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Abstract: 

Bacterial endotoxins, also known as lipopolysaccharides (LPS), are essential components of the outer 

membrane of Gram-negative bacteria. This abstract explores the importance of the biochemical structure of 

endotoxins, their toxicity, conventional methods of endotoxin detection, and the intriguing interactions between 

endotoxins and proteins.The biochemical structure of endotoxins is characterized by their complex, amphiphilic 

nature. This amphiphilic character, with lipid A being the hydrophobic component and the polysaccharide chain 

being hydrophilic, is crucial for their biological activity. The specific arrangement of lipid A, core 

oligosaccharide, and O-antigen plays a significant role in their pathogenicity and immunogenicity, making it 

vital to understand these structural aspects.Endotoxins are notorious for their potent toxicity, and even trace 

amounts can induce severe inflammatory responses in humans. This toxicity is attributed to the ability of 

endotoxins to activate the immune system through Toll-like receptor 4 (TLR4) signaling, resulting in the release 

of proinflammatory cytokines. Therefore, the detection of endotoxins in pharmaceuticals and medical devices is 

of paramount importance to ensure product safety.Conventional methods of endotoxin detection have evolved 

over the years and are predominantly based on the Limulus amebocyte lysate (LAL) assay. This method relies 

on the clotting of the LAL in the presence of endotoxins and is highly sensitive and widely used. However, 

alternative methods such as recombinant Factor C-based assays and mass spectrometry are emerging as viable 

options, offering improved specificity and reliability.Endotoxin-protein interactions constitute a fascinating 

aspect of endotoxin research. These interactions play a crucial role in modulating the immune response, 

influencing host-pathogen interactions, and have potential applications in biotechnology and medicine. The 

characteristics of endotoxin-protein interactions, including the role of proteins like LPS-binding proteins (LBP), 

CD14, and MD-2, are central to understanding the mechanisms underlying endotoxin recognition and signaling. 
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Introduction: 

O-antigen, core polysaccharide, and lipid A make up the majority of an endotoxin. The hydrophilic and 

outermost region of the endotoxin is where the O-antigen is found. It is composed of 1 to 40 repetitive units that 

are peculiar to each species and give bacteria their serological specificity.The inner core, which connects to lipid 

A, and the outer core, which connects to O-antigen, are the two components of the core polysaccharide[1]. The 

outer core is more diversified than those in the inner core, which primarily comprises residues of Kdo and L-

glycerol-D-manno-heptose (HEP).[2] A tool-like receptor (TLR4) on immune cells secretes pro-inflammatory 

cytokines as a result of the highly conserved lipid A.[3] The outer membrane of Gram-negative bacteria is made 

up of endotoxins. A wide range of biological activities are elicited by isolated endotoxins when given to 

laboratory animals. These biological activities are also present during Gram-negative septic 

shock.Lipopolysaccharides (LPS) are endotoxins. The lipid A, the core oligosaccharide, and the O-specific 

polysaccharide are three covalently connected sections that make up LPS in Enterobacteriaceae and many other 

Gram-negative bacteria. Gramnegative bacteria have a wide range of O-polysaccharide structure and 

composition, which affects the parent bacterial strain's serological specificity. The structure and composition of 

the core oligosaccharide are less varied because many different bacterial species share the same core structure. . 

The least structurally variable component of the LPS molecule is lipid A, which shares a common structure and 

content with most Gram-negative bacteria.[4-6] All three components of the LPS molecule are immunogenic, 

causing the production of antibodies that bind to particular epitopes in the affected area. LPS only has lipid A as 

its biological component because the polysaccharide lacks any harmful properties. 2 The broad range of 

biological functions that were discovered to be expressed by isolated free lipid A or purified LPS are summarized 

in Table I. As can be seen from the table, endotoxin's actions are not necessarily deleterious; in fact, some of 

them, like the ability to induce tumor necrosis and act as an adjuvant, might be advantageous to the host. The 
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biological effects of LPS are not caused directly by the LPS molecule, but rather by endogenous mediators that 

are created after endotoxin interacts with LPS-sensitive cells. Cells called macrophages mediate the harmful 

effects of LPS[7-9]. and one of the main mediators of endotoxin's lethal action is turnout necrosis factor alpha 

(TNF).[10-12] Lipopolysaccharide-binding protein (LBP), bactericidal/permeability-increasing protein (BPI), 

an amyloid P component, a cationic protein, enzymes used in the biological endotoxin assay (anti-LPS), a 

lysozyme, and a lactoferrin are some of the biomolecules that have reportedly been shown to interact with 

endotoxins.[13] Hypothetically, either affinity interaction, hydrophobic interaction, or ionic binding can affect 

how endotoxins interact with biomolecules. Following the interaction of biomolecules with endotoxins, both 

molecules typically aggregate or disaggregate. It is believed that the endotoxin aggregate's physicochemical 

change causes its toxic effects to manifest in vivo.[14] These interactions may also mask endotoxins, making it 

challenging to remove them in later processes. The'masking of endotoxin' effect may also alter the Limulus 

coagulation cascade in the LAL-based endotoxin assay, leading to false-positive results.[15] Endotoxin contents 

in some biopharmaceutical products are frequently underestimated when LAL are used during the quantitative 

analysis, according to Chen and Vinther, because of the endotoxin masking effect.[16] 

 

Biochemical Structure of Endotoxin: 

Endotoxin refers to an inherent fraction found in the outer membrane of all gram-negative bacteria, and 

its more accurate biochemical name is lipopolysaccharide (LPS). Endotoxins are thought to be a non-concrete 

category of biomolecules that are released when bacterial cells die and result in toxic effects like fever, septic 

shock, multiorgan failure, and even death. Lipid A, the active component of the LPS biochemical structure, is 

actually controlled by these immune responses. With a hydrophilic, negatively charged bisphosphorylated 

diglucosamine backbone and a hydrophobic domain made up of six (Escherichia coli) or seven (Salmonella) acyl 

chains connected by amide and ester linkages, lipid A serves as the membrane anchor for LPS molecules. Lipid 

A's distinct structural features give LPS molecules their biological properties, including their specificity and 

affinity for related proteins.The core oligosaccharide and O-specific polysaccharide chain make up the other two 

components of LPS molecules. An inner subdomain, which is directly connected to Lipid A, and an outer 

subdomain, which offers an attachment site for the O-specific polysaccharide chain, make up the core 

oligosaccharide of LPS. Compared to inner cores, the covalent structures of outer cores are more variable. The 

role of the core oligosaccharide is unknown other than to provide linkage.The O-specific polysaccharide chain 

is connected to the outer core's terminal and is out in the bacterial cells' environment. The O-specific 

polysaccharide chain functions as a type of immunogenic substance that may assist bacteria in evading the 

immune system. The O-specific polysaccharide chain has a very diverse range of structural characteristics when 

compared to core oligosaccharide and lipid A. Salmonella's O-specific polysaccharide chain has more than 1000 

unique immunochemical variants, whereas some LPS molecule structures lack O-specific polysaccharide chains 

entirely.[17-20] 

 

Toxicity of Endotoxin: 

The death of gram-negative bacteria cells releases LPS molecules with a high degree of chemical stability 

into the environment. Due to damaged intestinal mucosa, LPS molecules can enter the bloodstream and cause 

endotoxemia, which can result in symptoms such as altered cellular and organ structure and function, increased 

body temperature, altered hemodynamics, and septic shock. Tumor necrosis factor, interleukin-6, platelet 

activating factor, and other inflammatory cytokines are overexpressed by the activation of the innate immune 

system when LPS molecules enter the human body through the liver. This results in systemic inflammatory 

response syndrome, which has been linked to severe acute respiratory syndromes, cancers, large-area burns, and 

acute peritonitis. Endotoxin-induced shock's high mortality rate continues to be a significant clinical issue, 

particularly in patients who are immunosuppressed and in poor health.Additionally, when an organism is 

sterilized, endotoxin is not removed; rather, the release of LPS occurs when cells die. If gram-negative organisms 

were present before sterilization, the endotoxin of the organism still exists even though the products may have 

been sterilized. In the fields of biological products, medical devices, parenteral drugs, food and water security, 

etc., testing for this LPS in the finished products is a crucial component of ensuring the safety of the sterilized 

products. The development of new detection techniques is discussed in this article along with an introduction to 

LPS detection methods.  Because of their inherent qualities of quick response, simple operation, low cost, high 

sensitivity, and high specificity, which satisfy the development requirements of endotoxin detection, the 

biosensors using LPS affinity components as sensing elements are summarized. Future integrated and miniature 

endotoxin detection devices with high sensitivity and outstanding stability will be commercially available thanks 

to advancements in microfabrication and nanomaterials.[21-27] 
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Endotoxin detection: 

Conventional method of endotoxin detection: 

Rabbit pyrogen test: 

Hort and Penfold made the initial discovery of the rabbit pyrogen test (RPT) in 1912, and Florence B. 

Seibert later presented it.[28] Its detection method is based on administering pharmaceutical parenteral drugs to 

rabbits and monitoring the creatures for a rise in body temperature or a fever.[29] Endotoxin concentrations as 

low as 0.5 EU/ml can be detected using this method.[30] Since rabbits exhibit a sensitive and focused immune 

response similar to that of humans, they were chosen as the test model.[31] The in vivo technique, still used on 

the majority of blood products, especially in Japan, is crucial in preventing endotoxin contamination. The 

application of this method has been constrained by the use of animal models, particularly when a large number 

of samples need to be analyzed. Additionally, Ochiai et al reported that when compared to other traditional 

methods of endotoxin detection, the RPT had a limited sensitivity and accuracy.[32] RPT, the oldest and most 

basic endotoxin detection method, involves injecting the questioned biological sample into live rabbits and 

watching for a fever to appear. This approach is based on the idea that when endotoxins are present, fever patterns 

in rabbits and people are similar. It was decided that a fever was defined as a temperature increase of 0.5°C over 

the course of 180 minutes following injection. Even though the method appears simple, the limit of detection 

(LOD) is 0.5 EU/ml, which was thought to be accurate when this method was created in 1912. This method has 

received praise for its accuracy; since it is an in vivo method, it is simple to accept the test's findings because the 

researchers can see the test subject displaying infection symptoms. But observing the test subject experience the 

side effects of endotoxins offers a strong case for their presence in the sample. This approach is frequently 

criticized. In general, the scientific community is moving away from using live subjects in experiments, 

especially when using animals. Although this test was once regarded as the best in the field and is still used in 

some areas of Japan, it is now criticized for the large number of samples required and its near-obsolete sensitivity 

and accuracy in comparison to other techniques.[33-37] 

 

Img: Rabbit pyrogen test 

 

Limulus amebocyte lysate test: 

In the 1960s, Levin and Bang made the discovery of the Limulus Amebocyte Lysate (LAL) test. It is 

most commonly referred to as the indirect animal test and uses a blood extract from horseshoe crabs (Limulus 

polyphemus). The gel-clot, turbidimetric, and chromogenic techniques can be divided into three basic categories 

for this method (Figure 2). The gel-clot method is less precise and sensitive than turbidimetric and chromogenic 

LAL tests.[38] The horseshoe crab blood extract used in the LAL test, which is exposed to endotoxins, causes 

clots to form. According to[29] the LAL test is three to 300 times more sensitive than the RPT technique. 

Compared to the RPT test, which can only detect 0.5 EU/ml, it can detect as little as 0.03 EU/ml.[39] Because it 

is based on the endotoxin-induced coagulation response that is triggered by the binding of endotoxin to factor C 

in LAL, the LAL test is also known as the Bacterial Endotoxin Test (BET).[40] Despite being widely recognized 

as a valid technique for determining pyrogenicity, the LAL test is only applicable to the part of Gram-negative 

bacteria's cell wall. As a result, it is not applicable to samples with a lot of protein.[41] The LAL test is unable 

to accurately quantify in vivo endotoxin activities in the case of endotoxin contamination in veterinary 

vaccines.[42] The LAL test cannot be used on samples that contain free metal ions because they can change the 

measurement's sensitivity, which lowers the test's accuracy. As a result, efforts to develop ion-based endotoxin 

removal methods have been hampered. In order to reduce the measurement variability brought on by the presence 

of metal ions in the samples being examined, the LAL method was modified in 201.[43] In a nutshell, the 
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modification involved reconstructing the sample so that all metal ions in each sample had an analogous 

composition. . To further reduce the inhibition/enhancement effect of metal ions on the LAL activity without 

compromising endotoxin sensitivity, a minimum sample dilution (MSD) of 1000-fold was introduced. To lessen 

the interaction between the endotoxin and the metal ions, 5 mM EDTA was added to each sample.Aside from 

the problems with LAL specificity and sensitivity, the overfishing of horseshoe crabs for their blood poses a 

threat to their population.[41] Even though the creatures are put back in the water after the blood is collected, it 

seems that 20% of the horseshoe crabs perish.[45] Factor C, the key element of the endotoxin-mediated cascade, 

has been converted into recombinant LAL. Recombinant factor C,[46] functions as an endotoxin biosensor 

because it can identify the presence of endotoxin following thorough analysis of enzymatic activity. 

Recombinant factor C was added as a potential replacement for the LAL test in the 2014 revision of the 

Guidelines for Using the Test for Bacterial Endotoxin by the European Directorate for the Quality of Medicines 

and Healthcare (EDQM).[47] 

 

 
 

Img: Limulus amebocyte lysate test 

Electrochemical technique: 

A concept known as electrochemical impedance spectroscopy (EIS) is the foundation for the majority of 

electrochemical biosensors. Electrodes must be inserted into the desired solution to be tested for EIS, and a 

sinusoidal alternating current signal—typically ranging from 2 to 10 mV—must be delivered through the 

solution. The frequency of these sinusoidal waves can be changed to produce an impedance spectrum.[48] To 

lower electric resistance, the electrodes have a metal coating. When endotoxins come into contact with the 

electrode-protein complex, they bind to the proteins because the proteins are highly selective to endotoxin 

components. Endotoxin neutralizing proteins are the name given to these proteins.[49] Endotoxins increase the 

electrode's resistance when they bind to the ENPs on the electrodes. This was the case in an experiment conducted 

by[50] who built an electrode out of gold and a complex of myeloid differentiation 2 (MD2) and human 

recombinant toll-like receptor 4 (rhTLR4) proteins. They subjected these electrodes to a variety of endotoxin-

containing solutions, and for each concentration, they generated impedance spectra. At higher endotoxin 

concentrations, the maximum current across all potential differences was lower.[51]The study also revealed that 

this specific biosensor had high endotoxin specificity to avoid producing erroneous positive results. The sensor's 

LOD was 0.0002 EU/ml, which was less than the 0.03 EU/ml standard LAL test limit. Once endotoxins are 

bound to TLR4-MD2 complexes, this system's single-use electrode becomes a significant drawback. Endotoxins 

could be detected using metal complexes immobilized on a gold electrode at concentrations as low as 0.001 

EU/ml.[52] An array of nanochannels that have been modified with polymyxin B (PMB) and have been used to 

make porous silicon membranes (pSim)-based electrochemical biosensors have a high affinity for endotoxins. 

The LOD of 18 EU/ml was displayed. These sensors demonstrated the ability to detect endotoxins from different 

bacterial strains, including E. coli and S. typhimurium, without the use of labels.[53] Studies have also described 

highly sensitive electrochemical biosensors based on gold electrodes modified with peptides that were used to 

detect endotoxins with a LOD of 0.04 EU/ml.[54] In comparison to biologically based techniques, this method 

was quicker, more accurate, and, in most cases, more cost-effective.[55] Amperometric and potentiometric 

methods are two additional electrochemical techniques. The most typical electrochemical sensor for the detection 

of endotoxins has been described as an amplimetric transducer.[56] They operate according to the same EIS 

tenet, which states that the concentration of the studied sample has a linear relationship with the measured 
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current. For quick and affordable testing, this method can use disposable, premade test strips.[57]  Potentiometric 

methods are noteworthy because they were the first biosensor to be able to detect endotoxins in real-time, despite 

having LODs that are relatively high, 1–5 EU/ml.[48,58] In comparison to biological methods, the processes 

used to create the electrodes, measure them, and use them are more labor- and complexity-intensive.[59] They 

need more advanced personnel and tools to be operated than RPT or LAL tests.[60] 

 

Img: Electrochemical technique 

 

Optical techniques: 

A liquid crystal (LC)-based optical sensor for highly sensitive endotoxin detection is one such example. 

Endotoxin-specific single-stranded DNA aptamers, which are endotoxin-selective biosensor probes, are used to 

create LC-based optical biosensors. The linear endotoxin detection range of the LC-based aptamer optical 

biosensors is from 0.05 to 1,000 EU/ml, with a LOD of 5.5 EU/ml. The biosensors' recovery is maximized 

because they barely interact with the biomolecules.  These optical methods can be broadly categorized into three 

groups: luminescence, surface plasmon resonance (SPR), and electrochemiluminescence, all of which rely on 

visual changes.[61] When it comes to the direct or indirect detection of pathogenic bacteria and their toxins, 

optical transducers are particularly appealing. Due to the availability of various variants with various 

spectrochemical properties, it gained popularity right away. When the target analyte binds to receptors 

immobilized on the transducer surface, tiny changes in spectophotometric parameters like refractive index or 

thickness can be detected by these sensors.[62] 

 

 

 

Img: optical techniques 

 

 

Polymerase chain reaction: 

PCR is a widely used, common method that is essential for accurately amplifying DNA from one or a 

few copies to millions of copies. A variety of PCR variants, including Real-time PCR, Reverse Transcriptase 

PCR (RT-PCR), Nested PCR, and Multiplex PCR, have been developed to identify pathogenic bacterial 

endotoxin. Additionally, it has the benefit of being able to be connected to other methods such as Surface 

Acoustic Wave Sensor (SAW), Fluorescence in Situ Hybridization (FISH), Most Probable Number (MPN-PCR), 

Lightcycler real-time PCR (LC-PCR), PCR-Enzyme linked immunosorbent assay (PCR-ELISA), and sandwich 



TIJER || ISSN 2349-9249 || © November 2023, Volume 10, Issue 11 || www.tijer.org 

TIJER2311011 TIJER - INTERNATIONAL RESEARCH JOURNAL  www.tijer.org a104 
 

hybridization assay. Compared to other available conventional techniques, PCR is significantly quicker and takes 

up less time. Additionally, PCR is fully automated, doesn't call for pre-enrichment procedures, can be coupled 

with other methods, and yields accurate results. Multiplex PCR, out of all the PCR variations that are currently 

available, has the distinct advantage of simultaneously detecting multiple organisms by using various primers to 

amplify DNA regions. The main drawback of the majority of PCR variants is their inability to differentiate 

between living, viable cells and dead, non-viable cells. RT-PCR and EMA-LAMP can, however, be used to fill 

this gap. Despite all the benefits, there are still some drawbacks, such as the labor and time requirements and the 

need for post-amplification processing steps like gel electrophoresis. Quantitative PCR analysis and endotoxin 

concentration successfully established a correlation.[63-65] 

 

 
 

Img: Polymerase chain reaction 

 

Endotoxin–protein interaction: 

Analysis of endotoxin–protein interactions: 

 

Electron microscopy: 

The structure and chemistry of biomolecules have been determined using scanning electron microscopy (SEM) 

and transmission electron microscopy (TEM) at resolutions ranging from micron to subnanometer.[66] used 

SEM to examine the surface morphology of bacterial cells following incubation with peptides and eosinophil 

cationic proteins (ECP).[67] They looked at the degree of cell surface damage and hypothesized that endotoxin 

and ECP interaction was to blame for the damage. Additionally, they examined the samples' agglutination level 

using TEM, which was consistent with the SEM analysis.The disaggregation of endotoxins following incubation 

with apolipophorin III (apoLp-III) was successfully observed under TEM in[68] The ability of 

lipopolysaccharide transport protein (Lpt) to disassemble endotoxin aggregates even at low concentrations has 

also been demonstrated using TEM.[69] 

 

Dynamic light scattering (DLS) analysis: 

The size distribution profile of nanoparticles in suspension has been determined using DLS, also referred 

to as Photon Correlation Spectroscopy[70,71] DLS results in decreasing mean endotoxin diameter after 

incubation with apoLp-III in the study of endotoxin-apoLp-III interaction, further demonstrating the function of 

apoLp-III in endotoxin disaggregation.[68]Polymyxin B has been discovered to promote endotoxin aggregation 

in contrast to apoLp-III.[72] The polymyxin B-endotoxin interaction was confirmed by the DLS analysis to be 

concentration-dependent. Despite the high peptide concentrations, polymyxin B was unable to enlarge endotoxin 

aggregates at a concentration of 0.3 mg/ml. However, at a concentration of 3 mg/ml of endotoxin, higher levels 

of polymyxin B may cause the endotoxin aggregates to change into a larger form. The aggregative interaction of 

mobile divalent metal cations with endotoxins and plasmid DNA has been studied using DLS analysis. This 

analysis was done to determine the hydrodynamic size of endotoxin aggregates when certain divalent cations 

were present. It was determined that Zn2+ was better able than plasmid DNA to selectively bind endotoxins, 

removing endotoxins from plasmid DNA by 490 percent. Endotoxins and green fluorescent protein (GFPuv) 

have been found to interact.[73] performed DLS analyses on endotoxin-GFPuv and pure GFPuv. Based on the 

significant correlation between GFPuv aggregate size and endotoxin concentration, they came to the conclusion 

that endotoxins caused GFPuv to aggregate. 
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Fluorescence resonance energy transfer (FRET): 

When used with optical microscopy, FRET relies on the energy transfer between two molecules separated 

by a few nanometers. It is currently popular in biomedical and drug discovery research.[74] A donor molecule 

absorbs light, followed by an acceptor molecule receiving energy emission-free transfer via a dipole-dipole 

coupling and the acceptor molecule emitting light.[75] The ability of peptides (Pep 19-2.5, Pep 19-2.5KO, and 

Pep 19-8) to intercalate into phospholipid liposomes or endotoxin aggregates from Salmonella minnesota strain 

R60 has been studied using FRET.[76] It was discovered that all three peptides intercalated into endotoxin 

aggregates almost at the same amplitude. The peptides' ability to intercalate into typical phosphatidylcholine and 

phosphatidylserine liposomal membranes was also revealed by the FRET analysis. FRET was used by 

Brauser[75] to investigate how endotoxins and the antibiotic enrofloxacin interact. In that experiment, the donor 

was the compound 7-nitrobenzo-2-oxa-1,3-diazole (NBD), and the acceptor,                   9-(2-carboxyphenyl)-

3,6-bis(diethylamino)-xanthyliumchlorid (Rhodamine), was a phosphatidylethanolamine. Before performing the 

FRET analysis, the endotoxin vesicles were prepared and incubated with enrofloxacin. The outcomes 

demonstrated that after the incubation with enrofloxacin, the signals from the donor and acceptor molecules did 

not change, and thus Brauser[75] concluded that the endotoxin vesicles did not interact with anything.[77] 

created a high-throughput screening method to find new substances that prevented endotoxin from adhering to 

CD14. The time-resolved intermolecular FRET (TR-FRET)-based cell-free screening system was used to find 

new inhibitors of the interaction between endotoxin and CD14 in a library of secondary metabolites from 

microorganisms. 

 

Docking program: 

A computational technique called docking "docks" small molecules into the structures of large target 

molecules and "scores" how complementary those molecules might be to binding sites.[78] In the study of 

endotoxin behavior, docking programs are primarily used to: (1) produce an accurate structural model; and (2) 

produce an accurate prediction of activity. The study of the relationship between endotoxin and antimicrobial 

peptides (AMPs) used a docking program. Kushibiki and others[80] used a docking program to understand the 

interactions between tachyplesin I (TP I), a horseshoe crab-produced antimicrobial peptide, and endotoxin. Based 

on the calculated structural model, they strongly suggested that the cationic residues of TP I interacted with the 

phosphate groups and saccharides of endotoxin while the hydrophobic residues of TP I interacted with the acyl 

chains of endotoxin. These discoveries provided a thorough structural understanding of how TP I and endotoxin 

bind.The same strategy was applied by.[67] to research the relationship between eosinophil cationic protein 

(ECP) and endotoxin.  They came to the conclusion that Arg71, which formed hydrogen bonds on the binding 

sites of the tripeptide arginylglycylaspartic acid (RGD), was the cause of the binding selectivity of the b-glucan 

complex with LGBP. Additionally, they proposed that four amino acid residues in LGBP, Arg34, Lys68, Val135, 

and Ala146, were essential in the binding mechanism because they interacted with one another via hydrogen 

bonds in the protein's active site.[80] 

 

Characteristics of endotoxin–protein interactions: 

 

In general, under fixed physicochemical conditions (such as pH, temperature, and viscosity), endotoxins 

behave differently toward various protein types. The hydrophobic interaction is primarily responsible for the 

interaction between endotoxin and lysozyme, a crucial part of the innate immune system.[81] Through a 

noncompetitive inhibition, the interaction reduces the enzymatic activity of the lysozyme and changes the 

biological activity of the endotoxin. Additionally, endotoxins have the potential to aggregate heavily, which 

would inhibit lysozyme activity.[82] A negative result will be obtained for the filtrate when a lysozymeendotoxin 

mixture is subjected to ultrafiltration and the LAL test, indicating the absence of monomeric LPS molecules.[83] 

Endotoxins' inactivity is frequently linked to monomeric endotoxins. Endotoxin and endotoxin-neutralizing 

protein (ENP) interact in a dose-dependent manner.The LAL assay and the production of TNFa in human 

mononuclear cells (MNC) demonstrate that a nearly complete neutralization can be achieved at an 

ENP/Endotoxin molar ratio of 20:1. Endotoxin's three-dimensional structure, specifically the transition of the 

lipid A structure from a cubic to a multilamellar phase, can be altered by ENP to transform it from an active into 

an inactive form. The endotoxin aggregate structure affects the stability of the endotoxin-ENP binding, though 

the direction of the dependency is still unclear. Eosinophil cationic protein (ECP), a human-secreted protein 

frequently used as a readout for the assessment of active inflammatory diseases, is another type of protein that 

exhibits a high affinity for endotoxin. By calculating the minimal agglutination concentration (MAC) or the 

minimal peptide concentration that could induce bacterial agglutination, Pulido et al.[67] investigated the 

endotoxin-agglutinating activity of ECP. Five different strains of E. coli (D21, D21e7, D21e19, D21f1, D21f2) 
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were used, and the agglutination was tested using ECP and peptides. The D21f2 strain with the shortest endotoxin 

did not agglutinate despite being incubated with 5 mM ECP for 12 hours, according to the findings. Similar 

outcomes for the incubation with peptides were also found, indicating a low affinity for endotoxins. It was also 

noted that, as seen under a transmission electron microscope (TEM), the degree of endotoxin agglutination 

decreased with decreasing length of endotoxin strain. Apolipoproteins can interact with endotoxins, adding to 

the body's defenses against septic shock.[68] Apolipophorin III (apoLp-III) from the moth species Galleria 

mellonell can be used as a model to study the interaction between apolipoproteins and endotoxins and to 

comprehend its function in septic shock defense. Endotoxin and apoLp-III interact primarily through 

hydrophobic interactions, which are influenced by the LPS phase transition temperature (30–37 C).[83] Fast 

protein liquid chromatography (FPLC) [68] to characterize the interaction between endotoxin and apoLp-III. By 

size exclusion, FPLC was used to isolate the complexes, which were then analyzed for size and apoLp-III/LPS 

contents. The findings demonstrated that LPS disaggregation had taken place as the large apoLp_III/LPS 

complexes were broken down into smaller aggregates. The outcomes were further supported by transmission 

electron microscopy, where it was evident that the LPS molecules had changed from their typical long-rod shape 

to that of tiny spheres. The apoLp-III-endotoxin interaction's binding mechanism. In a nutshell, endotoxin 

disaggregation begins when apoLp-III first enters the interior of the endotoxin micelles, gaining access to the 

hydrophobic Lipid A region. This direct interaction between the hydrophobic protein region and the lipid A 

region, enabled by an apparent change in the protein conformation, results in the formation of a stable apoLp-

III/endotoxin complex. Previous research has demonstrated that a few endotoxin-interacting proteins also 

function as mediators of endotoxin-induced cell activation. For instance, it has been demonstrated that the innate 

immune system protein lipopolysaccharide-binding protein (LBP) mediates the transfer of endotoxins to CD14 

on macrophages or monocytes.[84-86] The activation of macrophages and monocytes can result from the 

LBPmediated interaction between endotoxins and CD14.[87] The transfer of endotoxins to MD-2/TLR4 is then 

catalyzed by the endotoxin-CD14 complex, which results in cell inflammation.[88] In animal models, CD14 is 

also said to be a strong moderator of inflammation intensity.[89] By preventing LBP from transmitting 

endotoxins to CD14, bactericidal/permeability-increasing protein (BPI), in contrast to LBP, has been found to 

control inflammation.[90] The interactions between LBP and endotoxins and BPI and endotoxins are probably 

governed by a competitive electrostatic interaction, with BPI displaying the greatest affinity for the 

endotoxin.[88] When LBP and BPI interact with endotoxins, they are most effective on surfaces with a dense 

concentration of endotoxin molecules.[90] According to Drago-Serrano et al. [91], the primary factor that caused 

lactoferrin (Lf), a multifunctional protein of the innate immune system, to act as a permeabilizing agent was its 

interaction with enterobacterial endotoxin. Through electrostatic interactions, bonds between Lf and endotoxin 

were formed, which neutralized the activity of the endotoxin and stopped the inflammatory response.[92] 

 

Conclusion: 

Understanding the intricate biochemical structure of endotoxins, which comprises lipid A, core 

oligosaccharide, and O-antigen, is essential for appreciating their role in pathogenicity and immunogenicity. The 

amphiphilic nature of endotoxins is a fundamental aspect that governs their biological activities and interactions 

with other molecules.Endotoxins are infamous for their potent toxicity, capable of triggering severe 

inflammatory responses even at trace levels. The activation of the immune system through Toll-like receptor 4 

(TLR4) signaling leads to the release of proinflammatory cytokines, making their detection and removal 

paramount in healthcare and pharmaceutical industries.The conventional method of endotoxin detection, 

primarily based on the Limulus amebocyte lysate (LAL) assay, has been a cornerstone in ensuring product safety. 

The sensitivity and reliability of this assay have made it a widely adopted technique. However, alternative 

methods, such as recombinant Factor C-based assays and mass spectrometry, are gaining prominence due to their 

improved specificity and reliability, contributing to the continued evolution of endotoxin detection 

techniques.the study of bacterial endotoxins and their detection methods goes beyond ensuring product safety; it 

delves into the very foundations of microbial biology, immunology, and biochemistry. Recognizing the 

importance of endotoxin structure, toxicity, detection methods, and the intricate interactions between endotoxins 

and proteins not only advances our understanding of the microbial world but also paves the way for innovative 

applications in medicine, biotechnology, and beyond. Continuous research and development in this field are 

essential for maintaining and improving the safety and quality of healthcare products and expanding the frontiers 

of scientific knowledge.  

 



TIJER || ISSN 2349-9249 || © November 2023, Volume 10, Issue 11 || www.tijer.org 

TIJER2311011 TIJER - INTERNATIONAL RESEARCH JOURNAL  www.tijer.org a107 
 

Reference:  

1. Erridge C, Bennett-Guerrero E, Poxton IR. Structure and function of lipopolysaccharides. Microbes Infect. 

2002;4:837–851. 

2. Wang X, Quinn PJ, editors. Endotoxins: structure, function and recognition. Dordrecht: Springer Science & 

Business Media; 2010. 

3. Christie WW, Lipid A. Bacterial lipopolysaccharides – structure, occurrence and biology [Internet]. 

American Oil Chemists’ Society, 2014 [updated 2014 May 20; cited 2015 Feb 15]. Available from: 

http://lipidlibrary.aocs.org/Lipids/lipidA/ index.htm. 

4. Liideritz O, Galanos C, Lehman V, Mayer H, Rietschel E Th, Weckesser J.Chemical structure and biological 

activities of lipid A’s from various bacterial families. Naturwissenschaften 1978; 65: 579-585. 

5. Galanos C, Liideritz O, Rietschel E Th, Westphal O. Newer aspects of the chemistry and biology of bacterial 

lipopolysaccharides, with special reference to their lipid A component. In: Goodwin TW, ed. International 

Review of Biochemistry, Vol. 14, Biochemistry of Lipids II, Baltimore: University Park Press, 239-335.  

6. Rietschel E Th, ed. Handbook of Endotoxin, Vol. 1, Chemistry of Endotoxin. Elsevier, 1984. 

7. Michalek SM, Moore RN, McGhee JR, Rosenstreich DL, Mergenhagen SE. The primary role of 

lymphoreticular cells in the mediation of host responses to bacterial endotoxin. J Infect Dis 1980; 141: 55-

63. 

8. Rosenstreich DL, Vogel SN. Central role of macrophages in the host response to endotoxin. In: Schlesinger 

D, ed. Microbiolog--1980. Washington, D.C. American Society for Microbiology, 1980; 11-15. 

9. Freudenberg MA, Keppler D, Galanos C. Requirement for lipopolysaccharide-responsive macrophages in 

galactosamine-induced sensitization to endotoxin. Infect Immun 1986; 51: 891-895. 

10. Beutler B, Milsark JW, Cerami AC. Passive immunization against cachectin/tumor necrosis factor protects 

mice from lethal effect of endotoxin. Science 1985; 229: 869-871. 

11. Lehmann V, Freudenberg MA, Galanos C. Lethal toxicity of lipopolysaccharide and turnout necrosis factor 

in normal and D-galactosamine-treated mice. J Exp Med 1987; 165 657-663. 

12. Galanos C, Freudenberg MA, Coumbos A, Matsuura M, Lehmann V, Bartoleyns J. Induction of lethality and 

tolerance by endotoxin mediated by macrophages through tumour necrosis factor. In: Bonavida B, Gifford 

GE, Kirchner H, Old LJ, eds. Turnout Necrosis Factor/Cachectin and Related Cytokines. Basel: S. Karger, 

1988: 114-127. 

13. De Oliveira Magalhaes P, Lopes AM, Mazzola PG, et al. Methods of endotoxin removal from biological 

preparations: a review. J Pharm Pharm Sci. 2007;10:388–404. 

14. Andra J, Garidel P, Majerle A, et al. Biophysical characterization of the interaction of Limulus polyphemus 

endotoxin neutralizing protein with lipopolysaccharide. Eur J Biochem. 2004;271: 2037–2046. 

15. Petsch D, Deckwer WD, Anspach FB. Proteinase K digestion ofproteins improves detection of bacterial 

endotoxins by the Limulus amebocyte lysate assay: application for endotoxin removal from cationic proteins. 

Anal Biochem. 1998;259:42–47. 

16. Dawson M, editor. Low endotoxin recovery (LER): A Review. 2nd ed. East Falmouth: Associates of Cape 

Cod Incorporated; 2014. 

17. Hinshaw, L. B., , Ed. Handbook of Endotoxin: Chemistry of Endotoxin; Elsevier: Amsterdam, 1984; Vol. II. 

18. Gutsmann, T.; Schromm, A.; Brandenburg, K. The Physicochemistry of Endotoxins in Relation to 

Bioactivity.Int. J. Med. Microbiol. 2007, 297, 341–352. 

19. Reatz, C. R. H. Biochemistry of Endotoxins. Annu. Rev. Biochem. 1990, 59, 129–170.  

Anderson, L.; Unger, F. M.; Eds. Bacterial Lipopolysaccharides; ACS Symposium Series 231. American 

Chemical Society: Washington, DC, 1983. 

20. Bhattacharyya, J.; Biswas, S.; Datta, A. G. Mode of Action of Endotoxin: Role of Free Radicals and 

Antioxidants. Curr. Med. Chem. 2004, 11, 359–368. 

21. Stewart, R. K.; Dangi1, A.; Huang, C.; et al. A Novel Mouse Model of Depletion of Stellate Cells Clarifies 

Their Role in Ischemia/Reperfusion and Endotoxin-Induced Acute Liver Injury. J. Hepatol. 2014, 60, 298–

305. 

22. Tecle, T.; Tripathi, S.; Hartshorn, K. L. Review: Defensins and Cathelicidins in Lung Immunity. Innate 

Immun. 2010, 16, 151–159. 

23. Mastrangeloa, G.; Faddaa, E.; Cegolon, L. Endotoxin and Cancer Chemo-Prevention. Cancer Epidemiol. 

2013, 37, 528–533. 

24. Manuel Salto-Telleza, M.; Tanb, E.; Limb, B. ARDS in SARS: Cytokine Mediators and Treatment 

Implications. Cytokine 2005, 29, 92–94. 



TIJER || ISSN 2349-9249 || © November 2023, Volume 10, Issue 11 || www.tijer.org 

TIJER2311011 TIJER - INTERNATIONAL RESEARCH JOURNAL  www.tijer.org a108 
 

25. Vasilescu, C.; Buttenschoen, K.; Olteanu, M.; et al. Severe Acute Pancreatitis between Systematic 

Inflammatory Response Syndrome and Sepsis: Insights from a Mathematical Model of Endotoxin Tolerance. 

Am. J. Surg. 2007, 194, S33–S38.  

26. Swain, P.; Nayak, S. K.; Nanda, P. K.; et al. Biological Effects of Bacterial Lipopolysaccharide (Endotoxin) 

in Fish: A Review. Fish Shellfish Immunol. 2008, 25, 191–201 

27. Hider RC, Barlow D. Polypeptide protein drugs. New York: Ellis Horwood Limited; 1991 

28.  Akbar JB, Kamaruzzaman BY, Jalal KCA, et al. TAL – a source of bacterial endotoxin detector in liquid 

biological samples. Int Food Res J. 2012;19:423–425. 

29. Unger RE, Peters K, Sartoris A, et al. Human endothelial cellbased assay for endotoxin as sensitive as the 

conventional Limulus Amebocyte Lysate assay. Biomaterials. 2014;35:3180–3187. 

30. Hermanns J, Bache C, Becker B, et al. Alternatives to animal use for the LAL-assay. ALTEX Proceedings. 

2012;81–84.  

31.  Ochiai M, Yamamoto A, Naito S, et al. Applicability of bacterial endotoxins test to various blood products 

by the use of endotoxinspecific lysates. Biologicals. 2010;38:629–636. 

32. Dullah, E. C., & Ongkudon, C. M. (2017). Current trends in endotoxin detection and analysis of endotoxin–

protein interactions. Critical Reviews in Biotechnology, 37(2), 251–261.  

33. Maloney, T., Phelan, R., & Simmons, N. (2018). Saving the horseshoe crab: A synthetic alternative to 

horseshoe crab blood for endotoxin detection. PLoS Biology, 16(10):e2006607. 

34. Gimenes, I., Caldeira, C., Presgrave, O. A. F., deMoura, W. C., & Boas, M. H. S. V. (2015). Assessment of 

pyrogenic response of lipoteichoic acid by the monocyte activation test and the rabbit pyrogen test. 

Regulatory Toxicology and Pharmacology, 73(1), 356–360. 

35. Hoffmann, S., Peterbauer, A., Schindler, S., Fennrich, S., Poole, S., Mistry, Y., … Van Aalderen, M. (2005). 

International validation of novel pyrogen tests based on human monocytoid cells. Journal of Immunological 

Methods, 298(1‐2), 161–173 

36. Studholme, L., Sutherland, J., Desai, T., Hockley, J., Care, R., Nordgren, I. K., … Group, C. S. (2019). 

Evaluation of the monocyte activation test for the safety testing of meningococcal B vaccine Bexsero: A 

collaborative study. Vaccine, 37(29), 3761–3769. 

37. Vipond, C., Findlay, L., Feavers, I., & Care, R. (2016). Limitations of the rabbit pyrogen test for assessing 

meningococcal OMV based vaccines. ALTEX‐Alternatives to Animal Experimentation, 33(1), 47–53. 

38. Yamamoto A, Ochiai M, Fujiwara H, et al. Evaluation of the applicability of the bacterial endotoxin test to 

antibiotic products. Biologicals. 2000;28:155–167. 

39. Hurley J. Endotoxemia: methods of detection and clinical correlates. Clin Microbiol Rev. 1995;8:268–292. 

40. Fujita Y, Tokunaga T, Kataoka H. Saline and buffers minimize the action of interfering factors in the bacterial 

endotoxins test. Anal Biochem. 2010;409:46–53. 

41. Peterbauer A, Eperon S, Jungi TW, et al. Interferon-gammaprimed monocytoid cell lines: optimizing their 

use for in vitro detection of bacterial pyrogens. J Immunol Methods. 2000;233: 67–76. 

42. Usui M, Nagai H, Tamura Y. An in vitro method for evaluating endotoxic activity using prostaglandin E 2 

induction in bovine peripheral blood. Biologicals. 2013;41:158–161. 

43.  Ongkudon CM, Danquah MK. Endotoxin removal and plasmid DNA recovery in various metal ion 

solutions. Sep Sci Technol. 2011;46:1280–1282. 

44. Martin CE, editor. Rapid microbiological methods in the pharmaceutical industry. United States: CRC Press; 

2003 

45. Schindler S, von Aulock S, Daneshian M, et al. Development, validation and applications of the monocyte 

activation test for pyrogens based on human whole blood. Altex. 2009;26:265–277. 

46. Ding JL, Ho B. A new era in pyrogen testing. Trends Biotechnol. 2001;19:277–281. 

47. GMP News: EDQM revises 5.1.10. Guidelines for using the test for bacterial endotoxins [Internet]. [place 

unknown]; [cited 2015 Sep 4]. 

48. Honeychurch, K. (2012). Printed thick‐film biosensors, Printed Films (pp. 366–409). Elsevier. 

49. Syaifudin, A. R. M., Mukhopadhyay, S. C., Yu, P., Haji‐Sheikh, M. J., Chuang, C., Vanderford, J. D., & 

Huang, Y. (2011). Measurements and performance evaluation of novel interdigital sensors for different 

chemicals related to food poisoning. IEEE Sensors Journal, 11(11), 2957–2965. 

50. Yeo, T. Y., Choi, J. S., Lee, B. K., Kim, B. S., Yoon, H. I., Lee, H. Y., & Cho, Y. W. (2011). Electrochemical 

endotoxin sensors based on TLR4/MD‐2 complexes immobilized on gold electrodes. Biosensors and 

Bioelectronics, 28(1), 139–145. 

51. Nik Mansor, N., Leong, T., Safitri, E., Futra, D., Ahmad, N., Nasuruddin, D., … Heng, L. (2018). An 

amperometric biosensor for the determination of bacterial sepsis biomarker, secretory phospholipase group 

2‐IIA using a tri‐enzyme system. Sensors, 18(3), 686. 



TIJER || ISSN 2349-9249 || © November 2023, Volume 10, Issue 11 || www.tijer.org 

TIJER2311011 TIJER - INTERNATIONAL RESEARCH JOURNAL  www.tijer.org a109 
 

52. Cho, M., Chun, L., Lin, M., Choe, W., Nam, J., & Lee, Y. (2012). Sensitive electrochemical sensor for 

detection of lipopolysaccharide on metal complex immobilized gold electrode. Sensors and Actuators, B: 

Chemical, 174, 490–494. 

53. Reta, N., Michelmore, A., Saint, C. P., Prieto‐Simon, B., & Voelcker, N. H. (2019). Label‐free bacterial 

toxins detection in water supplies using porous silicon nanochannel sensors. ACS Sensors, 4, 1515–1523. 

54. Liu, T., Meng, F., Cheng, W., Sun, H., Luo, Y., Tang, Y., & Miao, P. (2017). Preparation of a peptide‐

modified electrode for capture and voltammetric determination of endotoxin. ACS Omega, 2(6), 2469–2473. 

55. Heras, J. Y., Pallarola, D., & Battaglini, F. (2010). Electronic tongue for simultaneous detection of 

endotoxins and other contaminants of microbiological origin. Biosensors and Bioelectronics, 25(11), 2470–

2476. 

56. Richter, M. M. (2004). Electrochemiluminescence (ecl). Chemical Reviews, 104(6), 3003–3036 

57. Alahi, M., & Mukhopadhyay, S. (2017). Detection methodologies for pathogen and toxins: A review. 

Sensors, 17(8), 1885. 

58. Inoue, K. Y., Ino, K., Shiku, H., & Matsue, T. (2010). Electrochemical detection of endotoxin using 

recombinant factor C zymogen. Electrochemistry Communications, 12(8), 1066–1069. 

59. Yamamoto, A., Ochiai, M., Fujiwara, H., Asakawa, S., Ichinohe, K., Kataoka, M., … Horiuchi, Y. (2000). 

Evaluation of the applicability of the bacterial endotoxin test to antibiotic products. Biologicals, 28(3), 155–

167. 

60. Shen, W. J., Zhuo, Y., Chai, Y. ‐Q., & Yuan, R. (2015). Cu‐based metal–organic frameworks as a catalyst 

to construct a ratiometric electrochemical aptasensor for sensitive lipopolysaccharide detection. Analytical 

Chemistry, 87(22), 11345–11352. 

61. An, Z., & Jang, C. H. (2019). Simple and label‐free liquid crystal‐based optical sensor for highly sensitive 

and selective endotoxin detection by aptamer binding and separation. ChemistrySelect, 4(4), 1416–1422. 

62. Velusamy, V., Arshak, K., Korosynska, O., Oliwa, K., Adley, C., 2010. Biotechnology Advances. 28, 232–

254, Lazcka, O., Campo, F.J.D., Munoz, F.X., 2007. Biosensors and Bioelectronics. 22, 1205– 12175. 

63. Mafu, A.A., Pitre, M., Sirois, S., 2009. J Food Prot. 72, 6, 1310-4 

64. Lui, C., Cady, N.C., Batt, C.A., 2009. Sensors. 9, 3713-3744. 

65. Johansson, E., Vesper, S., Levin, L., LeMasters, G., Grinshpun, S., Reponen, T., 2011. Indoor Air. 21, 300–

310. 

66.  Ohkubo T, Sepehri-Amin H, Sasaki TT, et al. Multi-scale characterization by FIB-SEM/TEM/3DAP. 

Microscopy. 2014;63: i6–i7. 

67.  Pulido D, Moussaoui M, Andreu D, et al. Antimicrobial action and cell agglutination by the eosinophil 

cationic protein are modulated by the cell wall lipopolysaccharide structure. Antimicrob Agents Chemother. 

2012;56:2378–2385. 

68. Oztug M, Martinon D, Weers PMM. Characterization of the apoLp-III/LPS complex: insight into the mode 

of binding interaction. Biochemistry. 2012;51:6220–6227. 

69.  Malojcic G, Andres D, Grabowicz M, et al LptE binds to and alters the physical state of LPS to catalyze its 

assembly at the cell surface. Proc Natl Acad Sci USA 2014;111: 9467–9472. 

70.  Sartor M. Dynamic light scattering [Internet]. San Diego: University of California San Diego; [cited 2014 

Dec 3].Available from: physics_173_273/dynamic_light_scattering_03.pdf 

71.  Berne BJ, Pecora R. Dynamic light scattering: with applications to chemistry, biology, and physics. New 

York: Dover Publications, Inc 2000. 

72.  Domingues MM, Inacio RG, Raimundo JM, et al. Biophysical characterization of polymyxin B interaction 

with LPS aggregates and membrane model systems. Biopolymers. 2012;98:338–344. 

73. Lopes AM, Santos-Ebinuma VDC, Novaes LCDL, et al LPSprotein aggregation influences protein 

partitioning in aqueous two-phase micellar systems. Appl Microbiol Biotechnol. 2013;97: 6201–6209. 

74. Hussain SA. An introduction to fluorescence resonance energy transfer (FRET) [Internet]. [place unknown]; 

2009 [cited 2015 Feb 15]. Available from: http://arxiv.org/ftp/arxiv/papers/0908/ 0908.1815.pdf 

75.  Brauser A. Influence of lipopolysaccharides (LPS) on antibiotic permeation [dissertation]. Germany: Jacobs 

University; 2011. 

76.  Kaconis Y, Kowalski I, Howe J, et al Biophysical mechanisms of endotoxin neutralization by cationic 

amphiphilic peptides. Biophys J. 2011;100:2652–2661. 

77. Kozuma S, Hirota-Takahata Y, Fukuda D, et al. Screening and biological activities of pedopeptins, novel 

inhibitors of LPS produced by soil bacteria. J Antibiot. 2014;67:237–242. 

78.  Kitchen DB, Decornez H, Furr JR, et al. Docking and scoring in virtual screening for drug discovery: 

methods and applications. Nat Rev Drug Discov. 2004;3:935–949. 



TIJER || ISSN 2349-9249 || © November 2023, Volume 10, Issue 11 || www.tijer.org 

TIJER2311011 TIJER - INTERNATIONAL RESEARCH JOURNAL  www.tijer.org a110 
 

79.  Kushibiki T, Kamiya M, Aizawa T, et al Interaction between tachyplesin I, an antimicrobial peptide derived 

from horseshoe crab, and lipopolysaccharide. Biochim Biophys Acta. 2014;1844: 527–534. 

80.  Sivakamavalli J, Tripathi SK, Singh SK, et al. Homology modeling, molecular dynamics, and docking 

studies of patternrecognition transmembrane protein-lipopolysaccharide and b-1,3 glucan-binding protein 

from Fenneropenaeus indicus. J Biomol Struct Dyn. 2014;33:1269–1280. 

81. Ohno N, Morrison DC. Lipopolysaccharide interaction with lysozyme. Binding of lipopolysaccharide to 

lysozyme and inhibition of lysozyme enzymatic activity. J Biol Chem. 1989;264: 4434–4441. 

82.  Liping L. Protein and endotoxin interactions and endotoxin removal from protein solutions [dissertation]. 

New Jersey: New Jersey’s Science & Technology University; 1999 

83.  Leon LJ, Idangodage H, Wan C-PL, et al. Apolipophorin III: lipopolysaccharide binding requires helix 

bundle opening. Biochem Biophys Res Commun. 2006;348:1328–1333. 

84. Elass-Rochard E, Legrand D, Salmon V, et al Lactoferrin inhibits the endotoxin interaction with CD14 by 

competition with the lipopolysaccharide-binding protein. Infect Immun. 1998;66: 486–491. 

85. Peri F, Piazza M, Calabrese V, et al. Exploring the LPS/TLR4 signal pathway with small molecules. Biochem 

Soc Trans. 2010; 38:1390–1395. 

86.  Mani V, Weber TE, Baumgard LH, et al. Growth and development symposium: endotoxin, inflammation, 

and intestinal function in livestock. J Anim Sci. 2012;90:1452–1465. 

87.  Ulevitch RJ, Tobias PS. Recognition of endotoxin by cells leading to transmembrane signaling. Curr Opin 

Immunol. 1994;6:125–130. 

88. Krasity BC, Troll JV, Weiss JP, et al. LBP/BPI proteins and their relatives: conservation over evolution and 

roles in mutualism. Biochem Soc Trans. 2011;39:1039–1044. 

89. Lakatos PL, Kiss LS, Palatka K, et al Serum lipopolysaccharidebinding protein and soluble CD14 are 

markers of disease activity in patients with Crohn’s disease. Inflamm Bowel Dis. 2011;17: 767–777. 

90. Weiss J. Bactericidal/permeability-increasing protein (BPI) and lipopolysaccharide-binding protein (LBP): 

structure, function and regulation in host defence against Gram-negative bacteria. Biochem Soc Trans. 

2003;31:785–790. 

91. Drago-Serrano ME, De La Garza-Amaya M, Luna JS, et al. Lactoferrin-lipopolysaccharide (LPS) binding 

as key to antibacterial and antiendotoxic effects. Int Immunopharmacol. 2012;12: 1–9. 

92.  Latorre D, Puddu P, Valenti P, et al. Reciprocal interactions between lactoferrin and bacterial endotoxins 

and their role in the regulation of the immune response. Toxins (Basel). 2010;2: 54–68. 

 

 

 

 


