGO (Ra), RS (Rc),
R555 (Re) as well as the Lipid A from & mimesorn BS595 were obtained
from BIOMOL GmbH, Hamburg, Germany. The provided concentration
was 1 mgsml for each solution. To determine the endotoxin activity,
solution of the respective mutant were measured using a kinetic chro-
mogenic amay (KineHc-{0L™). The detected activities were nsed to
prepare 10,000 EU/ml. sohetions of each of the LPS mutants. Homan
plasma samples were prepared in 5 miL glass fubes with a sample volume
of 500 pl. per simple. Samples were spiked with 10 pl. lipopalyssccha-
ride (LIPS mutamt) from a 10,000 EL/ml stock solution. The stock so-
lation was shaken at 1400 rpm for 30 min before the spikes were added
to the samples. After spiking, samples were incubated at room temper-
atwre. After 10 min, 3 min, 60 min, 120 min, and 24 h, a 5 pl aliquot
was taken from each simple and diluted 1:500 in LEW.

2%, Detection of edotnom

The kinetic chromaogenic assry (Knetic-QCL™; Lonza, Walkersville,
ML) was used o detect endotoxin activides. All samples were diluted
1:500 with LEW or equivalent baffer to avaid plasma interference with
the LAL assay. The validity of the measurements was confirmed by
spiking defined amounts of endoteadn into the dihsted samples, referred
to as the Positive Product Control (PPC). 100 pl of each standard,
sample, and FPC were transferred in duplicate to a S6ewell microplate.
For the FPC wells, 10yl of a 5 EU/ml standard endotoxin sohaition was
added, resulting in a final spike concentration of 0.5 EU/mL. The plate
wias then incubated for at least 10 min at 37 “C in a microplate reader.
Then 100 pl of reconstitsted LAL reagent was rapidly added. The
ampunt of chromogenic substrate released was measured at 405 om
ming @ BioTek ELXA08 absorbance microplate reader (HioTek In-
struments, Ine. Winonski, VT) cooplead to WinEQCL™ saftware version
533 (Lonza Walkersvills, M) at 37 = 1°C. The mean of the duplicates
per sample was ussd to determine endotoxin concentrations (ELU/mL)
1wming @ standard curve fitted with a linear regression model. The
sensitivity of the assay was (U005 to 50 EL/ml.

21 (re electrophoreses

Flasma fractions were separated by 4 - 12 % SD&-PAGE and probein
bands were vinmlissd by Coomassie Bloe staining. & Servalel Neutmal
HSE gel (SERVA Electropharesis GmbH, Heidelberg, Germany) was nsed
o manitnr profeins fom 6.5 o 300 kDa. Running baffer, protein marker
and staiming solution were purchased from Thermo Fisher Scientific Inc,
Waltham, MA.

211, Determinarion af protean conceTmion

Protein concentrations were determined using the Bio-Rad (Hero-
les, CA) Protein Assay based oo the Bradford method. The standard

Eurgpens Joremal of M

procedure for microditer plates was used. A BSA standard curve was nsed
as the protein standard. The standard and samples were assayed in
duplicate. Absorbance was measured at 595 nm using an absorbance
microplate reader (Microplate Beader 3550, Bio-Rad, Hercules, CAL

204 [2025) |1

and B

212 Colodation of mudobonn recovery ond simisncs

The endotnxin concentrations determined in the samples wene
compared with the thepretical endotoxin concentrations and expressed
a5 3 percentage.

Calculations of means, standard deviations (5I¥), and all other sta-
tistical tests were performed using Graph Pad Prism, wersion 10,11 p-
values less than 0L05% were considered statistically significant. Signif-
cance is indicated in the manuscript as follows: *p < 0005, **p < 0.01,
**en < (U001,

3. Results
4.1, Endotooin masking kinetics of humom wisole hiood ond plosma

To determine the masking behaviowr of buman whole blood and
plasma, endotoxin recovery was recorded ower time (Fig. 1), Af fime 0,
the recoweries of whole blood and plasma were very distinct. Whils
whole blood showed a recovery of 120 % = 13 %, plasma had a
diminished recovery of only 58 % = 6 %. The recovery in whole blood
remuined above 50 % for the first &0 min, ranging from 113 % + 30% to
66 % £ 12 %, After 4 h, the recovery was only 30 % =+ 6 %, with no
further decrease after 24 h. For plasma, recowery drops below 50 % after
the first 5 min to 29 %+ 7 %. Recovery further decressed to 16 %+ 5%
at 30 min and remained thers at 4 h (17 % = 5 %), After 24 k, the re-
covery rate had increased slightly to 26 % = 12 %, After 24 h, the re-
oovery rates in plasma and whole blood were smilar, but the results
shavwesd that masking kinetics wers faster in plasma than in whole blood.
This suggests that plasma lacking celluar companents is more suscep-
tible to masking. Human plasma was therefore chosen for further
amalysis.

3.2 Influence of alkafine plesma on smdotmom mizsking

Based on the previous results, we hypothesized that endotnxin
masking in homan plasma is primarily driven by electrostatic in-
teractions rather them hydrophobic effects [22,31]. To investigate the
potential role of elscirostatic interactions, endotoxin recovery was
tested in plasma simples with different pH levels,

Samples at pH & (initial pH of plasma sample) were compared with
simples adjusted to pH 11 and pH 12. At pH 8, endoboxin recovery was
155%+ 11.5%. At pH 11 there was a slight improvement in rscovery
to 0.5 % <+ 4.4 % However, at pi 12 the recovery increassd signif-
cantly to 57 % =+ 11.9 % (Fig. 2).

These results suggest that eledrostatic interactions could play a key
role in endntnain masking, 5 an devated pH level of 12 led to increased
endotondn recavery. Of nate, the assay criteria remained valid inde-
pendent of the pH, confirming that the reduced recovery at lower pH
lewels is mot doe to assyy Hmitations bat rather to spedfic simple-
dependent effects.

3.3, Flzsma seporation by size eochusion chromatogrophty (SEC) revemls

To fiarther investigate the proteins involved in the masking process,
plasma samples were separated by size nsing SEC. A total of 67 fractioms
were collected and analysed for protein concentmtion and endotnxin
masking behaviour. The protein concentration and endotoxin rscovery
of each fraction are shown in Fig. 3 {(al. Protsin concentrations of the
fractions varied betwesn (.1 mg/ml. and 8.9 mg/ml.. The protein con-
oenirations exhibit minimal valees for fractions 1 through 21, with a
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Fig. 1. Masking kinetics in buman heparinized whole bissd and heparin plasma. Endoteorin secowery wis determined by kinetie choomeogenbe LAL test and plotted o
& hmetion of incobation. tme. 100 EU/mL end otomin was spiked into samples and incubated at rocm temperature (RT) for up o 24 b, Dacs points weee caleulated
using momn kinetics from five healthy donoes (o = 5) and ermor bars reflest tee standard deviation. The: dotted line: represents 50 % recovery.
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Fig. 2. Endotoxin recovery ar differemt pé levels. Plasma mmples weme
edjusted to pH 11 and 12 100 EU/ml endotoxin was spiled inte samplis and
incubated ot Focm [ whe (RT) for 30 min For defertion kinetic cheo-
migemic LAL tes was used. Dafa points pepresent individoa] messwrements (B
= 4} and sxroe bars peflect the Sanderd devlaton. The dotted line seprosents 50
% recovery of spiked endotoxin. Data were analyred by Kroskal Wallis test
[mom-parasn eoric one-way ANOYA) with Duna’s multiple comparison pesc *** p
« (L0 .

Recovery [%]

moge af (LB mg/ml o L9 mg/ml. Sabsequently, a concentration
gradient was ohesrved, cul minating in a maGmuem at fraction 51, whers
the concentration reached B9 mg/ml + 0.8 mg/ml. Following the
peak, a continuous decreass in concentration was observed from
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Fig. 3. Emdotoxin secovery and peoten conerstrution for individual plasma
fractions after size exclusion chromatography. 100 EU/ml endotorin wis
spiked into each frectbon and incubated at oo temperature {RT) for 24 b For
endotoxin detertion kinete chromogenic LAL test was used. Prooein eoncen-
trathofs were defemmined afier Bradfced. Data poins represest indiridual
measurements (n = 3). The dotted line represents 50 % recovesy. (a) Proten
omeentration (gml) and endotorin resovery (%) serow different fracthons.
The shades] area indicates fracthons with masking behaviour (Endotoxin re-
ey < 50 W)L (b) Soiter phot of endolowin recovery (%) & a fanetion of
protein concentration {mgml).

fraction 52 (8.8 mg/mL = 1.1 mg/mL] to fraction 64 (2.0 mg/ml =+ 0.1
mg/mlL). The terminal fractions (65-67) exhibited concentrations below
1 mg/ml. This concentration profile demonstrates a distinct elution
pattern, with a grachzal but slow increase, followed by a sharp increass
ard a gradual dedine in protein concentration across the collsded
fractions.

Determination of endotoxin recovery for individual fractions
revealed that the first 20 fractions exhibited no masking within the first
24 h. Endotoxin recoveriss ranged Som 133 % = 11 % for fraction 4 to
5l B+ 9 % for fraction 12 From fraction 21 omwards a strong masking
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behavinur was ohserved. First with a slight decrease in endotoxin re-
covery ranging between 20 % and 30 % (fractions 21 to 31) followed by
a farther decrease with residual recovery of 2% — 3% for fractions 49 1o
57. After fraction 57, the recovery increased slightly again, but did not
reach 50 %. For example, fraction 67 showed a recovery of 40 %. This
recovery prafile showed a gradual decrease fallowed by a slight increase
in endatoxin recovery across the mllsdted Sractions.

SDS-PAGE analysis revealsd that the early eluted fractions contained
prateins larger than 116 kl as well as prodeins with approximately 25
k. Interestingly, the farther fractions, which were expected to contain
smaller proteins, showed an additional band arcmd 66 kDa. This band
wias present in all frctions except the first, suggesting that this protein
could be human seram allomin (HSA), given #ts abundance and mo-
lecudar weight {Appendiz ALL

Initially, it appeared that protein concentration within the fractions
was crucial for the masking behaviour. However, by plotting endotnxin
recovery against the protein concentration of the fractions {Fig. 3 (b)),
we determined a masking behanviour despite low protein concentrations.
Thess results mipgest that specific protein groups, rather than protein
conceniration alome, could be the main factors i masking.

34, Indivichizl protein cormibuntons to endotnyin masking: the role of

Since the SEC analysiz and the literatare [12] suggested that HSA
might cantribute to endotoxin masking, we tested its masking behavior
in isolation. Cther previmes experiments suggested that masking is
mediated by additional proteins that are smaller tham HSA and bind 1o
endotoxing via electrogatic interactions. Thess proteins are sxpectsd to
have a positive charge and an isnelectric point (TEF) abowe the plasma
7 af 8. Therefore, in addition to HSA, lysozyme was chosen as a model
pratein for potential masking becase of its amaller siee (15 kDa) and
high [EP (11.8) [27].

Humamn plasma typically contains HSA at approximately 40 mg/ml,
acoounting for 60 % of the total protein content (70 mg/mlL]). Masking
effects were observed at HSA concentrations excesding the physiological
range (Fig. 4 (a)). At concentrations of 100 mg/mL, 80 mg/mL, amd &0
mg/ml, recoveries were 38% = 11 %, 48 % = 3%, and 51 %< 9%,
respectively, Concentrations at the physiological level {40 mg/ml) led
to incressed recoveries (67 % = 12 %) At lower concentrations, re-
coveries ringed between 100 % and 77 % (Fig. 4 (a)). These results
indicate that while H3A contributes to masking, it requires considemrably
higher comcentratinns that are below physiclogical HSA levels.

To evaluate whether the masking effects observed at 100 EU/mL
endotoxin also cooar at lower, more clinically relevant concentrations,
we comducted an additional experiment wsing 10 EL/mL endotoxin and
warying concentmations of HEA (Appendiz AZ). In the water control (0
mg/mL HEA), recovery was 74 %, suggesting a lower baseline recovery.

i‘i—i .........

E ] s00
HEA Concentration [mgimL]
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At physinlogical HSA levels (40 mg/mL], recovery was dightly above
50 %. These remults indicate a somewhat stronger masking effect at
lower endoloxin concentrations. However, the overall pattern remained
oonsistent with that observed at 100 EU/mL, saggpesting that the quali-
tative behavior of HSA is maintained across diferent endotoxin
cancentrations.

Lysnzyme, present in buman plasma at approximately 5-15 pg/ml,
was tested at concentrations mnging from 1 pgml to 1000 pg/ml. No
misking was observed at concentrations between L pgyml and 5 pg/ml,
with endntnxin recoveries ranging from 118 % to 67 % However, at 6
ug/mL the recovery decreased to 47 3% A further decline i recovery was
nbserved with subsequent inoreases in lysozyme concentration. At 15
ug/ml the resdual recovery was 13 % and at 1000 pgyml it dropped to
25 % (Fig- 4 (b)L

These results demonstrate a cear proéein concentration dependence
of lysoryme for endotoxin maskdng. This sugpests that even small
ammunis of lysoeyme can contribute significantly to endotocdn masking
passibly through electrostatic interactions,

Given the previoos findings suggesting the involvement of sectro-
static interactions in endofoxin masking, the next step was to investigate
heowr these interactions could be disrupted. To overcome electrostatic
imteractinns in binchemical processes, two common approaches are the
e of high-salt sob w5 and pH adj snts. High-salt solutions in-
rease the ionic strength of the medium, effectively shielding charged
groups an mobecules ke proteins. This redsces the active forces be-
tween oppasitely chargsd sites, breaking electrostatic bonds. Similasdy,
pH adjustment alters the fonization state of these molecules: raising the
pH deprotonates prodeins, redocing their positive charge, and weak-
ening their interaction with negatively charged molecules.

A5.1. Limited effect of kgh salt soltfions on pleemo sdoforn recowery

To overcome electrstatic interactions, the masked sample was
expased 1o a high st concentration by first preparing a 3 M NaCl so-
lmtion. We compared the behaviouer of the masked endotoxin plasma
simple, the masked endotoxin HSA simple (200 mg/mL) as an example
of a cationic plasma profein, and the masked endptoxin hysozyme sample
(15 pg/ml) a5 an sxample of a catiomic plasma protein. The results are
showm in Fig. 5 (a). For plasma, endotoxin recovery was 11 % =+ 0.5 %
when diluted in the saline buffer and 10 % when dlated in water,
indficating that high =alt concentrations do not enhance recovery.
Similar behaviour was observed with the HSA sample, where the re-
oovery was 29 % = 2% in saline buffer and 19 % in water. In contrast,
for the masked endotoxin in the lysoeyme sample, the necovery
increased to 97 % =+ 15 % when diluted in saline buffer, compared to
oaly X3 % when diluted in water,

1 L1 L] 1000
Lysaryma Concantration [ugimL]

Fig. 4. Endotoain peaovery as & fanetion of protein concentration {a) haman seram albamin (b) lyseeyme. 100 EU/ml endotoxin was added to each sample and
incabated for 30 min ot room temperatare (RTL A kinetic chromopends LAL test was used for endotonin detection. Data points represent the mean of individual
measurements (k= 3) and ervor bars peflect the standasd deviation. The doied line represents 50 % recovery of spiked endotoxin. The shaded area indicates the

physiclogical concentration rasge of the repective protein in human plassa,
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H;.s. Endwioin resovery under high-sb conditons. 100 EU/mL endotorin wes added to cech sanple (Plomsa, Dysoryme, HEA, Water WC]) and incubated for 30
min at Foom temperatiee (RT)L Samples were teated with (@) 3 M NaQ-montaining buffer or LEW, and (b varying racios of & M ssdium chdoride (NaCl) oo plasnsa. Foe
detrction, & Kinetie chromogenic LAL trst was used. Data peaints represent individusl measurements (o = 3) and ervor bass reflect tee standard deviathan Cross docs
indbzate messmpements bedow e limic of defection (LOD) The dotted line indicates 50 % recovery of the spikod endotoxin

Thee results showed that for the ysozyme sample, the high salt busfer
is mafficient to recover LFS from the lysoeyme-LFS complex, bat this is
mat the case for the HSA or plasma samples. To investigate whether a
higher silt concentration & necesary, we mixed our plasma sample with
a & M Nal buffer at different ratios. The recoveries are shown in Fig. 5
(b For mixtares with inreased Mall comcentration, the recoveries wens=
below the LOD due to the high dilutions required. All endotoxin re-
coveries were below 50 % (30:17, 25 % (10c1), and 13 % (Sc1], respec-
tively. For the 41 and X1 mixtures (salt-plasma), endotoxin was
meanred, bul the recoveries were below 50 %, with 12 % and 9 %,
respectively. We are aware that the high salt-to-plasma matios introduced
an additional dihstion of the samples, which was mecessary o ensumes
valid mesmurement conditions, including a valid positive product con-
trol. As a consequence, recovery values below 50 %, as observed for the
A1 mixture, fell below the LOD. However, this approsch was required
ta investigate the effect of very high salt concentrations. Any substantial
improvement in recovery, particalardy above 50 % would have remained
detectable despite the dilution. The absence of such an effect suggests
that high ionic strength alone doss not release masked endotoxin from
plasma. Instead, high salt concentrations appear effective ooly in

-

' {.\“‘fﬁ“ﬁfﬁi@éﬁ%@’éﬁ{

disrupting electrostatic interadtions, such & thaose between endotoain
and cationic proteins like lymeyme. These fndings indicate that addi-
tional masking mechanisms are Hkely present in plasma that are not
resolved by salt treatment alone.

252 pH adfusiment alone dnsigfficient to improwe sndodnann recovery in
plasma samples

The sscomd approach to mitigate electrostatic intemctions between
plasma companents amd endotoxing was o adjus the pH of plasma
simples o more basic levels. Since the net charge of probeins is inflo-
enced by the surmounding pH, maost proteins become negatively charged
in a basic envirooment when their TEP & lower than the sample pi.
Thus, plasma samples were tested at pH 11 and 12, using physiological
plasma pH & as a contral. In addition, this pH adjestment was combined
with dilution in different buffers containing divalent cations {eg., Mgla
or CaClz), which are known to support the assembly of supramal soalar
stractures [54,35]. Reaslts are shown in Fig. . The control sample at pH
&, diluted in LRW, showed an endotoxin recovery of 15 % = 11 % In
comutrast, recoveries increased significantly at higher pH lewels, reaching
32% + 7 %at pH 11 and 48 % + 3 % at pH 12 when diluted in LEW.

Ty

Recovery [%]
g
]
HIH
{0

Ry

Fig. 6. Endoboxin vy ot differest pH levels. 100 EU/ml. endotoain was added 1o sach sample and incobated for 30 min at soomn temperature (RT). Plama
sl were adjusted to (a) pH 10 and (b pH 12, and diluted in different buffers. Kinetie chaomogenie LAL test wis wsed for the detection. Data points sepresent the
mean of individual mesunenents (n — 5) and error bars reflect the standard deviarion. Dotted ling pepresents 50% resovery of spiked endoteorin, Data wisre analyzed
by Boruskal- Wallls bt (non-pasametrie one-way ANOVA] with Dunn's multiple comparison test: **** p o 00001, * p < UG,
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Although recoveries did not excesd 50 %, these results show a clear
trend towards improved endoboxin recovery with increasing pH.

The addition of divalent cation buffers reslted in diverss nesults. At
pH 11, a slight but not significant improvement was observed with 0.1
mM Calls, resulting in a recovery of 39 % + B % compared to 32% + 7
% when dihsted in LAW. However, MgCl, buffers &d not fmprove re-
oovery and in some cases even worsened it. The highest recovery with
MgCly at pH 11 was 25 % £ 6 % osng 1 mM Mg{l. At pH 12, no
improvement compared to LEW dilution was ohsarved, with the best
condition being 0.5 mM CaCly (48 % £ & %) MgCla buffers at pH 12
again shaowed impaired recoveries, with a maoGmmem of 28 %+ 3%at 1
mM Mgl

These results saggest that increasing the sample pH could redoce

Evrypans Joemal of I o Fcgh 204 [20E5) § 147G

were & follows: S4ype LPSat 15 %+ 2%, RSE at 12 %+ 1 % and LPS
Beat 37 % =+ 4 % After 24 by, recoveries showed mindmal changes: 5-
type LPS increased slightly to 10% = 1 %, RSE to 12 %=+ 1 %, and LPS
Reio 43 %= 2%,

These results highlight significant differences in masking kinetics
and behaviowr between smooth and rough LFS variants. The mpid and
astained masking observed not oaly for S+4type LFS but also for rough
mdants pomessing an almost complete core aligesaccharide contrasts
sharply with the slower and less pronounced effects seen for LPS Re and
lipid A This pattern suggests that structumal differences, partioularly
within the core olignsccharides, play a critical role in endotnain
masking kinetics in human plasma.

electrostatic interactions betwesn endotoxing and plasma proteins,
leading to improved endotoxin detection. However, the variability in
recowery rabes and the inability to consistently exceed 50 % saggest that
factors other than electrostatic inberactions contribute additionally to
endotoxin masking in uman plasma.

3.6, Behmvioer of different LPS strctures i fumom plasmao

[t was hypothesized that electrostatic interactions alone may nat be
responsible for masking in mman plasma, as previoos results suggested
the potential invalvement of other factors. To farther investigate the
driving forces behind the masking behaviour of homan plasma, we
tested different LPS preparations with different polysaccharide chain
lengths and therefore different net charges of molecules. These inchuded
Stype LPS from Safmonelln mimesohs and #ts motants: semi-rouegh LPS
Ra, rough LPS Re, deeperough LPS Re, and the lipid A.

The: experiments revealed different masking behavioars among the
LPS variants (Fig. 7). Stype LPS showed the most pronmmnced and rapid
msking, with a residunal endotoxin recovery of oaly 5 % + 1 % after 10
min. Similarly, LPS Ka, 1LF5 Rc, and RSE showed substantial masking
within the sume time frame, with recoveries of 28 % = 105, 260 <+ 2
%, and 13 % =+ 5%, respectively. In contrast, LPS Re and lipid A showed
less masking initially, with recoveries of more than 50 % after 10 min
(66 % = 11 % and 60 % = 11 %, respectively]). Howewver, the masking
effects became mare prommmeed with time. For lipid A, recovery
dropped below 50 % within 30 min (47 % = 7 %), 1PS Re followed a
shower trajectory, maintaining recoveries above 50 % until 2 b, when it
dropped to 37 B 4 4 S

MNotably, after 2 h, no further significant decrease in recovery was
nbserved fior any of the LPS variants. At 2 b, recoveries for each LPS type=

LPS stype
LPS Ra
LPS Rc
LPS Re
Liped A
RSE

RN

T T T T T
00 30 100 130 300 3400
Tima In [h]

Fig. 7. Miasking suserpribility of different murants from £ minnesoas in human
plasma (LFS s-type, RGO (Ra), S (Rel, RE95 (Re), Lipid A from 5. minneso
RE595). Endotoxin pecowsy wia plotted &a o Ameetion of incobation tisse 100
EL..-'mLm.dun:l:Ln From diffesent mutants wies spiled lnto plons sample and

bated at oom rure: [RT) for up tv 24 h. For detection, kinetic
chromogenic LAL st wis msed. Data points wese caleulated using mean ki-
nietics fram theee healthy dances (o = 3) and emor bars reflect the smndaed
deviarion. For o better somnpasisen of independ the: dirta wis
normalized to the ctive watis ls. The dotied lne seprosents 50 %
revovery of spiked endotomin

4. Disc i

The detection of endotoxins in hbuman blood is challenging due to the
complex interactions betwesn endotoxins and varioes blood compao-
meents, induding plasma proteins. Whale blood, which contains eryth-
mytes, leukncytes, and platelets, showed weaker masking effects than
plasma, which mainly consists of water, probeins, and nuirients [36].
Water and nutrients have no known masking effect. This suggests that
the more concentrated mon-cellunlar components in plasma mainly
condribute to the masking of LPS, whereas cellular components appear to
play a minor role in endotoxin masking.

These interactions of plasma components can result in binding to
endotodns ar altering the sinschure of endofoxins, making them less
detectable by assays sach as the LAL test, leading to false negative re-
sults. The required recovery mite acconding to regulatory puidelines (50
%~ K %) of spiked endoiodn i oot achieved wsing the standard
protocol, as our data showed, which is probably why LAL assays have
mat yet found their way into medical diagnostics.

It is important fo note that the endoéoxdn concentration used in o
stuchy was lmmmeumHymhnkaI
finmd under physological or dinicl conditions. Cirnlating endotoain
concentrations in buman plasma, sven during pathalogical states such as
sepsis, are usaally in the low EL/ml range [17]. However, the reliability
of reported endotoxin levels at such low concentrations remains ques-
tionable, given the limitations of oorent defection methods [25].

The use afa high LPS concentration in our experiments was chosen to
ensure sufficient asay sensitivity and to enable robust comparative
amalyses acroas different conditions and reabments. At lower concen-
tratioms, such as 10 EL/ml, the required dilution factor of 1:500 to
obtain valid measurements would have caused recoveries below 25 % to
fall below the limit of detection. Monetheless, it must be acknowledged
that some masking phenomena cbserved at higher concentrations may
nat directly translate to physinbogical conditions. High LPS levels can
promoie aggregate formation or exhibit interaction kinetics that differ
from those poourring at lower, more dinically relevant concentrations.
To address this limitation, we performed an additional experiment using
10 El/ml endotoxin and varying HSA concentrations of [ Appendiz A2
Ar physiological HSA levels (—40 mg/ml), recovery remained just
abave 5 %, while pronoamces] masking was only observed at higher,

Therefore, while our findings provide important mechanistic in-
sights, future sndies should investigate masking behavior at Lower
endotondn concentrations to confimm their relevance under in vive
oonditions.

Previous studies have investigated dilution and heat treatment, bat
thess methods primarily address assay interferences rather than the
umiderlying mechanisms of endotoodn masking [19]. Dilution recheces the
owverall concentration of inberfering components, while heat treatment
denabumes proteios such as serine proteases that interfere with the assay.
However, these approaches do not provide a comprehensive solution to
overoome masking. Due to the inherent structure of endotoxin, several
interactinns are possible. Hydrophobic interactions at the lipid A region,
hydrophilic interactions at the mgar residues, and electrostatic
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imteractinns at the negatively charged phosphate groups [40].

Cher shisdy comfirms previous findings that one of the major coses of
masking is the electrostatic interaction between the negatively charged
phosphate groups of endotoxins and the positively charged amine acids
(e.g., lysine, arginine) of plasma proteins [22]. Cur stody provides
critical insights into the factors influencing endotoodn masking in human
boond, with particular emphasis on the role of plasma proteins and the
structural diversity of LFS.

(hr SEC experiment mweessfully identified fractions with and
without apparent endotoxin masking. While 20 fractions showed re-
coveries above 50 %, which would typically suggest no strong masking,
this threshald does not necessarily mule oot partial masking or transient
imteractinns. Overall, 47 fractions sxhibited reduced recovery (< 505,
indicating more pronounced masking =ffects. Fewer masking fractions
haad initially been expected, which would have facilitated the identifi-
cation of specific masking proteins. However, a clear trend smerged:
early-shating fractions showed higher recovery, while later-shsting
proteinrich fractions were assodated with stronger masking. This in-
dicates that masking is not a random phenomenon bat is lkely linked to
specific protein properties. While a general correlation between protsin
concentration and endotodn recovery was observed, similar concen-
irations in masking and non-masking fractions resulted in different re-
coveries, further sapporting the idea that masking is protein-specific and
nat merely concentmation-dependent.  SDS-FAGE analysis revealed
incomplets separation e to protein dimerisation and aggregation.
Some profeins were present in almost all fractions, making the identi-
fication of masking agents diffioale. For example, H3A was detected in
almest all fractions, bt did not correlate with masking and requires
further mvestigation. Although in some cases similar protein concen-
rations were measured in the non-masking and masking fractions, a
difference in recovery could be seen. This suggests that the =ffect is not
only concentration dependent st also influenced by the specific type af
protein present. An outstanding protein in this context is lysozyme,
which belongs to the dass of antimicrobdal encymes/peptides (AMEP)
and is & ritical component of immate immunity. Lysooyme typically
targets gram-positive bacteria by hydrolysing the pepbdoglycan in their
cell walls. However, conventional-type lysoeymes also  exhibit
peplidoglycan-independent antimicrobial activity dus to their highly
cationic mature [41]. Owr findings show that lysnzyme, even at low
concentrations {—& pg/ml), effectively masks endotoxins. However,
lysnayme differs from many AMPs in that its interaction with LPS ap-
pears to be driven primarily by electrastatic forces. This is supported by
our ohssrvation that endotooin masking by bysoeyme can be easily
reversed by increasing the ionic strength, Le. by adding salt. In contrast,
recovery of masked endotoxins in plasma remains a challenge, sug-
gesting that additional fadors, possibly imvolving hydrophobic or hy-
drophilic interactions contribute to endotoxin masking in this complex
béological matrix.

In contrast, HAA, the most abundant bumam plasma protein (35- 50
mg/ml), showed limited masking potential under physinlogical condi-
tions, resulting in endoboxin recovery rates above 50 % Albumin is
known b bind and solubilise LPS, incduding the lipid A component, and
can mask endotoxin activity to some extent. However, this binding is
primarily through noo-electrostatic interactions and results in onoly
minor changes in endotoxin structure and charge, indicating a limited
masking pofential [52,42]. The Eact that endotoxin recovery from HSA
solutions was ol possible by increasing ionic strength suggests that
hydrophobic interactions play a major role in this binding. Given that
HSA possesses lipid transport properties, it & plansible that #s mierac-
tion with endotoxin involves bydrophobic domains, contributing to LPS
solubilization rather than strong masking. Therefore, although albumin
bimds endatnxin, it does not account for the extent of masking abserved
in human plasma and canmot be corsidered a major masking agent. This
highlights that masking is not solely determined by protein abundance
Tt mther by the specific binding properties of individual proteins.

Rauckhans & al. [44] introduced the HDLLPS hypothess, which
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proposes that high-density lipoprotein (HDL) neutralises LFS by binding
ta it and facilitating its clearance by the liver [43]. HIH. has both posi-
tively charged apolipoproteins and a hydrophobic phosphaolipid Layer,
allowing it to interact with LPS through electrostatic and bydrophobic
farces [44]. This interaction redoces the bisactivity of LPS by preventing
its recognition by macrophages, thereby attennating inflammatory re-
spanses and reducing the risk of sepsis [45). In addion, other studies
have shown that endotoxins can also be nentralised by plasma protein
fractions free of lipoproteins and that LAL activity is not affectsd by the
binding of human lipoproteins to endotoxin [22]. While our resolts
suggest that electrostatic interactions between negatively charged
phosphate groups of LPS and positively charged amino acid residues of
plasma proteins contribate to masking, they are unlikely to represent the
snle mechanian.

High concentrations of salt, mach as Na(l, disrupt electrostatic in-
teractinns by shislding the charges on molsmales. This method is also
1=ed in protein purification to redoce nonspecific binding between
proteins and imparities between them [45]. The Wa™ and T fors from
the salt can surround and neutralise the charges, thereby weakening or
eliminating the attractive forces betwesn oppositely charged molecnles.
This process can lead to the dissociation of molsmales beld together
primarily by electrostatic forces [47]. If endotoxin-protein interactions
remiin intact, as shown by masking, despite high sl concentrations,
this suggests that other types of forces are iovolved in maintaining the
interaction. Thess could include hydrophobic interactions, which are
nat affected by iomic strength, or mare stable covalent bonds. Increasing
the pi of plasma samples to pé 11 and 12, which reduces the positive
charge of plasma proteins, improved recovery of endotoxin in average
over 50 % when endoiodn was subsequently added and prevented
partial masking. However, onoe masking had already ocourred, pH ad-
justments failed to reverse masking. This suggests that endotnxin
musking is likely to be mediated by mechanisms beyond Smple elac-
trostatic binding, and that further investigation into the nature of thess
interactions is required to fully understand the masking phenomena. We
also nabe that pH valoes of 11 and 12 may not only affect the net surface
charge of plasma proteins and thereby their nteractions with other
molemles mach as endofoodn, but alse alter intramalsmalar inferactions
within the proteins themselves. Changes in the ionization state of amino
arid side chairs can disnupt ionic bonds, hydrogen bonds, or other sta-
iliring inderactions critical for maintaining native protein conformation
[48,449]. Consequently, structural reammangements or even partial
dmaturation may ocour, further complicating the mterpretation of
observed effects. This limitation underscores the need for addtional
stractural analyses to distinguish betwesn offects related to altered
protein charge and those cansed by conformational changes. In fuhmre
studliess, it would therefore be valuable to investigate individual
masking-relevant profeins such as lysozyme under defined pH condi-
tions, assewing both the masking effects and the protein srochre in
parallel. This approach may provide mare detailed imsights into the
1miderlying mechamisms of endotoxin masking. Recent studies by Harm
o al. [50] also focussd on resalving electrostatic interactions through
the addition of the polyanionic substance heparin and the spplemen-
tation of divalent cations. However, their approach wtilized a heparin
imjection solution containing additional components, which could in-
fheence the results. In our experience, heparin alone, sven when com-
bined with divalent cations, has shown Hmited effectivenss in fully
resolving endotaxin masking (data nat shownl).

The masking beburviour observed with different [PS strschures sup-
paorts this conchedon. One finding of our stody is the influence of LPS
strzcture on masking behaviour in homan plasma samples. Different LPS
chemotypes, mnging from S-type LP'S with complete C-antigen chains to
rough (Ha, Re) and deep-rough (Ke) mants, showed diferent masking
dynamics. Sali ef al [51] showed that rough mutants tend to have higher
negative charge densities, which would typically enhance electrostatic
interactions. Therefore, one would expect rough and deeperrough muo-
tamts tn mask faster than Stype LPS in plasma samples. However, our
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investigation showed different results. We could show that Stype LFS
exhibited the fastest and most extensive masking. The presensce of the
full-dength C-antigen increases hydrophilic interactions and hydrogen
tbonding with plasma proteins. These additional interactions are likely to
inrense the efficiency and speed of masking, making S-type LPS more
susceptible. [n contrast, rough and desp-rough muotants (Ka, Bo, A=), as
wedl as lipid A, showed slower masking and higher endotoxin recovery
rates. The truncated polysaccharide chains reduce the hydrophilic sur-
face available for interactions, thereby lmiting the masking potential.
Additional factors, such as moleoular conformation may also play a role
in masking dynamics. The presence of the O-antigen in S-type LFS allows
the formation of distinct sipramolsmlar srectores that may increass
accessbility for interactions with masking components. In contrast,
mugh (Ha, Rr) and desperough (Re) mutants, which lack parts of the
mlysaccharide chaim, form different conformations that may limit their
accessibility for binding. This structural difference likely contributes to
the slower masking observed with rough LFS. However, while molsoalar
conformation influences the rate of masking, it doss not fully explain the
mignitide of the differences in endotoxin recovery between S-type and
mugh LFS. The reduced hydrophilic surface area of rough mmstants re-
duces their ability to engage in additional interactions, which possibly
contributes to their higher residual recoveries [52,57), Interestingly, the
observed behavioar & consistent with a previous study of ours, in which
we demonstrated that in a common masking matrix of chelator and
srfactant, rough LPS masked more slowly than smooth LPS [54].

Thee supramolecular structure of LES plays a oritical role not only for
its detection in LAL asays, but also for its biolegical activity. 1PS mal-
eculss naturally form aggregates due to hydrophobic interactions be-
tween lipid A acyl chains and electrostatic stabilisation by divalent
cations ssch a5 Mg and Ca®" [18). These aggregates are sssential for
the activation of Factor C in the LAL assy, which relies on the detection
of LPS in its aggregated form [55). When LPS dissociates into smaller
subunits or manamers, #ts ability to adtivate Factor C andoonsequently
the LAL assay is significantly reduwced. Biologically, the aggregated state
of LFS is also required for optimal toxicity. Shedies have shown that
dismggregated LIS is less pyrogenic than aggregated LES. Similary, when
detergents or plasma proteins induce LPS dissodabion, toxidty is
reduced. However, upon removal of these agents, LPS can regain its
supramalecular stnecture and binlogical activity. This suggests that a
minimum aggregate size is required to elicie fll biclogical potency
[56-58].

This mises the question of whether endotoxins are being degraded
rather than newtralissd or maskesd. Studiesby Oroselan o af. showed that
the binding of LPS to a cationic liver protein resulted in a loss of bio-
logical activity, which was reversible upon the addition of polyglucnses
sulphate [56]. Simillarly, Fudbach et al. [59] found that plasma proteins
were disociated from LPS, restoring its tomdcity [58]. These results
suggest that the reduction in tnadcity is due to masking or neutralisation
rather than irreversible degradation. Further research by Ribi erall. using
soilium deoxcychalate revealed that LFS dissnciates into inactive sishe
1mits, reducing pyrogenicity by 100-200 fold. However, when the bils
salt was removed, LIPS reaggregated, and pyrogenicity was restored.
Maotably, the addition of plasma proteins prevented this reaggregation,
reinforcing the hypothesis that masking, mther than degradation, is
responsible for the loss of biological activity [57]. Thus, the reversible
mature of these interactions suggests that LFS todcity cin be suppressed
through dissociation or binding to proteins, but the potential for reag
gregation implies that the endotoxin remains intact and capable of
regaining full biological potency once the masking agents are removed.

It remurins unclear whether LPS that evades detection in LAL assays,
retains s biological activity. Studies saggest that masked LPS in LER
solutions (Le. chelating agent and sarfactant) can still simulats the
relemse of pro-inflammatory cytokines, and thersby induce an immuone
response [55]. Schromm et of. [60] provide svidence that the aggrega-
Hon state af [P5 impacts biological and analytical detection methods
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alike [&0]. Previons sudes have shown that monomeric Be LPS from
E coli is more active than aggregates in the LAL assay [61]. In comirast,
Mueller er ol [62] reported that E. coli Re LPS and Lipid A are exclo-
sively active in their multimeric form, both in the LAL assy and in
stimulating cytokine production from mman mononocdear cells [62].
(Given the strong correlation between LPS aggregation and its biclogical
activity, it is important to determine whether the same LER effects that
inhdbit LIPS binding to Factor C also prevent recognition by the immuone
system through the TLRA-MD-2 complex. Tan o al. conduded that the
LP$ binding domain of Factor C interacts cooperatively with multiple
lipid A moleoales, saggesting that more than one LPS moleoole is
required for Factor © binding and that monomeric [PS alone may be
insafficient to activate Factor C [59]. In contrast, monomeric LPS must
be presented to the TLR4-MI-2 complex to initiate the signalling
cascade. The accessory proteins Hpopolysiccharide binding protein
(LEF) and CD14 enhance LPS recognilion by extracting LPS from. ag-
gregates and cooverting it into monomers [G4]. However, it has been
suggested that [EF binds efficently to 1PS aggregates, which may
explain the link betwern aggregates and biological activity. This i likely
due to LEPs varying affinities for different aggregate forms and s
imabdlity to bind monomeric [PS. Consequently, LEP cannot deliver
muonomeric LPS to CD4, which is necessiry for its presentation to the
TIR4-M:2 complex [55]. To futher refine our understanding,
combining findings from studies of the effects on LER effects on Fadior ©
activation and TLE4MDZ2 recognition with research on bow in vivo
conditions influence  the supramolecular structure and  biological
toxicity of LPS could greatly enhamee our inderstanding of the biological
activity of masked LFS in human plasma.

e B

5. Conclusions

Chvercoming endotoxin masking in blood remadins a major challenge.
In conchedon, our sudy underscores the complexity of this phenomenon
and highlights that while electrastatic interactions play an important
e, they are oot the sole factor. Electrostatic shiel ding or nentralisation
approaches, such & high salt treatments, have been tested with limited
sicress. It is known that high salt concentrations or a pH shift can redoce
electrostatic interactions by changing the ionic strength, but in complex
hinlogical environments like blood, additional forces sch as hydro-
philic interactions, molecular conformation, and specific protein bind-
ing contribute to inconsistent results.

The resolution of endotoxdin masking & forther complicated by
structaral variations in endotoxin struchares  themselves, sach as
different LPS muttants. Kough LPS wariants, for example, have dferent
charge densities and structural configurations compared to Sty LPS.
Interestingly, rough and desperongh mutants tend to mask maore sowly.
At the same time, they have an increased negative charge density. This
suggests that the affinity of endotoxins for plasma proteins and their
suhssquent masking is influenced by more than just electrostatic forces.
Furthermare, a key question in endotorcin masking is whether masked
endoitodns can still induce an immune response. Given that LPS is one of
the most pofent pyrogens, it is reasonable to asume that # retains
immumogenic pofential even when undetectabls by the LAL assiy.
Therefore, mution is needed when using the term “endotoxin neatrali-
sation” in plasma, as the absence of defection does ood necessarily
equate to a loss of its pyrogenic potential or biclogical activity. This
concem is supported by studies showing that masked endotoains can
still induce immune reponss. The smactural diversity of LPS molsmles
=t also be considered, as some LPS snedures are less susceptible to
mitsking or mask more slowly. This variability is mare represmtative af
naturally acowrring conditions, where different formes of LPS droulate
simultaneously daring infections. Consequently, endotoxins that remadn
ummasked or are masked mare slowly may continue to activate the
immme response. Understanding which smoctural forms of LIPS are
this activation is crucial.
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Future research should focus on developing detection methods that
account for the structural diversity of LPS molecules as well as the
i king mechanisms mediated by blood components. Our study

systematically exploring how different physicochemical
interventions, such as pH shifts and changes in ionic strength, affect
endotoxin recovery. At the same time, future studies will benefit from
combining endotoxin masking experiments with complementary protein
structural analyses. This will help to disentangle whether observed ef.
fects are primarily due to changes in surface charge or to conformational
alterations of plasma proteins. Extreme conditions, such as high pH
values, are likely to affect both aspects
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