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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
resistanbacteria 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 bacteriopdge 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 demomates the ability of WLBU?2 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 indiegtthat 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 Z. Abc2 protein

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



acid AzidePhe, which uses click chemistry to bind to specific functional groups. This
prevents nosspecific binding of the protein on the surface, comparetitodard
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-pay Photoelectron Spectroscopy (XPS) and QCMD
demorstrated 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 FHIRES solution depletion assay and QCMD.
Polybutadiend?olyetiylene Oxide (PBEPEO) cepolymers 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. Thvaed sizes of copolymers were studied
and compared to F127. AFM and QCMD was used to monitor the immobilization
dynamics of PEEPBD diblocks compared to Pluronic F127. Generally, the diblocks
had a much lower surface coverage, but P5431 exhibited stoplaiogy and

coverage as F127. Hemocompatability was studied by fibrinogen repulsion
experiments using QCMD and FIfitbrinogen solution depletion assays. Patelet
activation was studied by SEM. P5843 was more efficient at fibrinogen repulsion but
was notas efficient at platelet repulsion as P5431, due to the PEO length difference.
These results provide further analysis of the endotoxin binding ability of tethered
WLBUZ2, as well as offers a method to effectively tether Abc2 protein to a Pluronic
surface 6r LPS binding. Finally, this work exhibits the hemocompatablility of
covalently bound PE®BD for a hemoperfusion device. Overall, these results
provide a methodology towards a commercial bioactive surface for the treatment of

sepsis.



©Copyright byRamya Raman
September 8, 2017
All Rights Reserved



Towards a Selectively Bioactive Surface for the Removal of Circulating Endotoxin in
Blood

by
Ramya Raman

A DISSERTATION

submitted to

Oregon State University

in partial fulfillment of
the requirements for the
degree of

Doctor of Philosophy

Presente&eptember 8, 2017
Commencementune 2018



Doctor of Philosophylissertatiorof Ramya Ramapresented o&eptember 8, 2017

APPROVED:

K. F. Schilke representing€hemical Engineering

Head of the school of Chemical, Biological, and Environmental Engineering

Dean ofthe Graduate School

| understand that my dissertatiauill become part of the permanent collection of
Oregon State Unmersity libraries. My signature beloauthorizes release of my
dissertatiorto any reader upon request.

Ramya RamanAuthor



ACKNOWLEDGEMENTS

| have worked in a lab for almost 10 years, and have had the opportunity to
meet many incredible people who have taught me the joy of science. While | cannot
list every person, these people have been helpful and taught me many skills to help
me grow in anaut of the laboratory. My advisor, Dr. Rat is an especially incredible
person, who | met at OSU during my masters through Dr. McGuire. Dr. Rat has
al ways encouraged, reminded me that resear
made. Dr. Rat has nohly supported me during my PhD, but provided guidance as |
finished my masters and my pursuit of an MBA. | am very lucky to have her as my

advisor, and hope that we will continue in the future as friends.

| am thankful for my wonderful committee: Dr. JBaio, Dr. Adam Higgins,
Dr. Elain Fu, and Dr. Ganthi Murthy who | have turned to for advice on my research
and career interest. | have had the opportunity to work with a fun team of colleagues
in our lab, especially: Bonan YDavis WeymannDiba Behnoudir, andBrian
Fuchs Of course, to the many undergraduate students in the Schilke lab who have
helped me grow as a leader and mentor, as well as supported much of the work being
completed. Finally, I want to thank the many fellow grad students, lab gamdps
professors all around campus whose equipment | have used and learned different
technical skills from. Especially: Dr. Ryan Mehl, Dr. Kari van Zee, Dr. Richard
Cooley, Dr. Ethan Minot, Dr. Joe Baio and Dr. Kerry McPhail.

Finally, I could not have danthis without my caring family. My
accomplished mother, Dr. Sara (Jayanthi) Raman (MD) who has always reviewed my
writing, helped me move, and cooked me tons of food. My father, Raman Srinivasan
who is the smartest man | know. He always reminds me theriemze of destressing
and supported every academic endeavor | wanted to pursue. Of course, my little bro
Bharath who has always reminded me the importance of family. Last to join, my
husband Karthik Hariharan who is crazy enough to marry a PhD studantthis

count as my anniversary gift to you?



CONTRIBUTION OF AUTHORS
Miranda Raper performed Circular Dichroism (GE&Xperimentslescribed in chapter
2. Erik Hahn performed bacteria capture study in Chapter 2 and aided with
mutagenesis protein work desked in chapter 3. Jonathon Su performed the micro
particle fluorescent depletion assays described in chapter 3 and 4. Brian Wilson
performed LAL assay described in chapter 3 and platelet activaqpamiment in
chapter 4. Dr. KF. Schilke, my advisonvorked on analysis, writing and submission

of our work for publication



TABLE OF CONTENTS

Page
I A 0 10 1 L O I [ ] 1.

N ] N1 = (o7 Y [ =S 1
HYPOTHESIS ANDOBIECTIVES .. euttntuttentsentsenesiamsensssensssensssenssseesmmrenssrenserenees 1
LITERATURE REVIEW .. ...ttt ettt ettt ettt e et me et e e e e e e e e e e e ann 3
L= = =T =5 11

2. ENHANCED CAPTURE OBBACTERIA AND ENDOTOXIN BY
ANTIMICROBIAL WLBU2 PEPTIDE TETHERED ONPOLYETHYLENE

OXIDE (PEQO) SPACERS ..ottt eene e
INTRODUGCTION. ...ttt ettt et e e eem e e s e e s e e s s st smmm s s s e s s s s sansanssnssssnmnaeanss 16
MATERIALS AND IMETHODS. . .cuuiittiiiieiiiieeiie e iemmtteeeatesetneestneesanessrmmnnsesansesnneesnnns 19
RESULTS ANDDISCUSSION. ... cuiitiitiitiitiitiie et cemma et eae e ea e e esermmseenseneeneeneenses 23
(070 N[0 I U 1] (0] N 13 33
SUPPLEMENTARYMATERIAL ..ot 34
REFERENGES.. ... oottt et e et e e e b e s e 36

3. IMMOBILIZATION OF PEO-PBD DIBLOCK COPOLYMERS N
HYDROPHOBIC SURFACE®&ND ITS EFFECT ON ROTEIN AND

PLATELET ACTIVITY
INTRODUGCTION. .. ttttttteeae et e ee e eem e e s s e e s e s e s e st smm s s s s s s s e sansansansssenmsanss 42
MATERIALS AND METHODS. .. cuuiitiitiiiie it ieii e tiree s ee et e e et e eae e ensnnmea e snseanseanaess 43
RESULTS ANDDISCUSSION. ... cuitiitiitietiitiee et cemm e eeeae e e e e ermmseenseneeneeneensd 46
(070 N[0 U 1] (0] N = 53
[ o ot N[O 54

4. MODIFICATION OF BACTERIOPHAGE PROTEIN AEB2 USING
GENETIC CODE EXPAMNSION FOR SURFACE IMNDBILIZATION TO
UNDERSTAND ABC2 PROEIN- LPS INTERACTION

INTRODUGCTION. ...ttt ettt ee e eem e e e s e s e e s e st smm s s s s s s s e sasansanssssnmnsanss 57
MATERIALS AND METHODS. .. cuuiitiit it ieii e siree et et e e sae e e essnnmea s enssanseaneens 59
RESULTS ANDDISCUSSION. ... cuitiitiitietiit et cemma e e eeeaeen e e esermmseeneeneeneeneensed 6.3
(010N o I U 1S (0] N 70



LIST OF FIGURES

Figure Page
1. Structure of Polymyxin Béééééeeee. ééééé
2. Structure of WLBU2 in heli @aééeé€&drm (1| ef
3. StructureoBact eri ophage éééééeeééeceééeéeéeeéé.
4. Pl atel et adhesion to surfacee@&ée. 8éeéeée
5. Copper catalyzed AzidAl kyne chemi stryéééeegeeece
6. Unnatural Amino aéedéséééééééc. .l
7. GeneticCode Expansiéné ¢ é € ¢ é . ééeéééeeééeéée..ll
8. Sclematic of structure of @mnegative lipopolysaccharideé ¢ ¢ € € 1 7
9. Representativehighes ol uti on XPS specété&.a. 624 waf er

////////////

11. Circular dichroism spectra of WLBU2 and P&no di f i ed .&VLE8B U2 é

12.Electron micrographs of P. aeruginosa cells captured ecoated Si

,,,,,,,,,,,,,,,,,,,,,,,,

///////////////////// s

sensorséééééécécéeéeéeéeéeéeée.e3d32
14. Adsorption and elution d?. aeruginosandotxin (LPS) from buffer at
PEOPMB and PEGNLBU2-mo di fi ed QCM sensc®dBFZ éééééée

,,,,,,

15.Conjugation of WLBU2Z PEG f or CD anal ysiésee é3e4é e éé . . ¢

,,,,,,,,,,,,,,,,,,,,,

i mmobi |l i zatéeééné éséecéhécareé e éécecéée . 44.
200AFM topol ogy ( A) .eanede épehéagséed éientacglers é
21.Fibrinogen protein adsoriph on different polymer coated

microparti ébéeéééeééeéeéeéeéeéceé.. 8

22.Sauer bray analysis of polymer .248d subse



LIST OF FIGURES Continued)
Figure Page

23.The relation of frequency and dissipation related to morphological

y w o+ s s s 7 s s s s s s s s L s s oz sz s

change éeeééeécéeceéeecéeeceéeecéeeeeeshl

24.Schematic | mage of Pl atelet actbvati on
25.SEM i mages of platelets adheredi3on C18
26p BAD PHOb TAG |11l Pl asmid é&&&ééeééce@eéecée

27.4-Azido-Phenyl al anine str.gettéercecéee€eced&dé

28.PEGy|l ati on of site modified AB®2 protei
29.Sur face modification Click Cheémi6try sc
30.Predicted proteiretr t i ary structure of.éa&hc2 6Bé¢éc¢écéeé
31.SDS Acryl amide gel (15%) of puredAfi ed an
32Z2LAL assay to quantify endoéd@&én. @a4ter f
33.Cl1s and N1s high resolution XPS spectra of TCVS coategléS#..6 € . 6 7

34.Concen r ati on of LPS after fl owté&.hr.oudgh mi

35.QCMD measurement of absedbprotein and LPS on EGAPL27



LIST OF TABLES

Table Page

1 XPS atomic compositions for WLBU2 and tethered WLBU2 on

gol d surfaces éééééééceceeceéeéeéérzdeceeeecece.
2 Click chemistry verses standard bioconjugation

,,,,,,,,,,,



DEDICATION

This work is dedicated to my little brother, Bhar®aman, the only person | know
who writes a chapter every single day.






INTRODUCTION
Significance

Sepsis is an inflammatory reactioocurring throughout the human body to
infections caused by bacteria, fungi, and/or other forms of pathb@dresendotoxins
released by the pathogens in the blood stre
response, which could be life threatening. Sepsis cartddasue 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% longeritalgation. Currently, antibiotics are
the standard treatment for sepsiEhe rise of antibiotic resistant bacteria, such as
MRSA, makes treatment of sepsis especially difficult and expehsive

It is essential to find an alternative treatment method for sepsis, to lessen the
dependence omébiotics. Hemoperfusion is a methodology that wesorlance to
removeselect targets & 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 combma hemoperfusion device coated with antimicrobial peptides and/or
bacteriophage proteins to remove the segaising endotoxin, released by bacteria in
the blood.

Studies using antimicrobial peptides and bacteriophages found that it is
important to maitain the protein orientation and conformation on a surface to retain
endotoxinbinding capability. Conversely, the adsorption and unfolding of plasma
proteins in blood prevents the surface from binding endotoxin; and worse, initiate the
formation of a thrmbus that affects blood fldigxu).

Hypothesis and Objectives
The surface of a hemoperfusion device needs to have two important features: (1)
it has a high endotoxin capture rate a2yt is biocompatible therefore does not

damagéeblood 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




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:

la. Evduating the effectiveness of PE€thered antimicrobial peptide WLBU2
to immobilized peptide WLBUZ2 on a surface for endotoxin and bacteria binding.

1b. Evaluatehe effectiveness of using a PE€hered antimicrobial peptide
WLBUZ2 on a surface, for more effective endotoxin removal, compared to the current
standard PolymyxiB (PMB).

Hypothesis 1We hypothesize that adding a PEthered 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 wdrin chapter 1jn press:Biointerphase 2017

Objective 2:

Create a modified bacteriophage protein (Abc2) that has aaickolled
attachment to the surface to specify orientation to the surface preserve protein LPS
binding functionality.

Hypothesi2: We hypothesize that a cliokodifiedunnatural protein should

improve protein activity on a surfabg preventinghonspecificsurface modification
and enable LPS binding.
Achieved through work in chapterr®anuscript to be submitted: Biomaterials Z01

Objective 3:

Compare brush layer Polybutadign@yethlyelene glycol (PBBPEG) diblocks
modified to current standard pluronic F127 for hemocompatibility, specifically for the
prevention of thrombus formation through fibrinogen and platelet activatidies.

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

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

activation toprevent thrombus formation.




Achieved through work in chapteranuscript to be submitte€olloids and Surfaces
B: Biointerface2017.

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 endatoricentration in the
bloocP. 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, arah@gen. Thee are found in
the outer membrane of gram negative bacteria
Hemoperfusions a process that involves the passage of blood along an
absorbent column to remove select targ&emoval of endotoxins can be achieved by
binding the LPS paion to the surface of a hemoperfusion detiéelvances in
hemoperfusion and other blood cleansing devices has beeengiadl due to issues in
creating a surface selective for endotoxin binding.
Many of the biological materials
4 /<( fff I—Q used on the surface for endotoxin binding
ﬁL g)L have a limited range of activity or can be
cytotoxic. Different methods for
ér Jﬁ/ animicrobial detectionbased a naturally
occurring biologicsare available for
Figure 1 Structure of p0|ymyx|n B endotoxin binding to a surface. These include
using nucleic acids, antibiotics, carbohydrate
based lectins, antimicrobial peptides and bacteriophages. Theseceavased
predominantly for biosensor improveméntsut if they are able to bind a wide range of
endotoxins, it would be an effective sepsis treatment method.
Toraymyxin hemoperfusion columnsed in Japan have shown promise to
remove endotoxin with the usage of a naturally occurring antimedrpbptide,
PolymyxinB (Figure )!°. Kang et al. used magnetic nanobeads coatedmwétinose

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



bl ood and the 6cleaned6 b
back to the patieht Hemodialysidike

polysulfone or polyethersulfone hollow

fiber filters coated with MBL have also

been used for sepsis treatment for a wide

range of pathogens in comjction with

antibiotics?. Recently commercialized
Serap® Microbind® Affinity Blood

Filter uses naturally occurring ligands to
Figure 2 Structure of WLBU2 in helica
form (left) and amino acidequence

(right) adsorptior®,

remove pathogens through selective

Antimicrobial Peptides

Cationic amphiphilic peptides (CAP) are antimicrobial pegstidith 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 bindb PBIgmyxinB
has five primary amino groups derived fraim-diaminobutyric acid that form the
cationic region of the amphiphilic structur
antimicrobial activity. LPSPolymyxin B binding is a twstep 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 nto the interior of the LP'S

In Toramyxin columnsPolymyxin Bis covalently bound by primary amine

groups to the surface of the column. This surface modificagicimiquedoes not
guarantee reaction at one specific amine sigulting in different configurations of the
peptide on the surfat® Since the LPS binding activity of PolymyxinBlies on the
peptidedbs ability to change its conformatio
subsequently decreased removal of the endotoxfarthermore, Pgmyxin B is
cytotoxic against host celfs

WLBU2Z is an engineered, 24 amino acid peptide consisting of arginine, valine

and tryptophan. WLBU2 belongs to the cationic amphiphiljgtide family. WLBU2



has a wide range of activity against gram negative and positive bacteria, but is not
hemolytid®. In the presencef endotoxin, WLBU2 has shown to form an alpha helical
structure that has been theorized to act
inner membrane of endotoxin and binding t& fEurthermore, the peptide has only one
terminal aminethat can be used for a more targeted surface immobilizZtion

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

bacteria through a flow colurfh

Bacteriophages

Capsid head

Nucleic acid (DNA)

I Collar
Tall

' Sheath

Baseplate

Spikes
Tail fiber

Figure 3: Structure of Bacterioph&ge

Bacteriophages are viruses that are selective against bacteria. Due to the innate
activity of bacteriophages against bacteria @atid its norpathogenic nature against
mammalian cells, bacteriophages are of particular interest for segatiment®. Phages
are obligate pasites 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 stinrulated“. 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 binding.

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



revived®. The first phase | human experiment for phage therapy in the US started in
2000, and \as published in 2069 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 bacteriaveswthers are available to
infect a wide range of species. The usage of bacteriophages are easily manufactured,
hence are more cost effective to use than antibf8titee 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 biafilformation in Methicillinresistant Staphylococcus
aureus, (MRSA) which is an antibiotic resistaliically importantstrain of bacter.
The study showed that phage mixtures increased lytic activity and reduces the amount
of bacteria displaying resistance. Combination of phage theragh antibiotics has also
been shown to reduce biofilm formati8n

Whole phage based approaches do have some disadvantages. Optimization of
endotoxin capture relies on appropriate orientation of the phage to the surface so the
6tail &6 end receptor is availableiafor bindin
which leads to increased active phages in the Bloddhile this is highly unlikely to
affect the host organism, thapproachs not viable forcommercialization 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 aigace?.

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 gt solution to treat
sepsis since iloes not bind tendotoxii®. Receptor binding proteins (RBPs) are
another class of phage proteins that determine phasgfespecificity and trigger the
binding ofa 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 cleaantiyen LPS of Ecoli and Salmonella

enterica* therefore are specific to the LPS compound



Hemocompatability

Protein adsorption and unfolding on a surfaggersblood cell interaction with
materials an@¢an causéssues with hemocopatibility. Therefore, studying surface
interactions to plasma proteins and subsequent platelet adhesion is vital for creating a
hemoperfusion device.

Activation of the coagulation procesan be initiatedhrough contact with
foreign substances. When bbcomes into contact wita 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 casda, ultimately where Thrombin activated Fibrinogen initiates
clotting®®.

Fibrinogen is an abundaptasmaprotein and isighly likely to adsorb to most
surface®. Fibrinogen in human blood is generally 2.54/[This and other serum
proteins mediate platelet adhesion and aggregation through interadtiquiatelet
receptor®. Shear stress during péét 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 gtes for fibrinogen. These affinity binding sites are developed
from cross linking of platelets by fibrinogen to create aggreg&tiwvhen proteins are
adsorbed to the surface, platelets can either adhere or rebound from the surface
depending on the interface activafiaTherefore, fibrinogen adsorption alone is not
enough to understand the hemocompatibility of a surface, platgieation and

aggregation studies are also needed.



Platelet

_____ *®" sonaling » ! Platelet

Figure 4 Platelet adhesion to surface through interactions with Fibrinogen,

Willebrand factor, vitronectin and fibronectin molecules.

Polyethylene Oxide (PEO), a commonised polymer in surfactants, are
considered protein repellatirougha 6 br ush | ayer &6 mechani sm. P
prevent unwanted surface adsorption, and are an alternative to surface blocking with
proteins suclas BSA. Brush layer attachment can form throcg¥alentbonding or
through an adsorptioprocess and is merdurable than using proteffis These PEO
brush layers have been presented to be highly effective against proteins and plasma in
the blood*. Studies have found that protein adsorption also depemthe brush layer
thicknes$?. Recent studies suggests tR&O tethereavith 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 agawnsshown to be
active against pathogens, but does not adsorb fibrinogen or other grofinsreate 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 enoughkue b geric hindrancef the PEO chains in ordér create the brush
like effect. Usage of simple triblock design of polymers can easily create this‘design
Pluronics F127 are PERPPGPEO triblocks available on the markePluronic brushes
use expensive and toxic cross linkers. Copolymers with PEO and polybutadiene (PBD)
on hydrophobic plastics woufdrm a safeinexpensive methofibr a PEO bruskayer.

The vinyl groups of PB@vould adsorb on the plastic surface, and upon gamma
irradiation would permanently link them togettierough free radical reactith



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 includindgpiochemical 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 fundbn to the proteiff. Additionally, thesanaturally foundinkages
rely on a very specific lysate to be used in a pure solution. Site specific incorporation of
nortcanonicalamino acids proves a useful method to solve these issues. The R groups
on thesenorrcanonicalamino acidgorm biorthogonal ligationby introduction of
ketones, azideslkynes and anilinés A popular method of biorthogonal ligation is
6click chemistry, 6 wher e andseldively reactfwithf unct i on
each other under miltheningcondition$®. Some useful characteristics of click
chemistry include: stereospecific, high yields, fast.egates only inoffensive
byproducts, little purification, and an easily removable, benign sél@ititecommon
click chemstry methods for biocompatible, selective needs are: copper catalyzed azide
alkyne click chemistry (CUAAC), strain promoted azalkyne click chemistry
(SPAAC)and tetrazinelkene ligation.

Copper () catalyzedzidealkyne chemistryfigure 4) involvegshe azide
functioned molecule to react witkgne in the presence of a metal catalyst Cu(l).
Copper can be toxic to living cells, this can be partially overcome by using chelating

agents’.

Azide-functionalized Alkyne-functionalized Conjugate of A and B as
molecule A molecule B Triazole moiety

Figure 5 Copper catalyzed Azidalkyne chemistry
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Strain promoted Azidé&lkyne chemistry isa copper free method. It relies on
the use of strained cycloocytynsg structureshat have a decreased activation energy
in comparison to terminal alkynes, therefore does not rely on a catalyst. This method is
nontoxic and could be used intracellujgt. Different types of cycloocytynes have
been developed for different kinetics and hydrophilicity. The Azadibenzylcyclooctyne
(ADIBO) reagents are hydrophilic compounds that are highly re&¢tive

TetrazineAlkene ligation is a nontoxic, catalyst free method that is the fasftest
the three reactits, with a rate constant 8000 0 0 NP3 ITetrazne functionalized
molecule reacted with a terminal or strained alkene to fadihyalropyrazine structure.
This type of reaction is also well suited for low reagent concentrations

The addition othese click ready amino acids, suchTas2.0 and 3 AzideD-
alanine HCLare incorporated to proteins through genetic code expansion. This method
uses an aminoacyRNA synthase and a tRNA to specifically insert an unnatural amino
acid (UAA) using UAG amber codon as the UAA specific sequenceéhe UAG (or
TAG in DNA) codon can be selectively inserted into the gercetde for a specific
location. The two plasmids with specific information about the synthase and the protein
sequence are selected via antibiotics resistaritiee surviving bacteria colonies are
grown with the UAA added to the cell growth medium to be taken up by the cell. The
UAA orthogonal aminacytRNA is decoded on the ribosie during translation for
UAG®’. The protein can then be purified through standard biochemistry methods.
Genetic Code Expansion has been well documenteddalikells, and current work
has explored this concept for yeast and mammaliarrtelisnetic Code Expansion is
interesting for commercial bioaterial applicationslue 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 tetraarnmeyl chemistry
and 3Azido-D-alinine HCL (right)used for AzideAlkyne chemistry
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Enhanced capture of bacteria and endotoxin by antimicrobialWLBU2
peptide tethered on polyethylene oxide (PEO) spacers
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Severe sepsis is a life threatening immune respiblasmaybe causetyy
endobxins (lipopolysaccharides, LPS) mirculatingbacterial 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, ands a membrane disruptor that may fragment endotessicles. In
addition, the blood is not protected from r&pecific interactions with the synthetic
surface of the solid support. These effects may be responsible for the variety of
undesirable clinicabutcomes, including nespecific adsorptionf proteinsbloodcell
damage, platelet activation, and a lack of clear evidence of efidabgcurrent
hemoperfusion productén alternative endotoxibinding agent iSWLBU2, a synthetic
cationicamphiphilic peptidehatexhibits better selectivity for bacterial cell membranes
and reduced host cell cytotoxicity. Tethering the peptide at the periphery of a hydrophilic
polyethylene oxide (PEO) brushould also masthe underlying surface, prevergicell
and protein adsorption, and is expected to increase the solvent accessibility and molecular
mobility of the tethered peptides. WLBU?2 tethered on pendant PEO chains exhibited
significantly greater capture of intact bacterial cells and endotbaimsurface
immobilized WLBU2. Tethered WLBU2 also captured amounts of endotmtimparable
to PMB. These results suggest that PEetered WLBU2 coatings may bafer and
more effective than the staté-the-art ”MB-based technology

INTRODUCTION
Sepsif Abl ood poi streatening iaflfammawry @sponseftoe

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 deathsranually in the U.S. than breast cancer, prostate cancer, and AIDS, and is the
leading cause of death in intensive care uUniatients with sepsis may incuedical
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 tedse annually® The current
treatment for bacterial sepsis is supporting care and-sgdetrum antibiotici reduce

the bacterial loal although the prevalence of antibiotic resistamtdraa makes this
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more difficult and expensive® The actual bacterial count in the blood of patients with
severe sepsis is usually very low (<100 CFUymr cannot be measured by direct blood
culturesg® !

The underlying cause of sepsis isuantontrolled 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 therdotoxin load in the bload ® 12

Lipopolysaccharides (endotoxins; F&) are composed of a highly conserved
phospholipid (lipid A), which is anchored in the outer leaflet of the Gnagative cell
membrane. A core oligosaccharide containiagtblose (Hep) and keto
deoxyoctulosonate (KDO), with phosphate and ethanolamine substitutions, is covalently
linked to the lipid A moleculé® A highly variable Gantigen polysaccharide is also
present in may bacterial speci€’s*® The extremely potent antigenic quality of
endotoxins is ascribed to activation of TLR4 @k receptor proteins) by the lipid A

moiety.’

O-antigen
) (highly variable)
n=440

Core olige
saccharide

30w oo
oo™ Cell exterior

3 [0
;¢ > o
Nu/n\uwﬁ\? ¢ Cell interior
° AT [ e e
. .

Q@

Lipid A
(conserved)

FiG. 8. Schematiof structure of Grarmegative lipopolysaccharide (LPS, endotoxin)
Thehighly conserved lipid A cell membrane anchor is attadbete core
oligosaccharide and highlariable Gantigen rgion. Reprintedrom Ref.* with

permission from Elsevier.
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One promising method for treatment of sepsis is hemoperfusion through an
adsorbent column functionalized with endotekinding molecules? 124
ToraymyxinE hemoperfusion columns are used |
adopted in the U.S. because their clinical efficacy remains antét*™ 2° The
ToraymyxinE column contains the small, cycli
(PMB, seeSupplementaryateria). The PMBIis randomly immobilized on polystyrene
fibers at one or mor e odiaminoburictesidues TheA ami ne g
LPS-PMB interaction is a twastep process, beginning with electrostatic interactions of
the positively charged PMB ring with the negatively charged LPS membrhee. T
hydrophobic chain of the peptide inserts into the interior of the LPS vesicle, disrupting
the membrane of the host cell through a detertilemimechanisn?’”2° Both the positive
charge and molecular mobility required for endotoxin binding are decreased by random
conjugation of PMB 1° amines to the supporting fit€BMB is cytotoxic against host
cells and a vesicle disruptdr *’suggesting that it may fragment circulating endotoxin
vesicles. Additionally, no provisiois made to prevent undesirable repecific
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 fdMB hemoperfusiof® 25 26, 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 plgethylene oxide (PEO), are widekpown to prevent protein and cell
adsorption at synthetic material surfaces by steric repulsion, osmotic pressure, and other
physical effect$’ 28 Peptides and other biomolecules tethered on pendant PEO chains
often have increased activitpmpared tavhen immobilized at the surface, due to greater
solvent mobility and decreased surfacduced steric hindrance afforded by the polymer
spacer**! However, some membraaetive peptides exhibit substantially decreased
activity when modified or tethered with PEO. It is believed that the polymer chain
interferes with thg@eculiar molecular mobility or selissembly which is required for
some biological activitie®” 4% 43
WLBU2Z is an engineered, argininieh cationic amphiphilic peptide (CAP) with

broadspectrum activity against Granegative and Grasositive bacterid**® Unlike
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PMB, theWLBU?2 peptide exhibits low cytotoxicity against host c&#&° WLBU?2 is
unusual in having only a single-terminal rective 1° amine, enablirthe site-specific
immobilization at the Nerminus using conventional carbodiimide/NHS chemi&3P
WLBU?2 binds specifically to the lipid A region of bacteria and endotékih

The short length of WLBUBakes it amenabke synthesisisingstandardsolid-
phase peptide synthesighich lowers costs and makes it more suitable for ceroral
applications! Generally smaller peptides have lovib@logicalactivity.?° However,
increasing th&/LBU2 peptide length beyond 24 residues resulted in no noticeable
increasean antimicrobial activity*® The Argrich WLBU2 peptidehas a high net positive
charge (+13) at physiological pH,property which is alsassociated with antimicrobial
activity.?8 5256

We have recently dematnated that WLBU2 selectively interacts with bacterial
endotoxif’ and model bacterial cell membraf®8s n whi ch i-helicdopts t he
conformation characteristic of antimicrobial CA¥®<% 5 %4Gonzalez et al. demonstrated
removal ofPseudomonas aeginosaandStaphylococcus auregglls from buffer by
WLBU2 immobilized on NHSactivated agarose While this result is suggestive of a
potential blooecleansing applicationt is the circulating endotoxin, not whole bacaér
cells,that isthe primary trigger for bacterial sepsfs**1® 23

Here we report the enhanced capture of endotoxin by WLBU2 immobilized with
an intervening PE&Joo polymer tether.

EXPERIMENTAL
Reagents, Peptides and Polymers

WLBU2 (RRWVRRVRRWVRRVVRVVRRWVRR, 3400.1 Da), and WLBU2
with an added Merminal cysteine, Cy8/LBU2 (CysRRWV Ré, 3503. 3 Da), We
purchased from GenScript (Piscataway, NJ). Polymyxin B sulfate (PmB, 1385.6 Da) and
Pseudomonas aeruginoBpopolysaccharide (LPS) were purchased from Sigtakich
(St Louis, MO).All peptides were used without further purification. Culture® of
aeruginosaPAl14 andescherichia coliTop 10 (ATCC) were grown in lysogeny broth
(LB; Gibco). Stock solutions of WLBU2 or CY&/LBUZ2 (1 mg/ml) were made in cell
culture grade calciurree ghosphate 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 (calculatethso= 16,500 M*-cn?). 1-Ethyl-3-(3-dimethylaminopropyl)

carbodiimide hydrochloride (EDC), sulé-hydroxysuccinimide (SUfNHS E) , an d
succinimidyt3-(2-pyridyldithio) propionate (SPDP) were purchased from Sigma Aldrich

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

Millipore (Billerca, MA). Monofunctional mPE&uccinimidyl \alerate ester (MPE®@d

SVA), and heterobifunctional carboxymettBEO-thiol (CMi PEGs0od SH) and amine
PEGthiol (NH2i PEGsood SH) were purchased from Laysan Bio (Arab, AL). NHS

activated agarose beads (ABkel 10) were purchased from BioRad USA (Herculss).

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 witithermal oxide (SiO2) surfaces were diced into 1 cm?2 squares,
and sequentially sonicated for 10 minutes in dichloromethane, acetone and ethanol to
remove organic contaminants. The cleaned chips were blown dry wigndlithen
coated with gold by thermal aporation. Chips were left overhigat 4°C in PBS
solutions of carboxymethiyPEQsood SH to form a sefassembled Adhiol monolayer of
PEOGCOOH. The terminal carboxyl groups of the pendant REEQOH chains were then
activated’with 0.35M SulfeNHS E and Oin NE® buifdf@ 4 hat 25°G
followed by reaction of thelHS-activaed PEO with 1 mg/mL WLBUZ2 in PBS overnight
(seeSupplementaryMaterial Scheme). WLBU2 was also directly immobilized by
incubationof Au-coated wafersvith 1 mg/mL CysWLBU2 overnight. The fre¢ SH
group of the Nterminal cysteine forms an Athiol dative bond with the surface. All
samples were rinsed several times with PBS and water to remove excess reagents and
looselybound polymers and peptides. We have previously shown that the peptide

endotoxin interactions of WLBU2 and GY$LBU2 are comparable isolution®’

Characterization of immobilized peptides on Si wafers
The surface chemistry of each sample was confirmed bgy)photoelectron

spectroscopy (XPS) analysis using a Thermo ESCALAB 250 spectrometer with a
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monochromatic Al Klsource (1486.6 eV, 650 um spot size). The coated Si wafers were
rinsed thoroughly with HPL&rade water to remove excess peptide and salts, then dried
under flowing N. The spectra were calibrated against theAypeak (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 (AFMAsylum Research MFP3D; Santa Barbara, CA)
in intermittent cont act-GprobésdBudnetIengsory, mode and
Sophia, Bulgaria) was used to acquire multiplé-firn phase images (1Hz scan rate with
256 scan linesat randomly chosen spots on lealry chip.Triplicate samples were used
for analysisRepresentative phase images werefiattened and rendered with ARgyle
Light (Asylum Research) on a uniform phase angle scale.

Circular Dichroism of PEOGWLBUZ2 Conjugates
The Nterminal 1° amine o¥WLBU2 was modified with a 5x motaxcess of
MPEO5000SVA (see Supplementary Materj@cheme3), at 25°C in dry DMSO
overnight. The PE@QVLBU2 conjugate was precipitated with cold aceto2®C), and
any excess reactive mPEO removed by incubation at @&hCaminefunctionalized
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 PEWLBUZ2 conjugates was evaluated by circular
dichroism (CD) from 1860 nm using a Jasce8l5 spectropolarimeter (Easton, MD)
at 25 °C. The measurement data pitch was 1.1 nm, scanned at 200 nrhaMREQ
WLBU2 conjugates were dissolved in HPigtade water, to a final peptide concentration
of 0.2 ng/mL, in the presencer absence of 0.1 mg/mL LPBhe spectra from each of
three replicates for each sample exhibited only slight (~5%) differences in signal
intensity; representative spectra are thus shown throughmeisecondary structure
compositionwasestimated using the online Dichroweb senfc¥
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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 HPwith
aeruginosaPA14 grown to 0.1 OD600 in LB, with shaking at 600 rpm. The samples
were then washed twice each with PBS aader to remove looselyound bacterial
cells, and then fixed with 1% paraformaldehyde and 2.5% glutaraldeh@dEMn
sodium cacodylat®® The samples were dried for 10 min each in 10%, 30%, 50%, 75%,
90%, and 100% ethanol, and then sputtered with gold. Scaneitgoel microscopy
(FEI Quanta 600F, Hillsboro, OR) was used to image the adherent babbeee fields
of view were used for analysis at 50um, 100um and 200um. Three randomly chosen
spots at 50um were selected on each wafer for analysis, triplicates wager used for
each sample for a total of 9 images used in anali/Bis surfacebound bacterial cells
were counted using Imag&)

Capture of bacteria by immobilized peptides on agarose supports

NHS-activated AffiGel 10 resin(2 mL; 15 pumol/g) was rinsed thoroughly with
MES buffer (0.1M, pH 4.8), and then incubated sequentially overnight with 0.01 mmol
NH2I PEGso0d SH and 0.01 mmol Cy#/LBU2 (see Supplementary Materi8ichemed).
Glycine was substitutefdr WLBU?Z2 as a negative control. Residual NHS groups were
blocked by incubation with 1M methoxyethylamine, and the resulésim was packed
into columns. The resin walsoroughly rinsed with PBS to remove any remaining
organics. Two mL of an E. coli Top 10 cultue in LB broth was diluted t8.0 x 16
CFU/mL and flowed througtleachcolumn.The effluent was pooled (~2ml) and diluted
1:10 in water, after which aliqt® (100 pL) were plated on LB agar in triplicate (total of
six samples)The experiment waalsorepeded with a loweinitial cell concentration
(1500 CFU/mL) Again, diquots (100 pL) of thedilutedeffluent were plated on LB agar

in triplicate (total of nine samplesolonies were counted using NIH ImageJ software.

Endotoxin capture measured by quartz crystal microbalance with dissipation ()M

Capture of purified Paeruginosdipopolysaccharide was measured using a 4
channel quartz crystal microbalance with dissipation monitoring (G K3-Sense E4,
Biolin Scienific, Paramus, NJ). Goldoated QCMD sensors (QSX 301, Biolin
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Scientific) were cleaned by immersion for 10 min in 1:1:10 27%Q®H130% HO2:H.O

at 65 °C, followed by UV/ozone treatment (Bioforce Nanosciences, Ames, IA) for 10
min. LPS was dissolved in FB(pH 7.4) to a final concentration of 1 mg/ml. The
adsorption and rinse with PBS were carried out under flow (100 pL/min), after degassing
all solutions with N. The Sauerbrey model was used to convert the observed frequency
¢ h a n d¢,e¢osadsorlopd magag/cm?2) at the surfac Three replicates for each sample
exhibited only slight (~5%) differences; representative spac&réhus shown

throughout.

RESULTS and DISCUSSION
XPS of immobilized peptides

X-Ray Photoelectron Spectroscopy (XPS) was used to confirm the surface
chemistry on golecoated Si wafers following immobilization of PEO and peptides.
Elemental compositionsalculated from surwespectra are shown in Table High
resolution scans of carbon, nitrogen, and sulfur spectraZfFage consistent with
immobilized PEO polymer and peptides.

Sample % %C %0 %N %
Type Au S
Au-PEO 415 37.7 165 No 2.6

+1.2 £0.6 0.3 signal =+

Au-Cys 280 46.3 132 114+ 1.2
WLBU2 +0.8 +0.5 +0.2 0.3

I+

Au-PEO 384 418 147 73% 26
WLBU2 +15 +3.7 +0.2 05

I+

0.1
TABLE 1. XPS atomiaccompositiongor WLBU2 and tethered WLBU2 on gold surfaces.




24

As expected, wafers modified with peptitee HS PEQ COOH exhibitno
nitrogen Nspeak (Fig9 a-c). The Gsspectrum contains a large@ (ether) peak at
~287 eV, which is consistent with the presence of PEO. Sulfyredks indicee Au-
thiol in bothbound (AuSi doublet) and unbound $H) forms, in an approximately 2:1

ratio. Unbound thiol signals are common in-thiol interactiong® and have been

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

. . ~ . .
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Fig. 9. Representative higtesolution Gs(a,d,g), Sp (b,e,h), and ks (c,f,i) XPS spectra
for Si wafers coated with AREO-COOH (a, b, ¢), APEOWLBU2 (d,e,f), orAu-Cys

WLBU2 (g,h,i).

Surfacesexposed to Cy®VLBU2 (Fig. 9 d-f) exhibited a nitrogen N peak at 400
eV, consistent with the presence of WLBW42l¢ulatedl3% N). The large @\ peak

(~288 eV) in the higlresolution Gsspectrum is also consistent wittetpresence of the

N-rich WLBUZ2 peptide at the surfac&dditionally, the binding energy is slightly higher

thanthe typical valuesjue to the contribution of the amidend and th@rotonation of

thearginineside chain& "3 As with the FEC-only surface, the sulfur-Speak is

consistent with a mixed population of oxidized sulfur and bound and unbound thiols,

b
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again with a bound to unbound peak ratio of 2:1. This suggests that some peptide is
retained by coiledaoil”® or other peptidgeptide interactions. However, the majority of
WLBU2 peptideis linked to the surface through cysteine-#hiol bonds.

For surfacesnodified with PEGWLBU2 (Fig. 9 g-i), the Nissignal is
proportionally lower than for Cy8/LBU2, because of the presence of the relativehg
PEO linkers (~5k PEO vs. 3k WLBU2)dditionally, the shift in nitrogen signal is
related to the additional PE@eptide linkage, with little change to the protonation effects
of argininé®.

The Gsspectra show stron@-O ether peaks consistent with PEO at the surface,
and GN peaks from the immobilized peptide, while the underlying Au substrate signal is
increased. This suggests less complete coverage of thedie®ed peptides compared
to surfacebound WLBUZ2. This an be attributed to the relatively {6\ €OOH
conjugation sites on the PEO tethers, compared to the myriad sites at whidH_ 82
can form Authiol bonds. As many proteins, ligands and peptides have higher activity at
lower surface coverage, this reduatio surface coverage, combined with increased
solvent accessibility and molecular mobility, may result in enhanced capture by the
tethered WLBUZ2'®

Atomic force microscopy of immobilized peptides

AFM phase images of an unmodified -8&oated Si wafer, and wafers modified
with PEGCOOH,CysWLBUZ2 and PEO-WLBU?2 are presented in Fig0. Height and
phase(see supplementarijages measure energy dissipation caused by a complex
variety of physical properties (e.g. composition and viscoelasticity) and
attractive/adhesive forceBhase imageSupplemental Figujeregenerally preferred
for soft, heterogeneous surfaces, as they typically show more detail of the surface
morphology thamlo the equivalent heigkteld images’” "®Topology images show the

contribution related to lateral forcaad physical features on the surface
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Fig. 10: Representative 1xfim AFM heightimages of (aAu control, (b) AuUWLBU?2,
(c) Au-PEO, and (d) A/PEOWLBUZ2 onsilicon wafers.

Unmodfied Au control surfaes (Fig. 1) exhibit a relatively unifornand flat
image, with a RMSoughnes®f 5.8nm and a phase angle of 65his surface topology
is commonly seen for gold coated wafér®n a WLBU2modified surfacéFig 3b) the
heightincrease®nly slightly to 6.9nm and the phase changes slightly to 68°, consistent
with uniform modification of the surface by the small peptide.

Theheightof the Au-PEOmodified wafer(Fig. 10c) increases to 12.4m,
consistent with an increase in thickness related to 5k PEO polyimein has a brush
height of 7.6nr#’. In contrast, the phase imagecrease to30°, indicatinga substantial
decrease in stiffness and/or increase in attractive forces attributaiégpendansurface
polymers®! The squamouappearancef the PEO-modified surface is likely caused by
selfassociation of thpendanpolymer chains upon drying, and is commonly observed
on dried PEGcoatedsurfaces?

Following conjgation of WLBUZ to the terminal carboxyl grouisg. 3d) the
height increases to 14.4 nphase angle increased to 8bfth a correspondinghangan

the appearance tlieimagesWe speculate the difference in height from WLBU2 to the
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WLBU2 on the ternmal 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 pragie and heighhay be
attributed tanter-molecularself-assembly of thamphiphilicWLBU2 peptide$* 83at the
brush peripheryorto insertion oftheamphiphilicpeptide into the nehydrophilic
interior of the PEO brustf-®*Ho we v er , WL B-telicalimwrsldr to peaetrale
the brustP* and thepeptide issubstantially disordered inater and®BS*¢ >’ suggesting

that it is notintegrated to any substantial degree.

Circular dichroism of PEOmodified WLBU2

Circular dichroism (CO¥®’ was used to examine changes in the secondary
structure of WLBU2 when conjugated with PE@n Uhelical and amphipathic 2°
peptide structure is generaligsociated witendotoxinbinding and antimicrobial
activity.2® 57 8 8Fyrther, sme(but not all)peptides lose their biological activity when
conjugated with synthetic polymets 42 992 |n addition,structural differences can occur
for charged peptides when conjugated to BEWe thus investigated the solutiphase
2° strwcture of WLBU2 when modified with PEO at thetdrminus, both in the presence
andabsencef endotoxin (Figl11).

WLBU2 adopts a disordered conformation in L& PBSbuffer, and becomes
s u b st andlidalanlthe gresehce of LPS%The PEGWLBU2 conjugatds only
moderately 12%) U-helical in buffer alonehutb e ¢ 0 me s n e-helichlin thé 0 0 %
presence of LPS. This result suggests that modification of Whiitizan Nterminal
PEOchaindoes not affect its ability to interact with LPS, and so tethering on pendant
PEO chainshouldnot inactivate its endotoxin binding capability. Tgresence of PEO
has also been shown to stabilize theelical conformatiomf small charged peptides,

andso may explain the increased helicityREG-WLBU?2 in the presence dfPS82 2
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Fig. 11: Circular dichroism spectra of WLBU2 and P&@nodified WLBU2 (0.2

mg/mL), in the absence and presencP.aderuginosd.PS.

Capture of bacteria on WLBU2nodified Si wafers

Scanningelectron microscopy (Fid.2) was used to evaluate the capture of kve
aeruginosacells on gold wafers modified witREO- COOH, surfacemmobilized Cys
WLBU2, and tethered PEQ/LBU2.

Gold-coatedSi wafers (Fig 12a) exhibitedonly slightbacteria adhesion (0.4 £
0.3 cells/mm). Wafersmodified with PEGCOOH (Fig 12b) also had minimabacterial
deposition (0.2 + 0.1edls/mn?®), consistent with a nefouling surface® Wafers
modfied with CysWLBU2 (Fig. 5¢) recruited 1.3 + 0.03 cells/ ninBome surface
induced lysismay besuggested by the presence of smaller particles at theNIyBU2
surface$! When WLBU?2 is directly immobilized on the surface, it has decreased
mobility and the surfacbacteria interaction is primarily electrostatic attraction to the

positively charged WLBU=2lecorated surfacé



29

In contrast, the PEQVLBUZ2 modified surfaces (Fig.2d) encouraged substéaadt
bacterial adhesion (3.7 £ 1.6 cells/@pandappear to favocell aggregation. The
enhanced cell capture on PBRILBU2 wafers may beueto improved molecular
mobility and solvent accessibilitf the tethered peptigf® *tallowing it toadopt the
r e q u rhelieaticonfbrmation and penetrateeper intdhe bacterial cell membrarie
8 The mechanisrof cell aggregation is not clear, but may be related to the aggregation

of endotoxinvesicleswhich is observed in the presence of WLBU2

Fig. 12 Representative electron micrograph$oéeruginosaPAl4cellscaptured on (a)
Au-coated Si wafers modified with (b) PEOCOOH, (c) immobilized CysNLBU2, and
(d) PEGtethered WLBU2.

Capture of bacteria on WLBU=2nodified agarose

Whole bacterial cells1 bufferwere passed through columns packeith agarose
beads that were modified with WLBU2 or PBRILBU2, and the effluents plated on LB
agar(Supplemental Figre).%! Glycine was used to quench the pendant NHS groups and
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present the same negatiwelyarged terminalarboxylic acid (COGO-) group as on the
PEO and WLBU2 surfaces

Exposureof 8x1¢ CFU/mLE. colito the glycinemodified control resulted in
colonies too numerous to couNTC). When the experiment was repeated with
reduced initial cell count (1500 CHL) dilutedeffluent thecontrol plates had 32 + 5
(CFU, asmean #std eror; n = 9). After accounting for the 10x dilution, this represents a
loss ofapproximately half of theellsfrom the originalsuspension We attribute thiso
non-specific capture of cells itheinterstitial voids in the porous agarose packing

ForimmobilizedWLBU2, therecovered coloniedecreasetb 25.6 + 7.6CFU (n
= 6, higher cell initial concentratignand 7 + 2 CFUYn = 9; afteraccounting for thd.:10
dilution factop. In contrastafter exposure of the 8xX4CFU/mL cell suspension the
PEOWLBUZ2 column only 5.3 £ 1.5CFU (n = 6) wererecoveredWhen the experiment
was repeated using a 1500 CFU/mL suspensimiepfoniesaroseat all

Theseresultsare also consistent withosereported byGonzale&', who
demonstrated five-log differencebetweenglycinemodifiedand WLBU2modified
agarose, and achievedmplete sterilization of a 1.3 suspensionf P. aeruginosaon
WLBU2-modified agarosel'hese 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 elpgi@ars to enhands
antimicrobial or pathogehinding activityin our experimentsand resulted in near
complete elimination of viable bacteria in the RBQBU2 column.
Quartz crystal microbalance with dissipation (QGM)

QCM-D data was analyzed using the Sauerbrey model, which assumes a rigid,
thin film overlayer 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 adsoriJéd layer

pm = cBPb (1.1)
n

H e r enjs thepchange itotal mass, C is a constant that is determined by the
properties of the quartz crystgff is the change in resonant frequency, and n is the

harmonic overtone. All QCMD data were analyzed at the 7th overtone, whrcvides
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good sensitivitgo mass changesdlow mechanical nois®’ Noise in the QCM traces
was reduced by plotting the -HKdmple moving average qf vs. time.

Olisonet al.havedescribed the difficujt of using the Sauerbrey model to
interpret datdrom bacterial adhesion studi®s’ The Sauerbregnodel is not particularly
effective for analyzing adsorption of whole bacterial cells, because bacteria do amt act
rigid, uniform, thin films on a surface. This is due to a number of factors, including the
mechanicakffect of surface appendages (finde and pili), shear stress and
deformation effects on cells, and the large size (~1 um) of bacteria?®iellsontrast,
many studies have shown that endotoxin adsorption is easily measured witD(did
can be meaningfully analyzed using the Sauerbrey n1dd&lAs the dysregulated
immune response in sepsis is primarily attributed to circulating endotoxins, not intact
bacterialcells? binding of endotoxin at the surface is most relevant to sepsis treatment.

Figure 13compares the endotoxin binding at sueacoated with surface
immobilized CysWLBU2 with PEOtethered WLBU2. While the Cy&/LBU2 surface
(gray curve) rapidly accumulates substantial amounts (~370 ng/cm?) of endotoxin, the
captured LPS is completely removed by simply rinsing with PBS. This stsyipat the
capture is dominated by weak and rspecific 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 m&$is the
surface charges, and enables the facile elati@mndotoxin from the surface.

In contrast, WLBU2 tethered on PEO (black curve) binds a greater awfount
endotoxin, at leasi20 ng/cm? without reaching a plateau. The surface retains ~250
ng/cm? edotoxn afte thorough rinsingTethering of WLBU2 on pendant PEO
apparentlyenhances its ability to interact with and btheé endotoxin from solution. This
suggests that tethered WLBU2 will be more effective than sumfacebilized WLBU?2

for capturingcirculating endotoxin.
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Fig. 13 Adsorption and elution d?. aeruginosandotoxin (LPS) from buffer at Cys
WLBU2 and PEGWLBU2-modified QCM sensors.

Comparison of tethered PMB and WLBU2

The rates and extents of endotoxin capture by-R#i@red WLBUZnd
polymyxin B, the peptide used in current hemoperfusion devieessalsocompared
(Fig. 14). The nearly instantaneous binding of LPS to the Rivtilified brush(dotted

curve)is again consistent with simple electrostatic attraction of charged spethes

brushliquid interface® Once the interface is saturated, no further interactions occur. In

contrast, PEQVLBU2 exhibitsslowerkinetics(black curve)possiblyconsistent with a

multi-step peptide insertion proceds?*While PEOPMB may be moreffectivethan
PEOWLBU2Z at binding endotoxin, WLBU?2 offeithe substantiabenefitof specificity

for endotoxinvesicles andbacterial cell membrang® 44 45 58
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Fig. 14: Adsorption and elution d®. aeruginosandotoxin (LPS) from buffer at PEO
PMB and PEGNLBU2-modified QCM sensors.

SUMMARY AND CONCLUSIONS

We have demonstrated theatdotoxin binding byWLBU2 is comparable tohe
stateof-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 thécgotd
interface. WLBU2Z2 is known to be less cytotoxic and induces less host cell damage than
PMB. Taken together, these results suggest thattefE@red WLBU2 could be an
effective adsorbent for the capture of bacterialscatid endotoxirgs atreatment of
bacterial sepsigzuture experiments will explore the interaction$&Otethered
WLBU2 with other proteinsto determine ithetypically nonfouling and protein
repellent aspect of PEO brustie&*1%%js retained alongith the bacterisspecific

interactionsof WLBU2.44 45 48Qverall, he synergy ofhese effects is expected to enable
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high endotoxin capturey tethered WLBU2while minimizing thehost cell activation
and blood damagabserved witlthe PMB-basedsurfaces.
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INTRODUCTION

Protein adsorption and unfolding on a surface initiates blood cell interaction with
the surface material and creates hemocompatibility complicatibherefore, studying
surface interactions with @ena 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 repulsioma low frictional force$ 3. Polyethylene oxide block polymers,
called Poloxamers are comprised of polypropylene oxide (PPO) and two terminal
hydrophilic polyethylene oxide (PEO) segméfitsSThese compounds are highly effective
against proteins and plasma in the bfoéd

The PPO center of the compounds-ssi$emble 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
interactionof the PPO compounds to interact with hydrophobic surfadgéswever, this
polymer is subject to competiBwdesorption from plasma proteins in the presence of
blood. Therefore, Sigand glass surfaces are treated with vinyl coated silanes such as
trichlorovi nyl -irmdiatedto ferm covaeht 8gnds detweken dhe surface
and polymer through freadical reactioh *°. This is done from the energy of the
incident radiation that can be ¢aped 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 formovalent bonds.

However, silane coating is toxic and expensive method that cannotlesldpp
commonly used polymeric materials in biomedi¢tn®olybutadiene (PBD) block
polymers overcome this issue by moving the activating virgdigs from the surface to
the pol ymer backb o n erradidtiatt, anticarrlimk the polymecta | s
the unmodified surface.

Our laboratory has previously studied the protein repellant nature ofHBED
PEO triblocks®. However, these compounds are not commercially available and require
additional synthesis before usage. Therefore, we have modified three different chain
length commercially available PEPBD diblock compoundfor protein adsorption to

upon



43

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 lendtiFurthermore, the differences in the ordeorder
transition between polymer diblocks and triblocks due to the difference in entropy
between the molecules may affect the hemocompétibii the compounds on the
surfacé®.

This paper presents preliminary results of three different length and ratio PBD
PEO copolymers to understand the graftingsity 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 applicatissuch as creation of bioselecthfe'’and
Atom-transfer radicapolymerization(ATRP) PBD diblock based surfaédsr
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 frdolymer Source (Quebec, Canada). Diblock
P5843A had a PBD to PEO (BD to EO) ratio of 1.8bB®431B had a BD to EO ratio of
3b8.3, and P18734B with an BD to EO ratio of 3.8 Bl@ronic F127, Fibrinogen, FITC
Fibrinogen, and trichlorooctadecyl silanel@} 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 reagehigher 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 (DCMpigma Aldrich). The samples were then rinsed with
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ultrapure water, dried in vacuum oven at 110 °C for 10 minutes, and cleaned with

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

in 1% octadecyltrichlorosilane solution anhydrous chloroform for 30 minutes for

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

baked at 110°C for 10 minutes. After this, the hydrophobic chip (C18) were obtained. The
hydrophobic chips were thenincubatesh 0. 1 % p ol y meirradiateditout i ons, t
0.3Mrad for covalent PBD polymer binding to the surface. The samples were then rinsed

with ultrapure water and blown dry with nitrogen.

PEO PPO

Adsorb and p-irradiate
z %(;;mmobllze diblocks
/§¢ Adsorb and y-irradiate %@i@%@

to immobilize diblocks

TCVS coated Surfaces C18 surface

Figurel9: PBD-PEO surface immobilizatioscheme 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 (-@prabegsBudygtSensoBmanid,e and T A
Bulgaria) was used to acquire multiple Ixth phase and amplitude images at randomly

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

lines. Representative height and phase images werditened 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.



45

Platelet Adhesion test

Platelet rich plasma @P) 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 and6 glutaraldehyde in 0.1M sodium cacodyt&t&he fixed

samples were incubated at 4°C 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 wigiold. 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 fibrirogen test

C18 coated 1um Sigparticles were immersed in a 1% polyadtosphate 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. Qfatesl
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 abvith triplicate wells (total 9 saples). The

particles were dissolved into 2mL of 1M NaOH and heated in a water bath at 90°C 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 anrtticrospheres.

Protein adsorption measured by QCMD

The diblock polymer adsorption was measured usinglafnel quartz crystal
microbalance with dissipation monitoring (QGM Q-Sense E4, Biolin Scientific,
Paramus, NJ). The cleaned hydrophobic Gi8ed Si@ QCMD sensors were injected
with a solution of 1% polymer in HPLC water at 100uL/min, followed by fibrinogen
protein (Lmg/ml) solution in water at 100uL/min. Before usage, the fibrinogen protein
was mixed using a rotisserie at 37°C for 4 hourd,fdtered using a 20um 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 tisingf' overtone. Mass adsorption
were calculated using Sauerbray anafjsReplicated samples were within 5%

similarity, representative samples are presented.

RESULTS AND DISCUSSION

Surface Characterization

500 nm

P18174

Figure 20 AFM topology (A) and phase images (B) of Si&dated wafers of
different polymers on the hydrophobic C18 surface, 500nm scale at 512 line resolution.



