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Sepsis is an inflammatory reaction occurring throughout the human body to infections 

caused by bacteria, fungi, and/or other forms of pathogens. It is essential to find an 

alternative treatment method for sepsis, to lessen the dependence on antibiotics. 

Hemoperfusion is an absorbent device that removes select targets from blood, when 

passed through it. Recent studies are evaluating methods for treatment of antibiotic 

resistant bacteria using antimicrobial peptides and bacteriophage (viruses against 

bacteria) proteins, as an alternate to antibiotic treatment. A promising method is to 

combine a hemoperfusion device coated with PEO modified antimicrobial peptides 

and/or bacteriophage proteins to remove endotoxins, released by bacteria but prevent 

plasma protein/platelet adsorption through the PEO brush layer effect. For this 

purpose, antimicrobial peptide WLBU2 and bacteriophage derived protein Abc2 were 

studied. This study demonstrates the ability of WLBU2 to retain endotoxin and 

bacteria binding abilities when PEO is tethered to a surface. Circular Dichroism 

demonstrated that the secondary helical structure was retained in the presence of LPS 

when the peptide was PEGylated indicating that the flexibility of the peptide is not 

inhibited when PEGylated. PEGylated gold surfaces with terminal WLBU2 

demonstrated bacteria and endotoxin capture through Scanning Electron Microscopy 

(SEM) and Quartz Crystal Microbalance with Dissipation (QCMD). Abc2 protein 

was modified using Genetic Code Expansion (GCE) to incorporate unnatural amino 



 

 

acid Azide-Phe, which uses click chemistry to bind to specific functional groups. This 

prevents non-specific binding of the protein on the surface, compared to standard 

bioconjugation methodologies that enable multiple conformations of the protein to the 

surface. Click chemistry retains the structure and function of the protein. Surface 

analysis methods using X-ray Photoelectron Spectroscopy (XPS) and QCMD 

demonstrated the ability of the protein to be immobilized using click chemistry to 

F127 with end group terminal Alkyne. LPS binding capabilities of the Abc2 modified 

surface was demonstrated using FITC-LPS solution depletion assay and QCMD. 

Polybutadiene-Polyethylene Oxide (PBD-PEO) co-polymers were studied for 

hemocompatibility on a C18 silane surface. The PBD groups can covalently bind 

using irradiation to biomedical plastics, unlike current Pluronics, which require 

expensive and toxic surface coatings. Three varied sizes of copolymers were studied 

and compared to F127. AFM and QCMD was used to monitor the immobilization 

dynamics of PEO-PBD diblocks compared to Pluronic F127. Generally, the diblocks 

had a much lower surface coverage, but P5431 exhibited similar topology and 

coverage as F127. Hemocompatability was studied by fibrinogen repulsion 

experiments using QCMD and FITC-fibrinogen solution depletion assays. Patelet 

activation was studied by SEM. P5843 was more efficient at fibrinogen repulsion but 

was not as efficient at platelet repulsion as P5431, due to the PEO length difference.  

These results provide further analysis of the endotoxin binding ability of tethered 

WLBU2, as well as offers a method to effectively tether Abc2 protein to a Pluronic 

surface for LPS binding. Finally, this work exhibits the hemocompatablility of 

covalently bound PEO-PBD for a hemoperfusion device. Overall, these results 

provide a methodology towards a commercial bioactive surface for the treatment of 

sepsis.   
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INTRODUCTION 
Significance 

Sepsis is an inflammatory reaction occurring throughout the human body to 

infections caused by bacteria, fungi, and/or other forms of pathogens1. The endotoxins 

released by the pathogens in the blood stream cause the bodyôs overwhelming immune 

response, which could be life threatening. Sepsis can lead to tissue damage, organ 

failure, and death. Sepsis results in 258,000 deaths annually, making it the third leading 

cause of death in the United States. In addition, sepsis patients incur more than twice 

the cost of medical care, as well as 75% longer hospitalization. Currently, antibiotics are 

the standard treatment for sepsis2. The rise of antibiotic resistant bacteria, such as 

MRSA, makes treatment of sepsis especially difficult and expensive3.  

It is essential to find an alternative treatment method for sepsis, to lessen the 

dependence on antibiotics. Hemoperfusion is a methodology that uses absorbance to 

remove select targets from blood. Recent studies are also evaluating methods for 

treatment of antibiotic resistant bacteria using antimicrobial peptides and bacteriophage 

proteins (viruses against bacteria), as an alternate to antibiotic treatment. A promising 

method is to combine a hemoperfusion device coated with antimicrobial peptides and/or 

bacteriophage proteins to remove the sepsis-causing endotoxin, released by bacteria in 

the blood.  

Studies using antimicrobial peptides and bacteriophages found that it is 

important to maintain the protein orientation and conformation on a surface to retain 

endotoxin-binding capability. Conversely, the adsorption and unfolding of plasma 

proteins in blood prevents the surface from binding endotoxin; and worse, initiate the 

formation of a thrombus that affects blood flow4 (xu).  

 

Hypothesis and Objectives 

The surface of a hemoperfusion device needs to have two important features: (1) 

it has a high endotoxin capture rate and (2) it is biocompatible therefore does not 

damage blood cells nor induce clotting.   

We hypothesize that these overall objectives can be achieved by (1) specifying 

the orientation of the protein on the surface, (2) by creating a polyethylene oxide or 
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polyethylene glycol (PEO or PEG) brush layer interface that would effectively prevent 

biofouling and enable protein mobility to selectively bind endotoxin in blood.  

 

Objective 1: 

1a. Evaluating the effectiveness of PEO tethered antimicrobial peptide WLBU2 

to immobilized peptide WLBU2 on a surface for endotoxin and bacteria binding. 

1b. Evaluate the effectiveness of using a PEO tethered antimicrobial peptide 

WLBU2 on a surface, for more effective endotoxin removal, compared to the current 

standard Polymyxin B (PMB). 

Hypothesis 1: We hypothesize that adding a PEO tethered peptide on a surface 

will improve endotoxin binding compared to direct surface immobilization, and 

additionally the surface will be more biocompatible compared to PMB.  

 

Achieved through work in chapter 1, in press: Biointerphases 2017.  

 

Objective 2: 

Create a modified bacteriophage protein (Abc2) that has a click-controlled 

attachment to the surface to specify orientation to the surface preserve protein LPS 

binding functionality.  

Hypothesis 2: We hypothesize that a click modified unnatural protein should 

improve protein activity on a surface by preventing nonspecific surface modification 

and enable LPS binding.  

Achieved through work in chapter 2, manuscript to be submitted: Biomaterials 2017. 

 

Objective 3: 

Compare brush layer Polybutadiene-polyethlyelene glycol (PBD-PEG) diblocks 

modified to current standard pluronic F127 for hemocompatibility, specifically for the 

prevention of thrombus formation through fibrinogen and platelet activation studies.  

Hypothesis 3: We hypothesis that PBD diblocks that have the same length to 

width ratio as F127, are as effectively able to prevent fibrinogen adsorption and platelet 

activation to prevent thrombus formation.  
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Achieved through work in chapter 3, Manuscript to be submitted: Colloids and Surfaces 

B: Biointerfaces 2017.  

 

LITERATURE REVIEW 

Hemoperfusion 

Antibiotics destroy bacteria cells, causing lysis of the cell wall and release of 

endotoxins in the blood stream, which contributes to the endotoxin concentration in the 

blood5. Therefore, the removal of endotoxin from blood is critical for treatment of 

overwhelming infection that leads to sepsis. Endotoxin is a Lipopolysaccharide (LPS), 

which is composed of lipid A, Core oligosaccharide, and O-antigen. These are found in 

the outer membrane of gram negative bacteria6. 

Hemoperfusion is a process that involves the passage of blood along an 

absorbent column to remove select targets7. Removal of endotoxins can be achieved by 

binding the LPS portion to the surface of a hemoperfusion device8. Advances in 

hemoperfusion and other blood cleansing devices has been challenging due to issues in 

creating a surface selective for endotoxin binding.  

Many of the biological materials 

used on the surface for endotoxin binding 

have a limited range of activity or can be 

cytotoxic. Different methods for 

antimicrobial detection, based on naturally 

occurring biologics, are available for 

endotoxin binding to a surface. These include 

using nucleic acids, antibiotics, carbohydrate 

based lectins, antimicrobial peptides and bacteriophages. These have been used 

predominantly for biosensor improvements9, but if they are able to bind a wide range of 

endotoxins, it would be an effective sepsis treatment method. 

Toraymyxin hemoperfusion columns used in Japan have shown promise to 

remove endotoxin with the usage of a naturally occurring antimicrobial peptide, 

PolymyxinB (Figure 1)10. Kang et al. used magnetic nanobeads coated with mannose 

binding lectin (MBL), the magnetic beads pull the pathogens and endotoxins from the 

Figure 1: Structure of Polymyxin B 
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blood and the ócleanedô blood is returned 

back to the patient11. Hemodialysis-like 

polysulfone or polyethersulfone hollow 

fiber filters coated with MBL have also 

been used for sepsis treatment for a wide 

range of pathogens in conjunction with 

antibiotics12.  Recently commercialized 

Seraph® Microbind® Affinity Blood 

Filter uses naturally occurring ligands to 

remove pathogens through selective 

adsorption13.  

 

Antimicrobial Peptides 

Cationic amphiphilic peptides (CAP) are antimicrobial peptides with positively 

charged amino acids on one side of their structure and hydrophobic residues on the 

other side. The structure of these peptides enable them to bind to LPS14. PolymyxinB 

has five primary amino groups derived from Ŭ,ɔ-diaminobutyric acid that form the 

cationic region of the amphiphilic structure, which is important for the peptideôs 

antimicrobial activity. LPS-Polymyxin B binding is a two-step process where the 

electrostatic interaction of the positively charged Polymyxin B ring orients and 

positions the peptide to the LPS membrane. Then the hydrophobic chain of the peptide 

inserts into the interior of the LPS15.  

In Toramyxin columns, Polymyxin B is covalently bound by primary amine 

groups to the surface of the column. This surface modification technique does not 

guarantee reaction at one specific amine site, resulting in different configurations of the 

peptide on the surface16. Since the LPS binding activity of PolymyxinB relies on the 

peptideôs ability to change its conformation, this results in reduced binding activity and 

subsequently decreased removal of the endotoxin17. Furthermore, Polymyxin B is 

cytotoxic against host cells16. 

WLBU2 is an engineered, 24 amino acid peptide consisting of arginine, valine 

and tryptophan. WLBU2 belongs to the cationic amphiphilic peptide family. WLBU2 

Figure 2: Structure of WLBU2 in helical 

form (left) and amino acid sequence 

(right) 
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has a wide range of activity against gram negative and positive bacteria, but is not 

hemolytic18. In the presence of endotoxin, WLBU2 has shown to form an alpha helical 

structure that has been theorized to act in a ócork screwô like fashion by rotating into the 

inner membrane of endotoxin and binding to it19. Furthermore, the peptide has only one 

terminal amine, that can be used for a more targeted surface immobilization 20. 

Gonzalez et al. showed that WLBU2 immobilized on gel beads is able to remove 

bacteria through a flow column21.  

 

Bacteriophages 

 

Figure 3: Structure of Bacteriophage22  

Bacteriophages are viruses that are selective against bacteria. Due to the innate 

activity of bacteriophages against bacteria cells and its non-pathogenic nature against 

mammalian cells, bacteriophages are of particular interest for sepsis treatment23. Phages 

are obligate parasites that lack their own metabolic machinery and use the host cell to 

proliferate. The lytic phages will create new virions and lyse the host bacteria, while the 

lysogenic phages integrate their genome into the host DNA and remain dormant until it 

is stimulated24. The bacteriophage genome is packaged in the capsid, and has receptor 

binding proteins that promote infections, many times located at the tail end of the 

bacteria. These receptor binding proteins must be exposed to the environment for 

bacteria cell binding25.  

Using bacteriophages for antibacterial therapy has been known since the late 

20th century; however the use of antibiotics became more popular at that time. Due to 

the current rise of antibiotic resistant bacteria, the interest in phage therapy has been 
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revived26. The first phase I human experiment for phage therapy in the US started in 

2000, and was published in 200927.  Bacteria are less resistant to phages, many strains 

of phages are available to combat resistance, and have shown to coevolve with bacteria. 

Some phages are specific to a certain type of bacteria; however others are available to 

infect a wide range of species. The usage of bacteriophages are easily manufactured, 

hence are more cost effective to use than antibiotics28. The use of bacteriophages has 

also been studied to reduce biofilm formation. Biofilm formations are a major cause of 

impairment related to wound healing that result in patient morbidity. Alves et al. studied 

phage strains to reduce biofilm formation in Methicillin-resistant Staphylococcus 

aureus, (MRSA) which is an antibiotic resistant clinically important strain of bacteria29. 

The study showed that phage mixtures increased lytic activity and reduces the amount 

of bacteria displaying resistance. Combination of phage therapy and antibiotics has also 

been shown to reduce biofilm formation30. 

Whole phage based approaches do have some disadvantages. Optimization of 

endotoxin capture relies on appropriate orientation of the phage to the surface so the 

ótailô end receptor is available for binding. Lytic phages also lyse the host bacteria, 

which leads to increased active phages in the blood31. While this is highly unlikely to 

affect the host organism, this approach is not viable for commercialization purposes. 

While not as easily as antibiotics, bacteriophage resistance can also occur for certain 

bacteria. Finally, surface immobilized phages lose their bacteria recognition and binding 

capabilities upon drying on a surface32.  

Therefore, recent research has moved towards using phage proteins for 

endotoxin binding. Initial studies looked into lysins and holins, which are responsible 

for cell lysis. However, these proteins would not be an appropriate solution to treat 

sepsis since it does not bind to endotoxin33. Receptor binding proteins (RBPs) are 

another class of phage proteins that determine phage-host specificity and trigger the 

binding of a phage particle and phage DNA insertion into the bacteria. These RBPs are 

found at the end of tail spike proteins (TSPs) that are the tail end of the bacteriophage. 

These TSPs have been shown to cleave O-antigen LPS of E. coli and Salmonella 

enterica34 therefore are specific to the LPS compound.  
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Hemocompatability 

Protein adsorption and unfolding on a surface triggers blood cell interaction with 

materials and can cause issues with hemocompatibility. Therefore, studying surface 

interactions to plasma proteins and subsequent platelet adhesion is vital for creating a 

hemoperfusion device.  

Activation of the coagulation process can be initiated through contact with 

foreign substances. When blood comes into contact with a surface, this can trigger 

platelet activation cascade with the use of blood clotting proteins such as Prothrombin, 

FVIII, etc. and result in clots that would adhere to the surface. Figure 3 describes the 

blood coagulation cascade, ultimately where Thrombin activated Fibrinogen initiates 

clotting35.  

Fibrinogen is an abundant plasma protein and is highly likely to adsorb to most 

surfaces36. Fibrinogen in human blood is generally 2.5g/L37. This and other serum 

proteins mediate platelet adhesion and aggregation through interaction with platelet 

receptors38. Shear stress during platelet adsorption results in conformational change that 

starts activation and adhesion activity. Low affinity binding sites are present in inactive 

platelets in presence of fibrinogen, but after activation conformational changes cause 

high affinity binding sites for fibrinogen. These affinity binding sites are developed 

from cross linking of platelets by fibrinogen to create aggregation39. When proteins are 

adsorbed to the surface, platelets can either adhere or rebound from the surface 

depending on the interface activation35. Therefore, fibrinogen adsorption alone is not 

enough to understand the hemocompatibility of a surface, platelet activation and 

aggregation studies are also needed.   
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Figure 4: Platelet adhesion to surface through interactions with Fibrinogen, 

Willebrand factor, vitronectin and fibronectin molecules. 

 

Polyethylene Oxide (PEO), a commonly used polymer in surfactants, are 

considered protein repellant through a óbrush layerô mechanism. Polymer brush layers 

prevent unwanted surface adsorption, and are an alternative to surface blocking with 

proteins such as BSA. Brush layer attachment can form through covalent bonding or 

through an adsorption process and is more durable than using proteins40 . These PEO 

brush layers have been presented to be highly effective against proteins and plasma in 

the blood 41. Studies have found that protein adsorption also depends on the brush layer 

thickness42. Recent studies suggests that PEO tethered with cell binding agents 

(antibodies, AMPs, etc.) are more likely to bind to cells than directly immobilizing the 

cell binding agents to the surface due to increased diffusion. Additionally the usage of 

PEO modified surfaces with antimicrobial peptides and other agents have shown to be 

active against pathogens, but does not adsorb fibrinogen or other proteins42. To create a 

brush layer effect that effectively repels proteins, distance between each PEO polymer 

needs to be close enough to prevent proteins from adsorbing into the spaces between 

and far enough due to steric hindrance of the PEO chains in order to create the brush-

like effect. Usage of simple triblock design of polymers can easily create this design43. 

Pluronics F127 are PEO-PPO-PEO triblocks available on the market44. Pluronic brushes 

use expensive and toxic cross linkers. Copolymers with PEO and polybutadiene (PBD) 

on hydrophobic plastics would form a safe, inexpensive method for a PEO brush layer. 

The vinyl groups of PBD would adsorb on the plastic surface, and upon gamma 

irradiation would permanently link them together through free radical reaction45.  
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Bioconjugation and Genetic Code Expansion  

Bioconjugation is a chemical method to form stable, covalent bonds between 

two molecules, either one or both are biomolecules. Bioconjugation has a wide range of 

applications including biochemical assays, diagnostics, and imaging. Traditional 

strategies for protein conjugation predominantly use the amine, carboxyl, or sometimes 

cysteine portions of the compound. This method results in poor site control and often 

loss of biological function to the protein46. Additionally, these naturally found linkages 

rely on a very specific lysate to be used in a pure solution.  Site specific incorporation of 

non-canonical amino acids proves a useful method to solve these issues. The R groups 

on these non-canonical amino acids form biorthogonal ligations by introduction of 

ketones, azides, alkynes and anilines47.  A popular method of biorthogonal ligation is 

óclick chemistry,ô where a pair of functional groups rapidly and selectively react with 

each other under mild, bening conditions48. Some useful characteristics of click 

chemistry include: stereospecific, high yields, fast, generates only inoffensive 

byproducts, little purification, and an easily removable, benign solvent49. The common 

click chemistry methods for biocompatible, selective needs are: copper catalyzed azide-

alkyne click chemistry (CuAAC), strain promoted azide-alkyne click chemistry 

(SPAAC) and tetrazine-alkene ligation.  

Copper (I) catalyzed azide-alkyne chemistry (figure 4) involves the azide 

functioned molecule to react with alkyne in the presence of a metal catalyst Cu(I). 

Copper can be toxic to living cells, this can be partially overcome by using chelating 

agents50.   

 

 

Figure 5: Copper catalyzed Azide-Alkyne chemistry 
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Strain promoted Azide-Alkyne chemistry is a copper free method.  It relies on 

the use of strained cycloocytynes ring structures that have a decreased activation energy 

in comparison to terminal alkynes, therefore does not rely on a catalyst. This method is 

non-toxic and could be used intracellularly51. Different types of cycloocytynes have 

been developed for different kinetics and hydrophilicity. The Azadibenzylcyclooctyne 

(ADIBO) reagents are hydrophilic compounds that are highly reactive52. 

Tetrazine-Alkene ligation is a nontoxic, catalyst free method that is the fastest of 

the three reactions, with a rate constant of 300 000 Mī1 s-1 53. Tetrazine functionalized 

molecule reacted with a terminal or strained alkene to form a dihydropyrazine structure. 

This type of reaction is also well suited for low reagent concentrations54.  

The addition of these click ready amino acids, such as Tet 2.0 and 3 Azido-D-

alanine HCL are incorporated to proteins through genetic code expansion. This method 

uses an aminoacyl-tRNA synthase and a tRNA to specifically insert an unnatural amino 

acid (UAA) using UAG amber codon as the UAA specific sequence55.  The UAG (or 

TAG in DNA) codon can be selectively inserted into the genetic code for a specific 

location.  The two plasmids with specific information about the synthase and the protein 

sequence are selected via antibiotics resistance56. The surviving bacteria colonies are 

grown with the UAA added to the cell growth medium to be taken up by the cell. The 

UAA orthogonal aminacyl-tRNA is decoded on the ribosome during translation for 

UAG57. The protein can then be purified through standard biochemistry methods.  

Genetic Code Expansion has been well documented in E. coli cells, and current work 

has explored this concept for yeast and mammalian cells58. Genetic Code Expansion is 

interesting for commercial biomaterial applications due to the high specificity of the 

biorthogonal groups and the ability to minimally purify the protein lysate.  
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Figure 6: Unnatural Amino acids Tet 2.0 (left) used for tetrazine-vinyl chemistry 

and 3-Azido-D-alinine HCL (right) used for Azide-Alkyne chemistry 

 

 

Figure 8: Genetic Code expansion is used to incorporate unnatural amino acids 

into a protein using the amber stop codon and a genetically modified syntheses59 
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Severe sepsis is a life threatening immune response that may be caused by 

endotoxins (lipopolysaccharides, LPS) in circulating bacterial cell wall fragments. 

Hemoperfusion through a sorbent column coated with the antimicrobial peptide 

polymyxin B (PMB) is a promising treatment for sepsis. However, PMB is cytotoxic and 

neurotoxic, and is a membrane disruptor that may fragment endotoxin vesicles. In 

addition, the blood is not protected from non-specific interactions with the synthetic 

surface of the solid support. These effects may be responsible for the variety of 

undesirable clinical outcomes, including non-specific adsorption of proteins, blood cell 

damage, platelet activation, and a lack of clear evidence of efficacy of the current 

hemoperfusion products. An alternative endotoxin-binding agent is WLBU2, a synthetic 

cationic amphiphilic peptide that exhibits better selectivity for bacterial cell membranes 

and reduced host cell cytotoxicity. Tethering the peptide at the periphery of a hydrophilic 

polyethylene oxide (PEO) brush should also mask the underlying surface, preventing cell 

and protein adsorption, and is expected to increase the solvent accessibility and molecular 

mobility of the tethered peptides. WLBU2 tethered on pendant PEO chains exhibited 

significantly greater capture of intact bacterial cells and endotoxin than surface-

immobilized WLBU2. Tethered WLBU2 also captured amounts of endotoxin comparable 

to PMB. These results suggest that PEO-tethered WLBU2 coatings may be safer and 

more effective than the state-of-the-art PMB-based technology. 

 

INTRODUCTION 

Sepsis (ñblood poisoningò) is a life-threatening inflammatory response to 

systemic infections by bacteria, fungi, and other pathogens. It affects over a million 

people a year in the U.S. alone, and is the third leading cause of death.  Sepsis causes 

more deaths annually in the U.S. than breast cancer, prostate cancer, and AIDS, and is the 

leading cause of death in intensive care units.1  Patients with sepsis may incur medical 

costs in excess of twice the average cost of a hospital stay, with up to 75% longer 

hospitalization times. In 2011 alone, the US spent $20.3 billion dollars on hospital care 

for sepsis patients, and this number is expected to increase annually.1-6 The current 

treatment for bacterial sepsis is supporting care and wide-spectrum antibiotics to reduce 

the bacterial load7, although the prevalence of antibiotic resistant bacteria makes this 
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more difficult and expensive.8, 9  The actual bacterial count in the blood of patients with 

severe sepsis is usually very low (<100 CFU/mL) or cannot be measured by direct blood 

cultures10, 11  

The underlying cause of sepsis is an uncontrolled immune response to circulating 

lipopolysaccharides (LPS) in bacterial cell wall fragments called endotoxin. Since 

antibiotics can cause lysis of bacterial membranes, such treatments may actually 

contribute to the endotoxin load in the blood.7, 8, 12 

Lipopolysaccharides (endotoxins; Fig. 8) are composed of a highly conserved 

phospholipid (lipid A), which is anchored in the outer leaflet of the Gram-negative cell 

membrane. A core oligosaccharide containing heptulose (Hep) and keto-

deoxyoctulosonate (KDO), with phosphate and ethanolamine substitutions, is covalently 

linked to the lipid A molecule.13 A highly variable O-antigen polysaccharide is also 

present in many bacterial species.13-16 The extremely potent antigenic quality of 

endotoxins is ascribed to activation of TLR4 (toll-like receptor proteins) by the lipid A 

moiety.17 

 

FIG. 8. Schematic of structure of Gram-negative lipopolysaccharide (LPS, endotoxin). 

The highly conserved lipid A cell membrane anchor is attached to the core 

oligosaccharide and highly-variable O-antigen region. Reprinted from Ref. 14 with 

permission from Elsevier. 
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One promising method for treatment of sepsis is hemoperfusion through an 

adsorbent column functionalized with endotoxin-binding molecules.12, 17-24 

ToraymyxinÊ hemoperfusion columns are used in Europe and Japan, but have not been 

adopted in the U.S. because their clinical efficacy remains uncertain.19, 25, 26  The 

ToraymyxinÊ column contains the small, cyclic antimicrobial peptide polymyxin B 

(PMB, see Supplementary Material). The PMB is randomly immobilized on polystyrene 

fibers at one or more of the five 1Á amine groups of Ŭ,ɔ-diaminobutyric residues.23  The 

LPS-PMB interaction is a two-step process, beginning with electrostatic interactions of 

the positively charged PMB ring with the negatively charged LPS membrane. The 

hydrophobic chain of the peptide inserts into the interior of the LPS vesicle, disrupting 

the membrane of the host cell through a detergent-like mechanism.27-29 Both the positive 

charge and molecular mobility required for endotoxin binding are decreased by random 

conjugation of PMB 1° amines to the supporting fibers.30 PMB is cytotoxic against host 

cells and a vesicle disruptor,31, 32 suggesting that it may fragment circulating endotoxin 

vesicles. Additionally, no provision is made to prevent undesirable non-specific 

interactions (platelet activation, protein adsorption, etc.) between blood components and 

the solid support. Combined, these effects may be responsible for the lack of compelling 

evidence of clinical benefit for PMB hemoperfusion.19, 25, 26, 33-36 

In addition to rapid and specific endotoxin capture, an effective surface coating 

must also impart biocompatibility to the solid support. Brushes of hydrophilic polymers, 

such as polyethylene oxide (PEO), are widely known to prevent protein and cell 

adsorption at synthetic material surfaces by steric repulsion, osmotic pressure, and other 

physical effects.37, 38 Peptides and other biomolecules tethered on pendant PEO chains 

often have increased activity compared to when immobilized at the surface, due to greater 

solvent mobility and decreased surface-induced steric hindrance afforded by the polymer 

spacer.39-41 However, some membrane-active peptides exhibit substantially decreased 

activity when modified or tethered with PEO. It is believed that the polymer chain 

interferes with the peculiar molecular mobility or self-assembly which is required for 

some biological activities.40, 42, 43 

WLBU2 is an engineered, arginine-rich cationic amphiphilic peptide (CAP) with 

broad-spectrum activity against Gram-negative and Gram-positive bacteria.44-46  Unlike 
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PMB, the WLBU2 peptide exhibits low cytotoxicity against host cells.45-49 WLBU2 is 

unusual in having only a single, N-terminal reactive 1° amine, enabling the site-specific 

immobilization at the N-terminus using conventional carbodiimide/NHS chemistry.46, 50 

WLBU2 binds specifically to the lipid A region of bacteria and endotoxin.44-46 

The short length of WLBU2 makes it amenable to synthesis using standard solid-

phase peptide synthesis, which lowers costs and makes it more suitable for commercial 

applications.51 Generally smaller peptides have lower biological activity.29 However, 

increasing the WLBU2 peptide length beyond 24 residues resulted in no noticeable 

increase in antimicrobial activity.46  The Arg-rich WLBU2 peptide has a high net positive 

charge (+13) at physiological pH, a property which is also associated with antimicrobial 

activity.28, 52-56 

We have recently demonstrated that WLBU2 selectively interacts with bacterial 

endotoxin57 and model bacterial cell membranes,58 in which it adopts the Ŭ-helical 

conformation characteristic of antimicrobial CAPs.29, 56, 59, 60 Gonzalez et al. demonstrated 

removal of Pseudomonas aeruginosa and Staphylococcus aureus cells from buffer by 

WLBU2 immobilized on NHS-activated agarose.61 While this result is suggestive of a 

potential blood-cleansing application, it is the circulating endotoxin, not whole bacterial 

cells, that is the primary trigger for bacterial sepsis.12, 17-19, 23  

Here we report the enhanced capture of endotoxin by WLBU2 immobilized with 

an intervening PEO5000 polymer tether. 

 

EXPERIMENTAL  

Reagents, Peptides and Polymers 

WLBU2 (RRWVRRVRRWVRRVVRVVRRWVRR, 3400.1 Da), and WLBU2 

with an added N-terminal cysteine, Cys-WLBU2 (Cys-RRWVRé, 3503.3 Da), were 

purchased from GenScript (Piscataway, NJ). Polymyxin B sulfate (PmB, 1385.6 Da) and 

Pseudomonas aeruginosa lipopolysaccharide (LPS) were purchased from Sigma-Aldrich 

(St Louis, MO). All peptides were used without further purification. Cultures of P. 

aeruginosa PA14 and Escherichia coli Top 10 (ATCC) were grown in lysogeny broth 

(LB; Gibco). Stock solutions of WLBU2 or Cys-WLBU2 (1 mg/ml) were made in cell 

culture grade calcium-free phosphate buffer saline (PBS, 0.01M, pH 7.4; Fisher 
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Scientific, Waltham, MA).  Peptide concentrations were measured by UV absorbance at 

280 nm (calculated Ů280 = 16,500 M-1·cm-1). 1-Ethyl-3-(3-dimethylaminopropyl) 

carbodiimide hydrochloride (EDC), sulfo-N-hydroxysuccinimide (Sulfo-NHSÊ), and 

succinimidyl-3-(2-pyridyldithio) propionate (SPDP) were purchased from Sigma Aldrich 

(St. Louis, MO). Anhydrous dimethylsulfoxide (DMSO) was purchased from EMD 

Millipore (Billerca, MA). Monofunctional mPEO-succinimidyl valerate ester (mPEO5000ï

SVA), and heterobifunctional carboxymethyl-PEO-thiol (CMïPEO5000ïSH) and amine-

PEO-thiol (NH2ïPEO5000ïSH) were purchased from Laysan Bio (Arab, AL). NHS-

activated agarose beads (Affi-Gel 10) were purchased from BioRad USA (Hercules, CA). 

Unless otherwise specified, all other solvents and reagents were purchased from standard 

commercial suppliers, were of ACS reagent or higher grade, and were used as received. 

 

Immobilization of peptides on gold coated wafers 

Silicon wafers with thermal oxide (SiO2) surfaces were diced into 1 cm² squares, 

and sequentially sonicated for 10 minutes in dichloromethane, acetone and ethanol to 

remove organic contaminants. The cleaned chips were blown dry with N2, and then 

coated with gold by thermal evaporation. Chips were left overnight at 4°C in PBS 

solutions of carboxymethylïPEO5000ïSH to form a self-assembled Au-thiol monolayer of 

PEO-COOH. The terminal carboxyl groups of the pendant PEOïCOOH chains were then 

activated50 with 0.35M Sulfo-NHSÊ and 0.3M EDC in MES buffer for 4 h at 25°C, 

followed by reaction of the NHS-activated PEO with 1 mg/mL WLBU2 in PBS overnight 

(see Supplementary Material, Scheme 2). WLBU2 was also directly immobilized by 

incubation of Au-coated wafers with 1 mg/mL Cys-WLBU2 overnight. The free ïSH 

group of the N-terminal cysteine forms an Au-thiol dative bond with the surface. All 

samples were rinsed several times with PBS and water to remove excess reagents and 

loosely-bound polymers and peptides. We have previously shown that the peptide-

endotoxin interactions of WLBU2 and Cys-WLBU2 are comparable in solution.57 

 

Characterization of immobilized peptides on Si wafers 

The surface chemistry of each sample was confirmed by X-ray photoelectron 

spectroscopy (XPS) analysis using a Thermo ESCALAB 250 spectrometer with a 
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monochromatic Al KŬ source (1486.6 eV, 650 µm spot size). The coated Si wafers were 

rinsed thoroughly with HPLC-grade water to remove excess peptide and salts, then dried 

under flowing N2. The spectra were calibrated against the Au4f7/2 peak (84 eV). Atomic 

compositions were calculated from survey spectra using CASA XPS (Casa Software, 

Ltd.)  Triplicate wafers were used, with 3 spots randomly chosen on each sample for a 

total of 9 samples used for analysis.  

Atomic force microscopy (AFM; Asylum Research MFP3D; Santa Barbara, CA) 

in intermittent contact (ñtappingò) mode and TAP300Al-G probes (BudgetSensors, 

Sophia, Bulgaria) was used to acquire multiple 1x1-µm phase images (1Hz scan rate with 

256 scan lines) at randomly chosen spots on each dry chip. Triplicate samples were used 

for analysis. Representative phase images were line-flattened and rendered with ARgyle 

Light (Asylum Research) on a uniform phase angle scale.  

 

Circular Dichroism of PEO-WLBU2 Conjugates 

The N-terminal 1° amine of WLBU2 was modified with a 5x molar excess of 

mPEO5000ïSVA (see Supplementary Material, Scheme 3), at 25°C in dry DMSO 

overnight. The PEO-WLBU2 conjugate was precipitated with cold acetone (-20°C), and 

any excess reactive mPEO removed by incubation at 25°C with amine-functionalized 

glass beads (Polysciences, Warrington, PA). The precipitated polymer was taken up in 

dichloromethane, precipitated with cold MeOH (1 mL), and dried at 100°C.  

Secondary structure of PEO-WLBU2 conjugates was evaluated by circular 

dichroism (CD) from 180-260 nm using a Jasco J-815 spectropolarimeter (Easton, MD) 

at 25 °C. The measurement data pitch was 1.1 nm, scanned at 200 nm/min. The PEO-

WLBU2 conjugates were dissolved in HPLC-grade water, to a final peptide concentration 

of 0.2 mg/mL, in the presence or absence of 0.1 mg/mL LPS. The spectra from each of 

three replicates for each sample exhibited only slight (~5%) differences in signal 

intensity; representative spectra are thus shown throughout. The secondary structure 

composition was estimated using the online Dichroweb service.62-64  
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Capture of bacteria by immobilized peptides on Si wafers 

Gold-coated and functionalized chips were incubated at 37°C for 4 h with P. 

aeruginosa PA14 grown to 0.1 OD600 in LB, with shaking at 600 rpm. The samples 

were then washed twice each with PBS and water to remove loosely-bound bacterial 

cells, and then fixed with 1% paraformaldehyde and 2.5% glutaraldehyde in 0.1M 

sodium cacodylate.65 The samples were dried for 10 min each in 10%, 30%, 50%, 75%, 

90%, and 100% ethanol, and then sputtered with gold. Scanning electron microscopy 

(FEI Quanta 600F, Hillsboro, OR) was used to image the adherent bacteria. Three fields 

of view were used for analysis at 50µm, 100µm and 200µm. Three randomly chosen 

spots at 50µm were selected on each wafer for analysis, triplicate wafers were used for 

each sample for a total of 9 images used in analysis. The surface-bound bacterial cells 

were counted using ImageJ.66 

 

Capture of bacteria by immobilized peptides on agarose supports 

NHS-activated Affi-Gel 10 resin (2 mL; 15 µmol/g) was rinsed thoroughly with 

MES buffer (0.1M, pH 4.8), and then incubated sequentially overnight with 0.01 mmol 

NH2ïPEO5000ïSH and 0.01 mmol Cys-WLBU2 (see Supplementary Material, Scheme 4). 

Glycine was substituted for WLBU2 as a negative control. Residual NHS groups were 

blocked by incubation with 1M methoxyethylamine, and the resulting resin was packed 

into columns. The resin was thoroughly rinsed with PBS to remove any remaining 

organics.  Two mL of an E. coli Top 10 culture in LB broth was diluted to 8.0 x 106 

CFU/mL and flowed through each column. The effluent was pooled (~2ml) and diluted 

1:10 in water, after which aliquots (100 µL) were plated on LB agar in triplicate (total of 

six samples). The experiment was also repeated with a lower initial cell concentration 

(1500 CFU/mL). Again, aliquots (100 µL) of the diluted effluent were plated on LB agar 

in triplicate (total of nine samples). Colonies were counted using NIH ImageJ software. 

 

Endotoxin capture measured by quartz crystal microbalance with dissipation (QCM-D)  

Capture of purified P. aeruginosa lipopolysaccharide was measured using a 4-

channel quartz crystal microbalance with dissipation monitoring (QCM-D; Q-Sense E4, 

Biolin Scientific, Paramus, NJ). Gold-coated QCM-D sensors (QSX 301, Biolin 
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Scientific) were cleaned by immersion for 10 min in 1:1:10 27% NH4OH:30% H2O2:H2O 

at 65 °C, followed by UV/ozone treatment (Bioforce Nanosciences, Ames, IA) for 10 

min. LPS was dissolved in PBS (pH 7.4) to a final concentration of 1 mg/ml. The 

adsorption and rinse with PBS were carried out under flow (100 µL/min), after degassing 

all solutions with N2. The Sauerbrey model was used to convert the observed frequency 

changes, ȹf, to adsorbed mass (ng/cm2) at the surface.67 Three replicates for each sample 

exhibited only slight (~5%) differences; representative spectra are thus shown 

throughout. 

 

RESULTS and DISCUSSION 

XPS of immobilized peptides  

X-Ray Photoelectron Spectroscopy (XPS) was used to confirm the surface 

chemistry on gold-coated Si wafers following immobilization of PEO and peptides. 

Elemental compositions calculated from survey spectra are shown in Table 1.  High-

resolution scans of carbon, nitrogen, and sulfur spectra (Fig. 2) are consistent with 

immobilized PEO polymer and peptides. 

 

Sample 

Type 

% 

Au 

% C % O % N % 

S 

Au-PEO 41.5 

± 1.2 

37.7 

± 0.6 

16.5 

± 0.3 

 No 

signal  

2.6 

± 

0.2 

Au-Cys-

WLBU2 

28.0 

± 0.8 

46.3 

± 0.5 

13.2 

± 0.2 

11.4 ± 

0.3 

1.2 

± 

0.2 

Au-PEO-

WLBU2 

38.4 

± 1.5 

41.8 

± 3.7 

14.7 

± 0.2 

  7.3 ± 

0.5 

2.6 

± 

0.1 

TABLE 1. XPS atomic compositions for WLBU2 and tethered WLBU2 on gold surfaces. 
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As expected, wafers modified with peptide-free HSïPEOïCOOH exhibit no 

nitrogen N1s peak (Fig. 9 a-c). The C1s spectrum contains a large C-O (ether) peak at 

~287 eV, which is consistent with the presence of PEO. Sulfur S2p peaks indicate Au-

thiol in both bound (Au-Sï doublet) and unbound (ïSH) forms, in an approximately 2:1 

ratio. Unbound thiol signals are common in Au-thiol interactions,68 and have been 

attributed to oxidation of free thiol groups exposed at the outer brush periphery by 

insertion of ñupside downò polymers during brush formation.69-71 

 

Fig. 9. Representative high-resolution C1s (a,d,g), S2p (b,e,h), and N1s (c,f,i) XPS spectra 

for Si wafers coated with Au-PEO-COOH (a, b, c), Au-PEO-WLBU2 (d,e,f), or Au-Cys-

WLBU2 (g,h,i). 

 

Surfaces exposed to Cys-WLBU2 (Fig. 9 d-f) exhibited a nitrogen N1s peak at 400 

eV, consistent with the presence of WLBU2 (calculated 13% N). The large C-N peak 

(~288 eV) in the high-resolution C1s spectrum is also consistent with the presence of the 

N-rich WLBU2 peptide at the surface. Additionally, the binding energy is slightly higher 

than the typical values, due to the contribution of the amide bond and the protonation of 

the arginine side chains72, 73. As with the PEO-only surface, the sulfur S2p peak is 

consistent with a mixed population of oxidized sulfur and bound and unbound thiols, 
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again with a bound to unbound peak ratio of 2:1. This suggests that some peptide is 

retained by coiled-coil74 or other peptide-peptide interactions. However, the majority of 

WLBU2 peptide is linked to the surface through cysteine Au-thiol bonds.  

For surfaces modified with PEO-WLBU2 (Fig. 9 g-i), the N1s signal is 

proportionally lower than for Cys-WLBU2, because of the presence of the relatively long 

PEO linkers (~5k PEO vs. 3k WLBU2). Additionally, the shift in nitrogen signal is 

related to the additional PEO-peptide linkage, with little change to the protonation effects 

of arginine75.  

The C1s spectra show strong C-O ether peaks consistent with PEO at the surface, 

and C-N peaks from the immobilized peptide, while the underlying Au substrate signal is 

increased. This suggests less complete coverage of the PEO-tethered peptides compared 

to surface-bound WLBU2. This can be attributed to the relatively few ïCOOH 

conjugation sites on the PEO tethers, compared to the myriad sites at which Cys-WLBU2 

can form Au-thiol bonds. As many proteins, ligands and peptides have higher activity at 

lower surface coverage, this reduction in surface coverage, combined with increased 

solvent accessibility and molecular mobility, may result in enhanced capture by the 

tethered WLBU2.76   

 

Atomic force microscopy of immobilized peptides 

AFM phase images of an unmodified Au-coated Si wafer, and wafers modified 

with PEO-COOH, Cys-WLBU2 and PEO-WLBU2 are presented in Fig. 10. Height and 

phase (see supplementary) images measure energy dissipation caused by a complex 

variety of physical properties (e.g. composition and viscoelasticity) and 

attractive/adhesive forces. Phase images (Supplemental Figure) are generally preferred 

for soft, heterogeneous surfaces, as they typically show more detail of the surface 

morphology than do the equivalent height-field images.77, 78 Topology images show the 

contribution related to lateral forces and physical features on the surface.  
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Fig. 10: Representative 1x1-µm AFM height images of (a) Au control, (b) Au-WLBU2, 

(c) Au-PEO, and (d) Au-PEO-WLBU2 on silicon wafers. 

Unmodified Au control surfaces (Fig. 10a) exhibit a relatively uniform and flat 

image, with a RMS roughness of 5.8 nm and a phase angle of 65°. This surface topology 

is commonly seen for gold coated wafers79. On a WLBU2 modified surface (Fig 3b), the 

height increases only slightly to 6.9 nm and the phase changes slightly to 68°, consistent 

with uniform modification of the surface by the small peptide. 

The height of the Au-PEO modified wafer (Fig. 10c) increases to 12.1 nm, 

consistent with an increase in thickness related to 5k PEO polymer which has a brush 

height of 7.6nm80. In contrast, the phase image decreased to 30°, indicating a substantial 

decrease in stiffness and/or increase in attractive forces attributable to the pendant surface 

polymers.81 The squamous appearance of the PEO-modified surface is likely caused by 

self-association of the pendant polymer chains upon drying, and is commonly observed 

on dried PEO-coated surfaces.82  

Following conjugation of WLBU2 to the terminal carboxyl groups (Fig. 3d), the 

height increases to 14.4 nm phase angle increased to 85°, with a corresponding change in 

the appearance of the images. We speculate the difference in height from WLBU2 to the 
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WLBU2 on the terminal carboxyl chain is due to the directional change of the peptide 

that would lie flat on the surface vs. the PEO addition creating a conformational change 

that would account for the height difference.   

We speculate that the difference between the phase angle and height may be 

attributed to inter-molecular self-assembly of the amphiphilic WLBU2 peptides74, 83 at the 

brush periphery, or to insertion of the amphiphilic peptide into the non-hydrophilic 

interior of the PEO brush.64, 84 However, WLBU2 must be Ŭ-helical in order to penetrate 

the brush,64 and the peptide is substantially disordered in water and PBS,46, 57 suggesting 

that it is not integrated to any substantial degree.  

 

Circular dichroism of PEO-modified WLBU2 

Circular dichroism (CD)85-87 was used to examine changes in the secondary 

structure of WLBU2 when conjugated with PEO. An Ŭ-helical and amphipathic 2° 

peptide structure is generally associated with endotoxin-binding and antimicrobial 

activity.29, 57, 88, 89 Further, some (but not all) peptides lose their biological activity when 

conjugated with synthetic polymers.39, 42, 90-92 In addition, structural differences can occur 

for charged peptides when conjugated to PEG.83 We thus investigated the solution-phase 

2° structure of WLBU2 when modified with PEO at the N-terminus, both in the presence 

and absence of endotoxin (Fig. 11). 

WLBU2 adopts a disordered conformation in LPS-free PBS buffer, and becomes 

substantially Ŭ-helical in the presence of LPS.57, 58 The PEO-WLBU2 conjugate is only 

moderately (12%) Ŭ-helical in buffer alone, but becomes nearly 100% Ŭ-helical in the 

presence of LPS. This result suggests that modification of WLBU2 with an N-terminal 

PEO chain does not affect its ability to interact with LPS, and so tethering on pendant 

PEO chains should not inactivate its endotoxin binding capability. The presence of PEO 

has also been shown to stabilize the Ŭ-helical conformation of small charged peptides, 

and so may explain the increased helicity of PEO-WLBU2 in the presence of LPS.83, 92  
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Fig. 11: Circular dichroism spectra of WLBU2 and PEO5k-modified WLBU2 (0.2 

mg/mL), in the absence and presence of P. aeruginosa LPS. 

 

Capture of bacteria on WLBU2-modified Si wafers 

Scanning electron microscopy (Fig. 12) was used to evaluate the capture of live P. 

aeruginosa cells on gold wafers modified with PEO-COOH, surface-immobilized Cys-

WLBU2, and tethered PEO-WLBU2.   

 Gold-coated Si wafers (Fig. 12a) exhibited only slight bacteria adhesion (0.4 ± 

0.3 cells/mm²). Wafers modified with PEO-COOH (Fig. 12b) also had minimal bacterial 

deposition (0.2 ± 0.1 cells/mm²), consistent with a non-fouling surface.93 Wafers 

modified with Cys-WLBU2 (Fig. 5c) recruited 1.3 ± 0.03 cells/ mm². Some surface-

induced lysis may be suggested by the presence of smaller particles at the Cys-WLBU2 

surfaces.61 When WLBU2 is directly immobilized on the surface, it has decreased 

mobility and the surface-bacteria interaction is primarily electrostatic attraction to the 

positively charged WLBU2-decorated surface.94 
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In contrast, the PEO-WLBU2 modified surfaces (Fig. 12d) encouraged substantial 

bacterial adhesion (3.7 ± 1.6 cells/mm²), and appear to favor cell aggregation. The 

enhanced cell capture on PEO-WLBU2 wafers may be due to improved molecular 

mobility and solvent accessibility of the tethered peptide,40, 41 allowing it to adopt the 

required Ŭ-helical conformation and penetrate deeper into the bacterial cell membrane.46, 

58 The mechanism of cell aggregation is not clear, but may be related to the aggregation 

of endotoxin vesicles which is observed in the presence of WLBU2.57 

 

 

Fig. 12: Representative electron micrographs of P. aeruginosa PA14 cells captured on (a) 

Au-coated Si wafers modified with (b) PEOïCOOH, (c) immobilized CysïWLBU2, and 

(d) PEO-tethered WLBU2.  

 

Capture of bacteria on WLBU2-modified agarose 

Whole bacterial cells in buffer were passed through columns packed with agarose 

beads that were modified with WLBU2 or PEO-WLBU2, and the effluents plated on LB 

agar (Supplemental Figure).61 Glycine was used to quench the pendant NHS groups and 
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present the same negatively-charged terminal carboxylic acid (ïCOO-) group as on the 

PEO and WLBU2 surfaces.  

Exposure of 8x106 CFU/mL E. coli to the glycine-modified control resulted in 

colonies too numerous to count (TNTC). When the experiment was repeated with a 

reduced initial cell count (1500 CFU/mL) diluted effluent, the control plates had 32 ± 5 

(CFU, as mean ± std error; n = 9). After accounting for the 10x dilution, this represents a 

loss of approximately half of the cells from the original suspension.  We attribute this to 

non-specific capture of cells in the interstitial voids in the porous agarose packing.  

For immobilized WLBU2, the recovered colonies decreased to 25.6 ± 7.6 CFU (n 

= 6, higher cell initial concentration), and 7 ± 2 CFU (n = 9; after accounting for the 1:10 

dilution factor). In contrast, after exposure of the 8x106 CFU/mL cell suspension to the 

PEO-WLBU2 column, only 5.3 ± 1.5 CFU (n = 6) were recovered. When the experiment 

was repeated using a 1500 CFU/mL suspension, no colonies arose at all.  

These results are also consistent with those reported by Gonzales61 , who 

demonstrated a five-log difference between glycine-modified and WLBU2-modified 

agarose, and achieved complete sterilization of a 1.5x106 suspension of P. aeruginosa on 

WLBU2-modified agarose. These experimental results indicate that WLBU2 retains its 

ability to capture or inactivate of bacterial cells when bound to a solid support. 

Importantly, tethering the peptide on a long, pendant PEO chain appears to enhance its 

antimicrobial or pathogen-binding activity in our experiments, and resulted in near-

complete elimination of viable bacteria in the PEO-WLBU2 column. 

Quartz crystal microbalance with dissipation (QCM-D)  

QCM-D data was analyzed using the Sauerbrey model, which assumes a rigid, 

thin film over-layer on the surface of the quartz crystal. In this model, the change in 

resonant frequency is inversely related to the change in total mass of the adsorbed layer.67  

      
f

m C
n

D
D = -     (1.1) 

Here, ȹm is the change in total mass, C is a constant that is determined by the 

properties of the quartz crystal, ȹf is the change in resonant frequency, and n is the 

harmonic overtone. All QCM-D data were analyzed at the 7th overtone, which provides  
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good sensitivity to mass changes and low mechanical noise.67 Noise in the QCM traces 

was reduced by plotting the 10-sample moving average of ȹf vs. time. 

Ollson et al. have described the difficulty of using the Sauerbrey model to 

interpret data from bacterial adhesion studies.95-97 The Sauerbrey model is not particularly 

effective for analyzing adsorption of whole bacterial cells, because bacteria do not act as 

rigid, uniform, thin films on a surface. This is due to a number of factors, including the 

mechanical effects of surface appendages (fimbriae and pili), shear stress and 

deformation effects on cells, and the large size (~1 µm) of bacterial cells.98 In contrast, 

many studies have shown that endotoxin adsorption is easily measured with QCM-D, and 

can be meaningfully analyzed using the Sauerbrey model.99, 100 As the dysregulated 

immune response in sepsis is primarily attributed to circulating endotoxins, not intact 

bacterial cells,12 binding of endotoxin at the surface is most relevant to sepsis treatment. 

Figure 13 compares the endotoxin binding at surfaces coated with surface-

immobilized Cys-WLBU2 with PEO-tethered WLBU2. While the Cys-WLBU2 surface 

(gray curve) rapidly accumulates substantial amounts (~370 ng/cm²) of endotoxin, the 

captured LPS is completely removed by simply rinsing with PBS. This suggests that the 

capture is dominated by weak and non-specific forces, most likely the electrostatic 

interaction between negatively charged endotoxin and the positively charged WLBU2-

coated surface. Presumably, the relatively high ionic strength of the buffer masks the 

surface charges, and enables the facile elution of endotoxin from the surface. 

In contrast, WLBU2 tethered on PEO (black curve) binds a greater amount of 

endotoxin, at least 520 ng/cm² without reaching a plateau. The surface retains ~250 

ng/cm² endotoxin after thorough rinsing. Tethering of WLBU2 on pendant PEO 

apparently enhances its ability to interact with and bind the endotoxin from solution. This 

suggests that tethered WLBU2 will be more effective than surface-immobilized WLBU2 

for capturing circulating endotoxin. 
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Fig. 13: Adsorption and elution of P. aeruginosa endotoxin (LPS) from buffer at Cys-

WLBU2 and PEO-WLBU2-modified QCM sensors. 

 

Comparison of tethered PMB and WLBU2 

The rates and extents of endotoxin capture by PEO-tethered WLBU2 and 

polymyxin B, the peptide used in current hemoperfusion devices, were also compared 

(Fig. 14). The nearly instantaneous binding of LPS to the PMB-modified brush (dotted 

curve) is again consistent with simple electrostatic attraction of charged species at the 

brush-liquid interface.30 Once the interface is saturated, no further interactions occur. In 

contrast, PEO-WLBU2 exhibits slower kinetics (black curve), possibly consistent with a 

multi-step peptide insertion process.28, 29 While PEO-PMB may be more effective than 

PEO-WLBU2 at binding endotoxin, WLBU2 offers the substantial benefit of specificity 

for endotoxin vesicles and bacterial cell membranes.29, 44, 45, 58 
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Fig. 14: Adsorption and elution of P. aeruginosa endotoxin (LPS) from buffer at PEO-

PMB and PEO-WLBU2-modified QCM sensors. 

  

SUMMARY AND CONCLUSIONS 

We have demonstrated that endotoxin binding by WLBU2 is comparable to the 

state-of-the-art PMB in model buffer systems. We have further shown that tethering of 

WLBU2 on pendant polyethylene oxide (PEO) chains enhances its ability to capture 

endotoxin, presumably because of an increase in molecular mobility at the solid-liquid 

interface. WLBU2 is known to be less cytotoxic and induces less host cell damage than 

PMB. Taken together, these results suggest that PEO-tethered WLBU2 could be an 

effective adsorbent for the capture of bacterial cells and endotoxin, as a treatment of 

bacterial sepsis. Future experiments will explore the interactions of PEO-tethered 

WLBU2 with other proteins, to determine if the typically non-fouling and protein-

repellent aspect of PEO brushes91, 101-103 is retained along with the bacteria-specific 

interactions of WLBU2.44, 45, 48 Overall, the synergy of these effects is expected to enable 
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high endotoxin capture by tethered WLBU2, while minimizing the host cell activation 

and blood damage observed with the PMB-based surfaces. 
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Figure 15: Conjugation of WLBU2 ï PEG for CD analysis 
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Figure 16: Affigel Conjugation of WLBU2 ï PEG 

 
Figure 17: AFM phase images 

 

 

 
Figure 18: CFU assay, colonies from A) Glycine B) WLBU2 C) PEO-WLBU2 D) 

Diluted Glycine E) Diluted WLBU2 F) Diluted PEO-WLBU2 
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INTRODUCTION 

Protein adsorption and unfolding on a surface initiates blood cell interaction with 

the surface material and creates hemocompatibility complications1. Therefore, studying 

surface interactions with plasma proteins and subsequent platelet adhesion is vital for an 

effective hemoperfusion device. Hemocompatability issues can be mitigated by using 

polyethylene oxide (PEO) polymer brush layers to prevent unwanted surface adsorption 

through steric repulsion and low frictional forces2, 3. Polyethylene oxide block polymers, 

called Poloxamers are comprised of polypropylene oxide (PPO) and two terminal 

hydrophilic polyethylene oxide (PEO) segments4-6. These compounds are highly effective 

against proteins and plasma in the blood7, 8.   

The PPO center of the compounds self-assemble and form strong associations 

with hydrophobic surface. Polymers with hydrophobic and hydrophilic groups are 

effective in controlling surface orientation in polar solvents due to the hydrophobic 

interaction of the PPO compounds to interact with hydrophobic surfaces 9. However, this 

polymer is subject to competitive desorption from plasma proteins in the presence of 

blood. Therefore, SiO2 and glass surfaces are treated with vinyl coated silanes such as 

trichlorovinyl silane (TCVS) and ɔ-irradiated to form covalent bonds between the surface 

and polymer through free radical reaction7, 10. This is done from the energy of the 

incident radiation that can be captured by the double bond or indericly by water to 

activate the double bonds. The close contact of the polymer to the surface in aqueous 

solvent enables this coupling, unlike dry conditions which have a low probability of this 

free radical reaction to form covalent bonds11.   

However, silane coating is toxic and expensive method that cannot be applied to 

commonly used polymeric materials in biomedicine12. Polybutadiene (PBD) block 

polymers overcome this issue by moving the activating vinyl groups from the surface to 

the polymer backbone that form radicals upon ɔ-irradiation11, and can link the polymer to 

the unmodified surface.  

Our laboratory has previously studied the protein repellant nature of PEO-PBD-

PEO triblocks13. However, these compounds are not commercially available and require 

additional synthesis before usage. Therefore, we have modified three different chain 

length commercially available PEO-PBD diblock compounds for protein adsorption to 
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study the hemocompatibility properties of these compounds. PBD Diblock copolymers 

have different conformational activity on the surface in order to reach equilibrium, 

dependent on their PBD chain length14. Furthermore, the differences in the order-disorder 

transition between polymer diblocks and triblocks due to the difference in entropy 

between the molecules may affect the hemocompatibility of the compounds on the 

surface15.  

This paper presents preliminary results of three different length and ratio PBD-

PEO copolymers to understand the grafting density of the polymers on the surface. The 

paper will also address the hemocompatibility of the copolymer bound surface through 

fibrinogen adsorption and platelet activation studies. PBD diblock brushes can be used 

for many different biomaterial applications such as creation of bioselective 16, 17 and 

Atom-transfer radical-polymerization(ATRP) PBD diblock based surfaces18 for 

commercial biomedical applications. Therefore, it is vital to understand the surface 

characteristics and hemocompatibility of these polymers.  

 

MATERIALS AND METHODS 

 

Materials 

PBD block polymers were obtained from Polymer Source (Quebec, Canada). Diblock 

P5843A had a PBD to PEO (BD to EO) ratio of 1.8b4.0, P5431B had a BD to EO ratio of 

3b8.3, and P18734B with an BD to EO ratio of 3.8 b 2. Pluronic F127, Fibrinogen, FITC-

Fibrinogen, and trichlorooctadecyl silane (C18) were purchased from Sigma Aldrich. 

Horse Platelet Rich Plasma (PRP) was obtained from Hemostat Laboratories (Dixon, 

CA). Unless otherwise specified, all other solvents and reagents were purchased from 

standard commercial suppliers, were of ACS reagent or higher grade, and were used as 

received. 

 

Surface Coating 

1x1cm SiO2 wafers were rinsed in ultrapure water. The wafers were then sonicated for 

10 minutes in 95% grade ethanol, followed by 99.5% ACS grade acetone, and finally 

99.5% Dichloromethane (DCM) (Sigma Aldrich). The samples were then rinsed with 
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ultrapure water, dried in vacuum oven at 110 ºC for 10 minutes, and cleaned with 

UV/Ozone for 10 minutes.  The wafers were rinsed in anhydrous chloroform, then placed 

in 1% octadecyltrichlorosilane solution in anhydrous chloroform for 30 minutes for 

silanization. The wafers were then thoroughly rinsed with anhydrous chloroform then 

baked at 110ºC for 10 minutes. After this, the hydrophobic chip (C18) were obtained. The 

hydrophobic chips were then incubated in 0.1% polymer solutions, then ɔ-irradiated to 

0.3Mrad for covalent PBD polymer binding to the surface. The samples were then rinsed 

with ultrapure water and blown dry with nitrogen.  

 

                     

Figure 19: PBD-PEO surface immobilization scheme vs F127 surface immobilization 

scheme 

 

Characterization of immobilized polymers on Si wafers 

Atomic force microscopy (AFM; Asylum Research MFP3D; Santa Barbara, CA) in 

intermittent contact (ñtappingò) mode and TAP300Al-G probes (BudgetSensors, Sophia, 

Bulgaria) was used to acquire multiple 1x1-µm phase and amplitude images at randomly 

chosen spots on each dry 1x1 cm2 wafers. The samples were imaged at 1Hz and 512 

lines. Representative height and phase images were line-flattened and rendered with 

ARgyle Light (Asylum Research. Contact angle was used to measure the wettability of 

the surfaces using 10uL water droplet, and the angle obtained from images (iPhone 6s 

camera) and analyzed using Image J.  
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Platelet Adhesion test 

Platelet rich plasma (PRP) was diluted 1:10 in PBS (pH 7.4), and 4 ml were placed on 

each wafer for incubation at 37°C for 4 h. The wafers were then rinsed 3 times with PBS 

and 3 times ultrapure water before being transferred to new wells and fixed with 1% 

paraformaldehyde and 2.5% glutaraldehyde in 0.1M sodium cacodylate19. The fixed 

samples were incubated at 4ºC for 1hr. The samples were rinsed again with water, then 

dried for 10 min each in 10%, 30%, 50%, 75%, 90%, and 100% ethanol, and 

subsequently sputtered with gold. Scanning electron microscopy (FEI Quanta 600F, 

Hillsboro, OR) was used to image the samples. Three spots were collected per wafer, 

with replicates of 3 for each sample with a total of 9 images analyzed with Image J.  

 

Microparticle fluorescent fibrinogen test 

C18 coated 1µm SiO2 particles were immersed in a 1% polymer-Phosphate Buffer Saline 

(PBS) solution, sonicated for 10 minutes and then allowed to settle overnight. The 

polymer coated particles were then irradiated to 0.3Mrad for 15 minutes. Of the coated 

diblocks/pluronics, 20 mg were placed in a tube (triplicate samples), mixed with 0.2mg of 

FITC-Fibrinogen in PBS buffer (7.4pH) and allowed to settle overnight. The supernatant 

was then drained and measured at A490 with triplicate wells (total 9 samples). The 

particles were dissolved into 2mL of 1M NaOH and heated in a water bath at 90ºC for 30 

minutes until the particles turned clear. The dissolved solution was then measured at 

A490 with an extinction coefficient of 238 nm for FITC adsorption on the microspheres.  

  

Protein adsorption measured by QCMD 

The diblock polymer adsorption was measured using a 4-channel quartz crystal 

microbalance with dissipation monitoring (QCM-D; Q-Sense E4, Biolin Scientific, 

Paramus, NJ).  The cleaned hydrophobic C18 coated SiO2 QCMD sensors were injected 

with a solution of 1% polymer in HPLC water at 100uL/min, followed by fibrinogen 

protein (1mg/ml) solution in water at 100uL/min. Before usage, the fibrinogen protein 

was mixed using a rotisserie at 37ºC for 4 hours, and filtered using a 20µm filter. The 

adsorption and rinse steps with water were carried out under flow (100uL/min), after 

degassing all solutions with an ultrasonic bath cleaner, and a vacuum pump. The 
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frequency and dissipation changes were analyzed using the 7th overtone. Mass adsorption 

were calculated using Sauerbray analysis20. Replicated samples were within 5% 

similarity, representative samples are presented. 

 

RESULTS AND DISCUSSION 

Surface Characterization 

 

Figure 20: AFM topology (A) and phase images (B) of SiO2 coated wafers of 

different polymers on the hydrophobic C18 surface, 500nm scale at 512 line resolution. 

 

A 

B 


