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1: Research Motivation

There are currently300 antimicrobial peptide@MPSs) isolated from multi and
single cellular species that are active against battéuiagr, cancer celf§ and viruse’s
The original purpose oBolating antimicrobial peptidefsom specimensvas to replace
the aging supplyof antibiotics that have been plagudry bacterial resistanée
Antibiotics work best againstctivelyreproducingplanktonic bacteris'’. DNA and cell
wall formation will be disrupted by antibioticand thereforeenablingt he bodyds
immune sygm to overcome an infection. In the past few decaseentists have
learned of growing bacgrial resistance to once easitgatable diseases such as
tuberculosis, meningitisand gonorrhed™. Now it is common for a firstine
prescription antibiotic to be ineffective, requiring more poweafutiibiotic prescriptions
and at times leaving doctors without an effective treatniént.

Beginni ng ,raseaichhbegarli®ehéd st o bett er under st e
role in the immune system of multicellular organié&- From the cecropia moth in
198%2 and later pig intestifé scientistsisolated what becamknown as cecropin
peptides, whiclarecationic and alpha helical in structtté> AMPsare typically chains
of 19-82 amino acidsand were subsequently discovered in single cellular organjsms
such as bacteriand multicellular organism%

AMPs have maintained effectiveness over millions of years of evolution against
bacteria, viruses, and fungi, which makes thattnactive asantibiotics' *°. General
commercialization is years or decades away, but nisin, for example, is a peptide that was

approved in 1988 for use as a food preservatfon Some characteristics that hamper



product development of AMPs athat they can lead tdhemolytic activity®®, and data
suggests that they are most effective against insurgent miontieesa variety of AMPs
are preseft=:.

While research is ongoing with respect to antibiotic substitutions, we have
recognized a differentpotential for AMPs; developnent of a novel biosensor
Biosensorsfor the most pdr use antibodies or nucleic acid detectors that bind to specific
locations on the host c&i1% Although still under development, nucleic acid detectors
lack batchto-batch consistency and are extremely expensive to imptemeur
approachdiffersin that we aremployingAMPs, specifically cecropin P1, as the cellular
marker.

The need for reliable biosensors has been illustrated by the nunkescherichia
coli outbreaks associated with meats and fresh prodicesoli O157:H7, identified as
the culprit in the 1982 outbreak of dysentery in the United Sfatéhas been associated
with recent food recalls such as the fall 2006 recall of spifiaaid numerous other
ground beef recalls inhe United States such as a 1997 recall of beef patties from
Coloradd®, 2000 outbreak dE. coli O157:H7 in Minnesotd, and continug to be found
in ground beef sampl&s*! 42

The effectiveness of AMPsas been well documentedgainst pathogens
however, relatively little is undei®bd regarding their underlying mechaniswisaction
against bacteria Although creating an AMP biosensor to detéctoli 0157:H7 would
be a breakthrough, wseekto take astep further and discover how AMPs interact with
bacterial lipopolysaccharidgsPS) that have been well characterized in terms of core

polysaccharidgroups and €antigen structure



By immobilizing cecropin P1 CPJ) to silicon nitrideand gold CPZLcys), we
measured the binding forces between bacteria and peptides, and explored important
bacterial featuresuch as LPS composition and lengtht influence binding affinity with
CP1 The structure of the LPS is comprised of 3 sections: lipid A, corgpgend O
antigen. We are mostly interested in the initial binding between AMP and LPS since our
goal is to develop a novel biosensor that can detect pathogenic bacteria wibimitsset
exposure. Considering the short exposure petiedAMP would ofy be exposed to the
O-antigenand outer core groupsvhich are repeating sugar chains that are essential for
bacterial pathogenicity and adhesion to substrates. Although geared for use as a novel
biosensor, results of thisusty an also be applied to éhusingAMPs for replacingor
enhancing the activity adintibiotics. Our work suggests th&P1 may not beserotype
specifc, but targets the @ntigen before interfering with phospholipid groups of the
bacterial membrane Cther factors that assist in ghagenicity such as LPS lengtimay

also be important for consideration©@P1potency



2. Literature Review

2.1: The Biofilm

Bacteria maybe found in two separate forms; planktonic (i.e. free in suspension),
and as part of biofilm. In nature, 99.9% of bacteria are found within bidfiln&iofilms
are commonly thought of &d i mensi onal matrices consisting
with the remainder being the céfis The slime is most important for the survival of the
bacteria, and in certain cases, toxic for the host. The slime acts as a shield against
antibiotics, environmental stresses, and ilyodlefenses, making it the pristine
environment for bacteria to thrite

The 0sl i mebd S di fferent for each type
negatively charged and neutral polysaccharide gfuphe polysaccharides give the
0slimed its sticky <char aacétndeachsothér.clsdwdllihgat at t &
charges are important for ion exchange between cells in the biofilm. This is important for
trapping and distributing food, such as iron, within the biofitmtisat the cells do not
starve. In some environments, such as waitdistribution systems, cells have
demonstrated an amazing ability to survive given a limited nutrient environment of only
trace amounts of iron and other organic compotinds

Two main molecular groups, polymeric carbohydrates and polymeric proteins,
have been shown to promote bacterial retention to substrates. In the c&se of
epidermidis,two prominent polysaccharides have been identified including capsular
polysaccharide (PSA) and polysaccharide intercellular adhesion*tPI&he accessory

gene regulatoragr) system influences both biofilm dispersal and attachment of cells to



surfaces, but does not regulate PIA expred&ioStudies have shown that disrupting the
agr locus ofS. epidermidigesults insuperioradhesion to lystyrene, increased biofilm
formation, and ineeased expression of the AtIE gene that enhances attachment to abiotic
surface®’.

Once attachment occurs, phenotypic changes alter protein expression within the
cell in a matter of seconds; thus initiating the biofini”. The proteins irreveibly
anchor the bacteria to the surface. Within 12 minutes, cells begin accunguoedteins
and polysaccharide slimat further bond the cells to the substrate and to other cells
within the matriX>. The biofilm grows in an upwards motion as daughter cells are
created through further division.

Eventually, t he biof i |beforenshgar sgassesvinthes hi g h
bloodstream break off sections of the biofiffm It is also suspected that eadicell
signaling may provoke this detachment in oraekeep cells at the bottom of the biofilm
from starving. Alginate lyase is one such component that has been shown to cause early
detachment of bacteria from a bioffiln Other factorsncluding pH, rate of oxygen
uptake, electron tresport, and heat productiomay also be useful for signalinip

bacteria that a biofilm is overly matdiPe
2.2. LPS and Serotpying E. coli

2.2.1 Importance dE. coliLipopolysaccharide

RecentE. coli outbreaks in spinach and meat products have demonstrated the
continuing threats posed by pathogegiccol®® ***? However E. coliare ubiquitous in
nature and mosE. coli are harmless and are necessary for human dig&sti&h coli

harbor in the gut tract ancbnsune nutrientssupplied during the digestive process.



coli O157:H7 differ from mostE. coli by causing severe diarrhea and dysentery in
humans. Farm and wild animals are believed to be the sources of Enasili O157:H7
outbreaks. For instancehen fesh produce is contaminated wih coli O157:H7, the
bacteriacan usually be traced from fecal matter of nearby aniffats Cows test
postive for E. coliO157:H7 the most among farm animal$ut sheep, poultry, and pork
can also be carriers & coliO157:H7®.

Testing for pathogenik. coliincludes serotyping of the-@ntigen, which folE.
coli 0157 and 013 usual indicates severe symptoms of dysentery for the infééfed
O-antigen is an important indicator for determining if an isolaEedcoli strain is
pathogenic, however, the role that theafitigen has for initiating infection remains
unclear. For instance,E. coli O157 is synonymous with widespread foodbourne
outbreak®®® and uopathogenicE. colitend to be of the serotpyes 04, 06, 014, 022,
075, and 08%. However, there are no universal relationships between serotype and
pathogenidy.

LPS is comprised of the lipid A that extends from the bacterial membrane,
folowed by a conserved inner and outer core, and a repeatagti§en chaifr®’
(Figure 2.1) The lipid A is a known toxin to epithelial céfls®® Through a 3leoxyd-
mannaooctulsonic Acid (kdo) bod, the ipid attaches to the sugar groupkthe core
polysaccharidebut there is a lack of understanding regarding howipi binds to the
bacterial membrad® Saturated fats comprise nearly all kipid A, along with
phospholipids that give the bacteria a negative charg@he fatty acids GOH and
C14OH have leen reported as being the most toxic componenigithA®® ®°  Antibiotic

treatments again&. coliO157:H7 can hasten bloody diarrhea by disrupting bacteria



A } O-antigen repeating chain
n
Core polysaccharide
} Lipid A
B

Figure 2.1 Schematic of the bacterial LPS fér colistrains. A. The bacterial membrane

is attached to Lipid A, followed by the inner core, and outer core. Rough bacteria will
have no Gantigen. Semiough bacteria have an-&htigen, but it is not a repeating unit.
Smooth bacteria, which comprise the awvieelming majority of bacteria, have a
repeating @antigen. B. Shematic of thK12 core group. Neutrally charged and
comprised of sugars, the-&ahtigen may attach to the core group for smooth and-semi

rough strains.
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membranes and releasing deadlyele\oflipid A into the body" "® Antibiotic regimens
that targetlipid A synthesis, followed with common treatments such as penicillin, have
be show to bemoreeffective’®,

The O-antigen of>180E. coli strains have been well characteriZed O-antigen
is used for serotpying. coliand is important for adhesion to host cellheD-antigen is
a polysaccharide with repeating units of 1 to 20® Rough bacteria are common
laboratory straingacking the Gantigen. Semrough bacteria are less commonly found,
having one unit of the @ntigen, and smooth bacteria are the most commonly found,
which express repeating -@ntigen unit§. The LPS core and -@ntigen are key
components that mediate bacterialdang with substrates and enalaggregabn with
other cell$’. The Qantigen assistE. coli binding through hydrogen bindifiyand can
selfaggregee®” & While the Gantigen is known to be important f& coli pathology,
the evolutionary advantages of the numeroten@gens remains unclear.

Analysis of bacterial €ngtien is used for serotyping different bacterial strains.
For exampleE. colispedes have >180 designatedadtigens, from O1A to 0178 The
LPS core and €ntigen are key components that mediate bacterial binding with
substrates and enable aggregation with other “ellBeyond lipid A, the LPS is
comprised of sugar molecules that, through bgen bonding, firmly bind the bacteria to
substrateS' ®?and can selaggregat¥ &

For E. coli, there are five outer core groups knownkd®, R1, R2, R2, and R4.
Figure 21 A illustrates the differing sections of the LPS, while Figurk BR.shows the
sugars of th&12 core. These sugahainsare constrained to the outer potion of the core

LPS am connect to the @ntigen, although the exact point where this connection occurs



is not understood for all strain§® ®° Bacteria lacking the @ntigen are nopathogens
and cannot survive outside a laboratory selfingshich raises the question concerning
the role the @antigen plays in bacterial virulence. Considering the sources of toxicity
and negative charge amoBgcolistrains are deriveflom the lipid A, it islikely that the
O-antigen is used for initial adhesionhost cells and substrafés
2.2.2Expression of Shighke Toxins

PathogenicE. coli exert toxins identified as shigike toxins, which have been
linked to symptoms of dysentéfy®*®®. Cattle are resistant to shiga toxins, possibly due
to lack of binding spots on enterocytes and blood vééseRabbits are 1,0000,000
more susceptible to shiga toxins than species such as cattle, rats, and guffie® pigs
Also, intimins on the bacterial membrane have been identified in enteropathBgenlc
(EPEC) andenterotoxigenicE. coli (EHEC) and these proteins may also be toxic for
human&*®*,
True shiga toxins areedived from the bacteriurBhigella dysenteriaand are

very similar to toxins produced by. colf*®°

. Testing for shiga toxins ia common
method foridentifying pathogenic bacteria. Shitike toxins are produced through the
stxgenepathway” %2°*, whereas the gereaeis essential for ttaching the bacterium to
the gut tract®’. The stx andeaegenes are present in most pathogéhicoli and are
usually expressed bE. coli of select serotypes such as O¥57 Ore of the most
commonly employed methods for identifying a bacterium is by characterizing -the O
antigen. Serotpying identifieB. coli in terms of the @antigen, flagella antigen, and

capsular antigén. Bacterial lipopolysaccharide (LPS) is one of the most important

components that determine bacterial pathology. For instaBcegcoli O157 is



synonymous with widespread foodbourne outbr&&Rsind wopathogeniE. colitend to
be of the serotpyes 04, 06, 014, 022, 075, and083
Stx| was first identified by Konowalch&t al. in 1978 and is estimated to have
a molecular weight of 70,080 Subunits oStx| and a related toxiStxIl (VT1-A, VT2-
A, and 5 subsequent B polypeptides) have revealed some of the mechanisms for
pathology. For instance, rabbits were discovered to be amongst the most vulnerable
species testx| & I, whereas monkeys, hamsters, mice, rats, and guinea pigsSyd0,
700, 5,000, and 10,000 times more resistant to the toxics &ffétsResearchers have
therefore focused efforts on why rabbit cells are especially susceptibi® aod how
guinea pig cells resist the toxic effects.
Rabbit cells, being among the m@ensitive to shiga toxins, have been subjected
to nurerous studies with the goal of determindpether toxins disrupt host cellular
functions or promote adhesion for the invadifigcoli. Robinsoret al found that ark.
coli O157:H7stx1/stx2+ strainhad marked improvement to binding to rabbit cells over
the isogenidE. coliO157:H7stxkHstxll- (TUV86-2). WhenstxIl was inoculated onto the
host cell prior to treatment with TUV8B, comparable adhesion was obset%edThese
results compare well with prior studiesstx, and may provide a target for treatiggcoli
infections®,
2.23E. coliDiseases
EachE. coli O157:H7 isolate can produce different toxins or none at &dr
instance when testing folE. coli O157:H7, it is common to include amalysis of the

toxins that the isolate produc¢&s*® In addition to serotyping in terms of O, K, and H,

E. coli can be classifiedbn basis of symptoms that they cause.etddting E. coli



producing shiga toxins is a superior method determining the threat posdd/ an
isolated strain$®. The classes oE. coli pathogens includengéeropathogenic. coli
(EPEC), aterotoxigenic E. coli (ETEC), eteroinvasive E. coli (EIEC),
enterohaemorrhag E. coli (EHEC), enteroaggregativeE. coli (EAEC), dffusely
adherentE. coli (DAEC), and wopathogeniE. coli (UPEC)%%. Table 2.1 listsome of
theE. colistrains that lead to these infections.

EPEC E. coli were first described as potentially virulent in 1945 by Dr. Bray
when an E. coli outbreak of among children under 5 who had symptoms of watery
diarrhea, vomiting, and losgrade fever. Since the time of this outbreak, improved food
safety protocols and sanitation have made similar outbreaks significantly less common
among deeloped countries, however, outbreaks remain common armndadpitants of
poorer natior$>%",

ETEC Symptoms of ETEC are normally mild and brief when compared to most
other E. coli infections. Infection usually occurs through contaminated water, but can
spread through contaminated fresh produce.
di ar rrceethedocat population in a less developed nation may be immune from the
bacteria causing dised&®

EIEC. More severe than EPEC and ETEC, EIEC often leads to dysentery, or
watery diarrhea EIEC during diagnosis is often mistaken w&higellaspp and often
occurs in random outbreaks. Bacillary dysentery can occur if EIEC ottamncert
with a Shigellaspp infection, which is described as a combination of mucus and blood in

the stool®.



EHEC Is the most severE. coli infection that readily renders the elderly and
neonates with kidney failure, dysentery, and can lead to death within days or weeks of
infection. EHEC is associated with eitlsxl, stxIl, or a combination of toxins. Through
the eaegene, bactém mitigate adhesion to the colon and small intestine where internal
lesions develop. Unfortunately, antibiotics have been found to worsen symptoms by
summarily releasing potently toxic levels stk Treatments against EHEC are thereby
limited to hydraing the patient until the bacteria are purged from the body. EHEC have
caused large outbreaks in both industrialized nations, such as the United States, and
poorer nations where bacteria associated with ETEC commonly occur. All EHEC
bacteria are pathogenio humans regardless of repeated infectfon

EAEC A significant emerging disease in pediatric medicine, bacteria involved in
EAEC are persistent pathogens, which often infect children <5 years of age. EAEC do
not secrete enterotoxins, but instead adhere to-MEells® *°°  Although not
associated with dysentery, mucosal damage does occur and symptoms can last for weeks
at atime.

DAEC Diffusively attached bacteria to animal cells occur through surface pili,
but little is known about which serotypes cause DAHGtients with DAEC often have
symptoms of watery diarrhea btio not have bloody diarrhé®’. Similar to most other
E. coli,children <5 years of age are most susceptible to infections with DAEC.

UPEC. The most commok. coli infection occurs in the urinary tract, which is
called a urinary tract infection (UTI). Type type P andother pili significantly aid in
the adhesion dE. colito urcepithelial cell§®. UPEC are readily treatable with antibiotics

and the disase israrely fatal unless bacterema develof&evere infection can lead to



kidney failure and disease is commonly associated among neonates, the elderly, and

women.

Table 2.1E. coli Pathotypes Associatedwith Verified O-antigensto4. 111

Pathotype| EPEC ETEC EIEC EHEC EAEC DAEC UPEC
O-antigen | O18ac, 06, 08, 028ac, 04, 05, 03, 07, 08, 04, 06,
020, 025, 011, 015, 029, 016, 026, 015, 044, 017, 014,
026, 044, 020, 025, Ol112ac, 046, 048, O77, 086, 026, 022,
055, 086, 027, 078, 0124, 055, 091, 0111, 055, 075,
091, 0128, 01%, 098, 0126, 086, 083
0111, 0148, 0143, Oll1lab, 0127 095,
0114, 0149, 0144, 0113, 0119,
0119, 01590173 0152, 0117, 0128
0125ac, 0159, 0118,
0126, 0164, 0119,
0127, 0167 0125,
0128, 0126,
0142 0128,
0158 0145,
0157,

0172




2.3 Antimicrobial Peptides

The concept of using AMPs for medicinal purposes3§ years old, and has
caused significant excitement as over 900 isolates have been idént#ietimicrobial
peptides are found in every investigated sirggéular organism, to more complex
species including plants and anintdds Numerous pdjile isolates are commonly
derived from multicellular species such as toads, moths, pigs, andindgery species
offers unique peptides, which is an indication that the discovered AMPs represent less
than 1% of the total in nature.

AMPs generally have a catiic charge ranginfrom +2 to +9, anchargeis an
underlying mechanism that enables binding with baéfefig 1****. The bacterial LPS
structure contains anionic phospholipids that have made bacteria evolutionarily
vulnerableto AMPs™* 21 Hence, atibacterial peptides are positively charged viétv
exceptions** 2

Eukaryotic cells have membranes comprised of zwitterionic and neutral lipids.
Phosphatidylglycerol is the main component for such #&llsvhile prokaryotes have
acidic phospholipids that includephosphatidylglycerol, Phosphatidylserineand
cardiolipin®*. Surface charges ofikaryotes are generally lower than those of bacteria,
which assists AMP# targeting pathogens.

AMPs come in various shapes but mostly fall into one of two structural categories
(Figure 22)

a. Uhelical/linear

b. b-sheet/disulfide stabilized

Section 2 Investigating Pathogenl€. coliwith Antimicrobial Peptides



Rarer structures include extended helices and cyclized loops. Whether the AMP is of
these two forms does not appeto determine the mechanism of celluktiont®,
although continuing research may eventually prove otherwise.addition, charge,
hydrophobicity, and length were nonfactors for AMP activity agathsieruginosaand
Escherichia cofi**. Indeed, studies hereto forth have failed to identify ligesmeptors

between AMPs and bactelia

255 %% Y

Figure22A.-h®l i cal /|l inear BbsheBtysteine stabili ze
(Adapted fromYount, et al?)
A study conducted by Matsuzadd al. measured zeta potential changes that occur
when the cationic AMP TachyplesimtetamidomethydndL-Uphosphatidylglycerodre
present on membrards For every 20 mV decrease in the zeta potential of the
membranes, the AMP was 200 times etavorable to attaéh'*> Considering the near

neutral charge of mammalian cells and zeta potentials of bacter&0 ahV, there is
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strong data eluding the preferential binding of AMPs to bacteria versus host mammalian
cels.

One of the most traditional methods for discovering antimicrobial agents is to use
zones of inhibitionon agar plates For example, Cheat al. inoculated Brucella broth
plates with the AMP odorranaidP to test againsH. pylori, S. aureuskE. coli, B.
dysenteriag and C. albican$®®. Minimal inhibitory concentrations were determined
against each strain, which were 20, 5, 30, 30da 25 e€g/ mL for the
bacteria, respectivelf.

2.3.1 Bacterial Resistance to AMPs

While rare, lacterial resistance t&dMPs has been discovered in both Gram
positive and Grammegative strains. Studies have demonstrated that alterations in charge
of the lipid A region of the LPS have significant effect of whether the AMP Kkills the
bacteria. Peschelt al. has found thaexpression of the mprF gene $n aureusandE.
coli led to the positively charged-lysine to be suppresseih the lipid A regiont®.
Bacteria expressing this gene were more susceptible to AMPs than those without the
gené?’. The PagP gene that causes acylation oflisid A was found to have a
significant affect for AMP permeability ihegionella pneumophitd®. The degradation,
efflux, and external trapping are some other proposed mechanisms that may assist
bacteria to rsistAMPs'?’.

Among S. aureusstrains, an exoprotein called staphlyokinase is expressed and
released; activating host plasminod&n In additbn to this process, Jit al. found that
staphl yoki nas e-ddidsissproduced loy snammaliart ckils Whén the

dit andmprFgenes, which ar e r es p-definsinshbwee ndtor

af «

gen.



expressed, the csllbecame susceptiblEnterococcus faecaliand P. aeruginosatrap
and degade AMPs by forcibly releasing dermatan sulfate from epithelial'€ellsBy
exploiting deocorin and other protoeoplycans from the surfaces of hosdegtigatan is
released, which binds to many AMBsdrendes AMPs inactive?’.

A prominent method by which cells have developedstasce to antibiotic
treatments is by effectively pumping out the toxic compounds. Using an ATP driven
pump, toxic compounds are released from the hosttelAn example of this system is
the mexCD-oprd pump that is expressed fh aeruginosa®. Although known to work
against antibiotics, it may also be used against host defingis

Finally, bacterial resistance may be mitigated by suppressing pathways by which
AMPs are expressed altogether. For example, cathelicidin is found in high
concentrations in both mice and humans when infiltrated @itup A Streptococcus?.
b-definsin is another mechanism produced by cells to fight off infection that is induced
by contact witHipteichoic acid, which is derived from the cell wail ***

In order to stay healthy, the host needs cells that can freely express these
components, however, in the case of cystic fibrddigeruginosa n h i ddefirisia and
cathelicidin. Using a matriassisted laser desorption ionization tofeflight
specto met er , i t wa s-defeasins1 dand 3twaré brakan doavn by bysteine
proteases cathepsins B, L, and°SThe results of Taggest al. suggest. aeruginosa
manages to persist in the luriggexpressing the inhibitor cathepsin
2.3.2 AMPs Mode of Action against Bacteria

Certain AMPs, such as LL37, maot actively seek and destroy infectious agents,

but rather act as an alarm when the epidermis is punctured. LL37 expression by



epithelial cells causes plasmacytoid dendritic cells to accumulate in a location of
injury™®®. LL37 is only found in areas of injury, but accumulations of LL37 are also
linked to causing skin lesions and rheumatoid arthtitisPaulseret al. acknowledges

that LL37 works synonymously with plasmacytoid dendritic cells, but no evidence exists
that LL37 lyses the cefl¥".

Even though peptides are naturally produced with seemingly endless numbers yet
to bediscovered, a significant step towards wide scale commercialization is to increase
potency and ensure that they will not interfere with mammalian cells. efel have
taken the approach of synthesizing polymeric phenylene ethynylene that mimics many of
the features found in AMPs including being cationic and amphipffilie CellTiter 96
well plate measured the reduction tdtrazolium dyedo formazan by dehydrogenase
enzymes found in metabcdlly active cells and was read at 48® in a microplate
reader. o was found that evel®. aureuswas resistant to ciprofloxacin, but was
susceptible to norloxaciff. These results are veeycouraging, but Tewt al.also went
further by testing for cytotoxicity against mammalian 3T3 and HepG2 cells. The
researchers were able to conclude that there was a significantly greater amount of
prokaryotic cells killed compared to mammalian cetibjch is important if the goal is to
use these chemicals as a replacement for antibiotics.

Scientists have been unable to determine the exact mechanism that AMPs use to
kill bacteria, and are debating whether each peptide uses a different mech&iiee.
there is evidence that bacteria interact with peptides very differently, it is plausible to

consider multiple models that can explain how bacteria are killed by host peptides.



Regardless of the proposed model, the peptide must find a bindingosie t
bacterium. This can be accomplished by peptides in monomer or peflymeeither
attaching to the polysaccharide cordipid A. Once a certain concentration threshold is
reached, the peptide is then able to penetrate the cell merfiirane

Two models have been proposed that explain how AMPs Kill bacteria. One is
called the barrestave model and the other is called the carpet rffodBbth models are
yet to be verified since the mechanisms leading to cellular deathybate beunraveled
(Figures 23 and 2.4.

Peptides will operate differently depending if the bacterium is Grasitive or
Gramnegativé*®>. Grampositive bacteria have a thicker peptidoglycan layer than do
Gramnegative bactéa. However, Grarmegativebacteriagpossessn inner cytoplasmic
membrane Therefore, in order to disrupt the bacterial membrane of a -Gegative
bacterium the peptide requires the specifictdisgeting barrel stave approach by the
AMP, while the Gran-positive bacterium can be compromised by a -specific
approach employed by the carpet mbffet*:

While the literature has focused largely on how AMPs lyse bacteria, ongoing
research has demonstrated tiR1 can be used to replace antibodies in biosensors
against pathogeniE. coli. For exampleCP1 binds 10fold better toE. coli O157:H7
relative to a Cy5 labeled afffi. coli 0157:H7 antibod} Gregory and Mello suggested
that the Gantigen or the flagella antigen may be targets for AMPs since HB101 does not
bind as well toCP1when compared to 0157:f7 CP1is an excellent candidate for
biosensor material, and performs better than other available AMPs such as pleurocidin,

cecropin A, and cera totoxin'A.
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Figure 2.3Barrel Stave modelA. Peptides approach the cell surface in the alhiaal
formation. B. Peptide monomers undergo reorientation as the cellular phospholipids of
Lipid A face the peptide hydrophobic groups. C. The bacterial membrane is then
ruptured and the pore simeay increase depending on the quantity of AMPs. The AMPs
will specifically disrupt inner cellular functions that will lead to cell death.
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Figure 2.4 Carpet Model A. Peptides covalently attach to phospholipid groups onto the
cell surface. B. Peptides reorientate so that the hydrophilic groups face the Lipid A
region. C. Hydrophobic domains of the peptide then face the lipid, causing membrane
distributions oncea certain peptide threshold is reached. D. The peptides carve out
sections of the bacterial membrane, which leads to cytoplasmic leakage and death.
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2.4. The Atomic Force Microscope

2.41 Principles of AFM
The 1986 Nobel Prize in Physiess awardedo three scientistfr. Gerd Binnig
and Dr. Heinrich Rohrer. Binnig and Rohrer were awarded the prize for their work on

the scanning tunneling microscog&TM)***,

The STMrelies on a very sharp,
conductive tipthat scansalong a sample that,idikewise highly conductive. The
Scanning Electron Microscop€SEM), which depends on the same principle of
conductivity coats a sample with gold naparticles to make it conductive and the
current is interpreted into topographical datstead of scarnng a sample like a record
player#® 146

The STM belongs to a class of microscope knownthes ScanningProbe
Microscope(SPM). The STM differs from Scanning &lefield Optical Mcroscopes
( SNOMs) by 6éfeelingdéd instead of 0seeingbo.
selective regarding the samples that were
needed to be resistant to alterations that could occur during aaschthat limited the
SPMsd6 wuses to metallic surfaces. Further
extremely limted without innovation. i 1986 Binnig and Rohrer reported tlmvention
of the atomic force microscop® which would prove far more versatile than prior
SPMs.

The AFM operates by scanning a sharp probe that is typically less than 50

nanometers in diaeter over a surface to obtairdEnensional dataThe probe is capable

of moving nanometers by adjusting the voltage through a piézlaser reflectff the



AFM probe and hitphotodiode wherevoltage is converted to cantilever deflection and
converted to forcd’. Achangeinalasérs defl ection due to alter:
surface enablehr e i g ht data to be recorded.hy By sh
nanometer s-xal amgst wet 6y a s e nnsoftheilinegrofigs ezo, a
yields 3dimensional data.The AFM tip is at least100 times smaller than a bacterium,

making it possible to obtaindetailed information ofmicrobial surfaces and their
biomolecules In imaging,the AFM is capable of capturing magnifications between 100
100,000,000 timeé&®. Same ultra-sharp probesre even capable of imaging BR**°%,

The 6 w r@nge by which the AFM can scan is typically 100 micrometers to 0.3Tima.

versatility of the AFM providesuperioroptions for scanning that appeal to researchers

in numerouglisciplines.

For decades microbiolodyas been completely reliant upon tools such as electron
microscopy, contact anglesgpifluorescent microscopyand Xray photoelectron
spectroscopy”. These methods grer the most partdestructive to bacteriand cannot
be used on living cellsin addition,many of these methods loak cells in a maoscopic
fashion, often blendindhundreds or Housnds without garnering data of individual
cellular variations The eleaton microscope is capable of viewing individual cells
following gold sputtering of the sample, which kills the €&lI*** The AFM offers a
unique perspective at the miesoale by focusing in on single cells as part of a study.

The AFM has two primary functions that include image mode and force mode.

Image modean operat@ia a tapping modeyhich oscillatesa probe on top of a surface
or in contact mode that bends the probe as it is dragged along a $trfateTapping

mode works by the AFMO6s pi ezsoabttheeresbnancec mot or



frequency of the tip to induce maximum oscillation. Tapping mode is the most popular
amory biological researchers since it deforrsample the least®. The imaging of a
sample can be accomplished under liquid or air depending on the sample.

Force mode operates lflyctuatingthe AFM probe in the Z direction. The AFM
measures force betweéme probe and sample in a foreersusdistance plot to generate

force curve¥’. Figure 25is a representation of a typical force curve.
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Figure 2.5Representation & Force Curve WhilerBbing Bacterial LPS

The force cyclas composed afwo curves; one being the approach curve in,ldAne the
retraction curve depicted in red=or much of the approach curve, the forces acting on the
probe arenegligible which iscalled thezero interaction regionfollowed by the probe
encounteringrepulsive forces. These repulsive forces are a combinationvah der

Waals electrstatic forces, solvation, hydration, and steric/bridging fdrées When

Section 2 Investigating Pathogenl€. coliwith Antimicrobial Peptides



retracting from touching an object, therads to be an adhesive pulif force required to
break the linkage between two objects. Tdesnonstrateshe bindng strength between
tip-sample since we can measure the poif force.

The correlation of force data sholde conducted under aqueoconditions due
to inherent capillary forces. In air, a layer of water will cover both the sample and the
probe, which forms a meniscus causing an attractive force-20@N>2 This makes
operathg under water much more common for microbiologists and is required for
meaningful force curvé¥’

In force mode, when the cantilever contacts the sample of interest, the cantilever
compressesand elongates when being held to the surface during retrdétiofhe
motion of the cantilever is comparable to the motion of a spring, which makes force
measurements significantly more precise. The spring congtat a measurement of
theforce required to deflect the cantilever a given distafice

ke =1 (1)
Here Nis force in Newtonsmis distance in meters, akgdis the spring constant.
Usi ng Ho,&quatiors? the mras encountered during the force cycin

be determineavith!>®

F__y (2)

z

While manufacturers often provide an estimate of the cantilever spring constants,
multiple researchers have noted that the spring constants of their cantilevers do not fall
within the manuf &t Henceeachiresseasheesbodétérmirethe o n s

spring constantsing one of the available theds Advantages of using the thermal



method are ease of use, independence of material, and geometry comprising the
cantilever.
2.4.2 AFMMethod for Studying Bacterial Interactions

The AFM is an innovative tool compared to existing microscopy metimottet
samples require minimal preparation and high resolution images can be achieved with
little sample deformation. Force mode is a tool unique to the AFM and enables
measurement of molecufanolecular interactions between the AFM probe and LPS.
AFM force profiles have been used extensively in numerous microbiological studies such
as analyzing effects of cranberries Bn coli pili and PseudomonageruginosaLPS
binding to silicon.

Liu et al used both approach and retraction data to analyze cranberry effects on
pathogenicE. coliandE. coli HB101 that would not be considered capable of causing
urinary tract infection§®. Using steric modeling software, pili lengths were found to
decrease significantly underanberry treatment from 150 nm to 50 nm. Additionally,
pull-off forces definitively showed that for the pDC1 strain, 80% of the attractive forces
were >0.5 nN, whereas higher concentrates of cranberry juice resulted in only 40% of the
retraction forcedeing >0.5 ni¢°.

The AFM is capable of interacting with structures nanometers in length, which
makes it ideal for studying bacterialdtigens. Mechanically probing the @tigens
elucidates unique properties that would otherwise for unnoticed with other microscopy or
chemical analyses. Atabei al also carried out novel research primarily with the AFM
by comparingP. aeruginoséPAO1, which expresses thelfand and Boand Qantigen,

with AK1401 that expresses only theband antigelt®. By analyzing the retraction



forces and pulbff distances, PAO1 was found to have leng@-antigens and was the

only strain to have attractive forces of >1.2'#iN

2.5. Quartz Crystal Microbalance with Dissipation
Monitoring

The QCM wasan innovative tool that measursmall deposits of mass onto a
quartz crystal. The QCM is sensitive enough to measure*'1@-cm? which is
significantly more sensitivethan conventional scales. The QCM takes advantage of
minute changes in resonant frequency due to adsorbed mass. Other advantages of the
QCM are realtime monitoring of adsorption and custom coatings of quartz crystals.
Although the QCM wagapable of tasks unique to this instrument, the limitation of the
6mi ssing mass effecto6 due to viscoefastic
The Sauerbrey equation, which was the primary method for data evaluation, correlated
frequency changes to changes in mass. Consequently by neglaestinglastic effects
that dampen quartz crystal oscillations, the Sauerbrey equation would underestimate
adsorbed mass. Quartz crystal usage was therefore limited to systems with rigid deposits
until dissipative effects could be accounted for.
2.5.1Principles of QCMD

In the past decade the quartz crystal microbalance has evoitlethes addition
of dissipatioamonitoring which has made this techniquaore useful inlife sciences
research. Similar to how the AFM made it possible for SPMs to stumggisal
samplesthe QCMD has made it possible for highly viscous samples such as whole cells,
viruses, peptides, etc. to be studied. Being a recent innovatisearchers are still

developing modeling components to calculatthickness, skar stress, ral viscosity.

O



Neverthelessthe QCMD is significantly more powerful than its predecessbe QCM
because it accounts for dissipative affects that make thickness and adsorbed mass
calculations significantly more accurate

In 1959 Sauerbrey derived an equation relating the frequency skitbf an AT-
cut oscillating piezoelectric crystal induced by addedsmasow known as the Sauerbrey

equation, QCMmakes use 0f

& 26m

AfN - N AJpquq (3)

whereA is the quartz crystal active arem, is the shear modulus for an ALt quartz

93 ), &mis the
cm

crystal (2.947x10" crgzs)’ 14 is the quartz crystal density2.648
change in mass per unit area, &ads the fundamental regant frequency of the crystal
at N overtone The crystal will resonate when the quartz thickness @gld integers of

half wavelength®f the induced wavé¥. Hence, the user will operate the crystal at the

1%, 39 5" etc. overtone numbgrwhich affects th resonant frequency as
f =n—"=nf, (4)

wheren is the overtone numbeg, is the velocity of found through the quartndt, is
the thickness of the quartz.

In order to validate the results of the Sauerl@gyation, theareal massnust be
assumed to be evenly distributed throughout the crygiquation5 canthenbe used to

express either a thickness or density on the crystal

SomenlZP-(8).

m m




where M is the added massnd A is the active area. In additit@ being evenly
dispersed, the added mass must also be small retativee crystal and be rigid gbat
there is no deformation induced by the oscillations.

Traditional QCM is onlyvalid in gaseous conditions. This was the casel
1995when aninnovation accounted for dissipation effé€isgiving rise to the QCMD.
Rigid deposits will resonate thi the crystal and the energy lost per oscillation will be
significantly less than if the deposit is highly viscoelastic. Viscoelastic fifiors
example will absorb more energy per oscillatiofhis loss of energy is natccounted for

in the Sauerbreydtatiort®® 1% ¢ Briefly, dissipationD) is defined as

D-“m (6)
72' .

stored
where Ejost IS the energy lost per oscillation aritloreq IS the energy that remains
following an oscillation.

Life science research is often conducted in a liquid environment to retain cells in
their natural state and conserve viability. Cellular adhesion to quartz crystals can be

monitored, along with viscoelastic properties with a dissipative factor that accounts for

liquid environments

_ 5 /8° BpAn o5
Ady = 2700 (7)

Hereeae Jis the density change of the bulk liquid agedjs the viscosity change of the bulk
liquid. Equation8 corrects for bulk liquid viscosity and density changes that are also

monitored with crystal frequency chan{fgs'®®

_ _IN® BpAnigs
Afy = =7, (npoﬂo) _ (8)



Indeed, incorporating dissipative effes i s | mport ant f orthatcorrect i
acoustic sensors encounter under-iEalistic condition®? The Sauerbrey relation
clearly is an over simplification, which can be used qu&tion8 for calculating a mass,

but sgnificantly deviates frm thetrue mas¥?

My=m (112220 ) (9)

p1 G2+G™
HereMs is the Sauerbrey magd is the true massdl refers to the thin soft overlayer, 2
refers to the liquid bulk phasg,is the densityd is the shear viscosity coefficier Gs
the storage modulus, alois the loss modulus.
Undergoing further simplification, Equati@may be reducetb'®?

Ms=M (1-0) (10)

where U is a modification neglected by t he
properties of the overlayer material and aqueous solutfois the true mass, ands is
the Sauerbrey mas®8y making dissipation monitoring pokt, QCM-D becomes much
more useful to life science research
Voigt Viscoelastic modeling includes terms such as bulk liquid viscosity and

density that allows for precise film thickness and areal mass calculatioos QCMD

raw data, the depositethyer thickness can be calculated using Voigt viscoelastic

modeling for a film in liquid®® *"
— M(a)
Af = 2mdgpq (]_1)
AD = — Re@ 12
mnfodqPq
o= (2nnfoné,—iugé,)(1—-Bexp (2§,d)) 3

2mnfo(1+P exp(2§,1d))



(27mfon$1—iuq$1 +27tnf0n1$2)
= 14
ﬁ (27Tnf077$1—i#qf1—27mfo771$2) ( )

_ ’_ (27Tnf0)2pq
51 - uq+i27tnf0n (15)

g = 2mnfopy (16)
R

Hered, is the quartz thickness; is bulk liquid densityd; is bulk liquid viscosity,d is
shear viscosity of adsorbed layeris shear modulus, arais film thickness.
2.5.2Applications of QCIVD

The realm of research involving quartz crystal technology has expanded to
development okelfassembled monolayerSAMs), deposition and orientation of cells
and proteins, and polymer construction. While useful for fundamental research, the
QCM-D is alsobeing used as a novel biosensor for detection of biological agents such as
bacteria, fungi, and viruses.
2.5.2.1QCM-D andPolymerDevelopment

A novel use forthe QCMD i s to create O&édsmartodo surf ac
dramatic changes that alter thewettability'’* or respond to temperature, light, and

&% 13 sych desire for new material has led several groups to study thin films

pressur
on gold surfaces. Using the QGM in association with Xay photoelectron
spectroscopy and contact angles, Patk al. demonstrated the thermoresponsive
properties of polymers in temperature ranges from 25°C to '60°@y monitoing
dissipation at the seventh harmonic, the polymer absorbed 3 times of the arhount
energy per oscillation per@ increase.

Dissipative effects of adsorbed samples are amplified by venhterined the

swelling effect’**””. Swelling of a sample occurs in a liquid environment where



polymers accumulate water. Such effects can be monitored with dissipation monitoring.
A study following up on swelling effects explored this phenomena by comparing the
adsorption of ethyl(hydroxyethyl) cellulose(EHEC) and a modified EHEC on
hydrophobic gold domain§. Surprisingly, the hydrophically modified EHEC retained
significantly more water, as was determined through the dissipation monitoring. The
viscoelastic modeling indicated a thickness of 2.6 nm an@ @ for the hydrophilic
and hydrophobic adsorbents, respectively, indicating the hydrophilic polymers were
densely paked. A large degree of contact between polymers on the hydrophilic surface
likely did not favor the trapping of water, while the hydrophobic EHEC was more
distributed and entrapped water molectifes
2.5.2.2QCM-D andProteinDevelopment

The QCMD can be vital for understandingrotein behavior, such as for
preventing bacterial aggregation orproteincoated implanted catheters.  Bovine
submaxillary glad mucin (BSM) and bovine serum albumin (BSA) are model proteins
commonly used to mimiin vivo conditiond’® The QCMD used to showthat BSA
adsorbs in a rigithyer and can prevent the adsorption of B&M

Protein swelling leads to conformational changes that expose different functional
groups for ceflcell interactions. Mbrinogen was found to absorb more water when
adhered to titanium oxide when compared to gold and tantalum substratas.
conclusion was reached by monitoring the dissipation of fibrinogen films adsorbed to
metallic substratesThe aubhors were unable to explain the mechanisms for differences
in protein uptake of watebut the study demonstraltthat different surface materials can

lead to significant changes in protein orientatioming adsortion'’,



2.5.2.3DNA Biosensor Development

One of the newest proposegplicationsof the QCMD is to use the device as a
biosensor.Biosensors can use any siagr combination of methods that include optics,
microbalances, electrochemistry, and temperdtureFor instance, th® CM-D realtime
monitor assembly of DNA®. In a recent study, two 4&ase DNA monomers consisting
of two 20base sequences, which were separated bybas® DNA sequencevere
reintroduced to the quartz crystal in 10 successive ‘StepBetween steps, HEPES was
used to remove nespecifically adhered DNA monomers. Lazeergeal. demonstrated
that with each successive step, the frequency change mordkeceshsed r o p¥-166f
Hzt o 10=®R Hz This pattern can be attributed to steric hamre between DNA
strands ando increased thickness of the DNA layer that induced energy Joskesh is
due to increasing viscostfy.

The DNA biosensors took advantage ofdlfide bonding to construct repeating
polymer chains. Carmoet al.used the same principle to immobilize estrogen onto-gold
quartz crystals and test for the adherence of xenoestr8Yefihie Gterminal hormone
binding domain was considered the control, which has demonstrated a strong affinity to
estrogel”. The studydemonstratd that testosterone and progesterone had no binding
ability to estrogenbut estroil binds well to estrogen. Therefocbemicals such as estriol
areimportant for treating atrophic vaginits.
2.5.2.4Mammalian CellStudies

QCM-D has been used to help design substrates that cedigtar adhesion.
Applications for such a biosensor vary from preventing catheter related bloodstream

infections to improving wound healingAnderssonet al proposed using a supported



phospholipid bilayer (SB) with QCM-D and fluorescentnicroscopy techniques and
found a nearlytotal reduction of rat pancreatoma oér adhesioli®. The observed
reduction was attributed to phosphorylcholine groups that hesrefound to also reduce

8189 and plateleadsorption™to polymers and metals.

protei
In one study, epithelial cells were grown on quantgstals and monitored by
measuring frequencyHg) and resistanceg()*°>. Once an established extedlular matrix
was constructed, as was verified using fluorescence light microscopy, cells were treated
with nocodazole Nocodazole a microtubule binding drug, is important for
understanding signaling pathways for cancerouis'@&"®* Marx et al. monitored the
deposition of mcodazoleonto theepithelial cells and found frequency signaling drops of
360Hzand a small increase in resistance ofi1%". They associated the changes to both
nocodazoleadhesion to the cells, as well as cellular rounding and spreading on the
surface that was induced by thecodazole
Marx et al. further studied epithelial cell responses éthylene glycol bis(2
aminoethyl etheeN,N -tetraacetic acidEGTA)'®®. After 2 hours of exposure on the
guartz crystal, fluoresce ence microscopy confirmed thagpiteelial ®lls were entirely
removed. A surprising findingvas that the resistance after shifting to 0 (indicating no
cells were present), rose by §0before subsequent EDTA treatments. This is indicative
of the remaining cells becoming more rigiddaattempting to further anchor to the
substrat&”.
2.5.2.5Bacterial Biosensor

The QCMD has been well documented for its potential as a biosensor, but

recently the intention of using it for detecting pathogenic bacteria ¢&rs $uggestéd



The piezoelectric biosensor has been commonly proposed to operate by depositing an
underlying layer of antibodies that would selectively bind to pathogenic rizatte™.
Other methods that used antibodies first masked the gold layer with SAMs that
immobilize E. coli O157:H7 with hydrazide linkers. Once the bacteria were firmly
attached to the SAMSs, antibodies were introduced to specifically tdgetoli
0O157:H7and a change in mass resulting from antibody adhesion to bacteria yielded that
the antibodies targetd#l coli0157:H7%.
2.5.2.6Preventig Bacterial Adhesion

The QCMD has alsobeen used to monitor the effectiveness of materials and
conditions that can prevent bacterial adhesion. For example, greagth and
hydrophobicity were fountb effect adhesion of the fimbriated (MS7fimt®) god quartz
crystal whereas theonfimbriated (MS7fim) E. coli was not impacted”. Otto et al.
found both sets of bacteria preferentially adhere to the hydrophobic substrate (methyl
terminated gold) compared to the hydrophilic gold. In addition, the nonfimbriated strain
adhered bettelin every ionic strength solution and surface conditiorAlthough
unexpected, the authoattributed these results to shielding effects of the cellular surface
charges and dipole interactions at higher ionic strengfiise fimbriae mayalso be
affected due to the presence of ionic groups leading to additional surfacetharge
2.5.2.7Disrupting Biofilms

For applications with medical devicgwgevention of bacterial adhesion is widely
deemed as the most bia option fo combating bacterial infectioiReipaet al. used the
QCM-D in order to monitobiofilm disruptiorf’2. Pseudomonas aeruginosaregrown

on a gold quartz crystal aradbleach solutiomvas applied. Te depletion of the biofilm



was monitored in real timeBleach isa popularsterilizing agentput is not safe fom
vivo. The search for chemical agents that specifically targetrh®fs ongoing, and it is
important to have a basis for understanding how potent chemicals such as bleach disrupt
the biofilm.
2.5.3Effects of Acoustic Waves on Biological Samples

The QCMhas also been used extensively to study cellular adhesion and growth
on quartz crystals; however, the calculated changes in mass are controversial due to the
viscoelastic nature of cells. Only in the past decade have researchers begun to explore
whole cel binding with acoustic wave sensors. Several groups have raised doubts
whether the oscillating crystal can break +specific bonds, receptdigand bonds, and
covalent bond$* ?*% In these studies, virus removal was detected as the drivetaaiepli
increased from the nominal value of 1 V to 10 V. However, Evardssahdiscovered
contradicting results when attempting to remoidPalmitoyl2-oleoytsnglycero3-
phosphocholineand 1,2-dipalmitoytsnglycero3-phosphoethanol amirld from the
quatz crystaf’>. Regardless of the voltage used, mass was not removed from the
substrate. Frequency and dissipation results were identical for when experiments were
repeatedat drive amplitudes of 0 (50 mV), 5, and 10 V, meaning biological samples
remain unperturbed by the QGDBF®. Descrepancies between the studies were
attributed to the use gflanoconvex crystals that increase the maximum oscillation
amplitude, irregular shape of the viruses that increase torque, and asdittaghn bonds

were weaker for the case of viral adhe&an



2.5.4AFM/QCMD Studies

To date many studies have combined QCM techniques with fluorescence
microscopy and SPR for studying cellular adhesion, but few have incorporated AFM
imaging and none have compared binding forces wie AFM to QCMD. Another
significant area of study is monitoring adsorptiof selfassembled monolayetbat
have also demonstrated an ability to significantly alter surface charactesistibsas
wettability and surface free enerdy 2° %°7 Briand et al. immobilized thiolate SAMs
onto gold substrates and explored the binding of rabbit immunoglobulin G #fgG)
AFM tapping modeE was wused for topographica
AFM was employed in partto validate QCMD for the system of interest since a
homogenous substrate is necessary for viscaelagideling. Since the AFM is unable
to analyze beyond the topography, the rigidity of the immunoglobulin on the SAMs was
also investigated. In another AFRICM study, the deposition of platinum on gold
electrodes was monitored in real time with the Q@Mile roughness was observed with
the AFM®.

While rare, a few studies have made effadsombire the techniques of AFM
and QCM for studying wHe cells. Using a polyurethaiw®ated quartz crystadttached
S. bayanud.. oenusand E. colifollowing S. cerevisiaégmprinting (residues of yeast left
behind following rinsing)were imagett® #* Tapping mode AFM was capable of
capturing images o08. cerevisiaemprinting to verify residuals remained. The dual
AFM/QCM technique was capable of determining the adhesion strengths of yeast cells

and proved the combination could be used as an effective biosensor.



In a study by de Kerchove and Elimelech, adsorbtion of algit@silica quartz
crystals were monitored with the QCDM and further analyzed under AFM force
modé'®  P. aeruginosaproduces alginatem the extracellular polymeric substances
(EPS)to form biofilm matrice$® ?**  Alginates are produced by the mucoid stiin
aeruginosaSG81, which concentrates calcium ions in the bidfifim The goal ofde
Kerchove and Elimelectvas to evaluatever a range of ionic strengthlston (0O- 300
mM) how dissolved calciunalters the alginate layerUsing the QCMD, areal mass,
thicknessand viscoelastic properties of the adsorbed alginate were determined from real
time adsorption data, while the AFM was useful for determining adhesion forces and
pull-off distance of the adsorbed alginatelhe pultoff distance increased as ionic
strengh of the alginate layer also increased frosi0D mM, whileF.q, decreased over
the same range of ionic strength. The QONesults demonstrate the adsorbed alginates
form more rigid layers as the dissipation decreased with correlation to increased ionic
strength. Decreases in adsorbed water in alginates has been found to be due to reduction
of hydrogen bond$®. The larger distances obtained with AFM at higher ionic streingth
the presence of calcium suggest that the presence of higher concentrations of monovalent
ions induces the alginate complexes to be less efficiently bound together.study
demonstrated electrostatic interactions resulting from ionic strength solthiemges

impact the alginate layer and may lead to treatments adriastruginosanfection.
2.6 Interfacial Free Energy
Thermodynamics may be employed to understand the microscopic forces that

promote bacterialattachmentto substrates. To understanbde thermodynamics of

bacterial adhesigreome assumptions need to be made. Bacterial adhesionsidered



favorable if thechange is negative upon creation of the bactariface interface®.
Likewise, adhesionis not considered favorable if surface free energgreases
Neglecting electric and biochemical interactions, the change in surface free energy for a
givenbacteriummay be expressed?$

AF* Mt = ypo — Vow — Vsw (17)
where F*¥" is the free energy of adhesiomsis the bacteriursubstratum interfacial
tensian, yw is the bacteriuntiquid interfacial tension, angsy is the substraturiquid
interfacial t quatonexpands onYhe abavg fiee enkrgy balance and can
be used to obtain data on interfacial tensions of solid surfaces with the félation

Ysp = Vsw = Ywgpcos (6) (18)

where ys is the interfacial tension betgn a solid substratum and bacteriumw
between the solid substratum and liquigg between the liquid and bacteriviend & is
the contact angle of the liquid resting on the solid. Sjgagés a function of bth ysgand
“ve, using experimentally derived contact angle data and surface free ertaggnd
combi ni ng wdquatbn, thearalatiogship yielS

(0.015ysp—2.00)"/¥sB-YwB+YWB 19
ywv+(0.015,/ysgywp—1) : (19)

cos(9) =

The purposeof thermodynamicstudies is to determine how bacterial adhesion varies
when different types of substrates are each considesgdrelates to the tension dffie
liquid medium §4) in three ways™®

Yws < Vas ’ (20)

Yws > VBs (21)



Yws =VBs . (22)

In the case of Equatio?0, AF?"

decreases, and we would expect an increase in
the number of bacteria adhering to a substrateEquation 2] the opposite would be
true. This scenario would represent a decrease in the number of adhering bactesa.
case oEquation22, bacterialadhesion is independent of surface terf3fon

One methodfoc al cul at i ng a subsistomeasutesontaa r f ac e
angleswith water, watem-propanol mixtures, or-bromonaphthalene, which vary in
terms of polarity. A more common set of liquids that can be used to measure contact
angles to calculate the surface free energy includes water, formamide, and
diiodomethane Surface free energyaa be calculated with the followifg

cos(0) = —1+2- (s -vi)** vt + 2 (05 - vw)** v — e v (23)
whered is the dispersion componem,i s t he p ol asirs the sungeeofree nt , 2
energy of the solidpw i s t he sur face freeecrepresentgthe of t he
spreading pressureEquation23 generates a least squares regression analysis useful for
multiple measured angles to obtain the surface free efiérgy

Surface tensions can balculated via the YourBupré Ejuatiort’® #2°

yw(cos(B) + 1) =2V Vg + 2vs vl + 2V wh . (24)
wherey andy” are the electron donor and electron acceptor peteas)B is bacteriumL
is liquid and
v +Ywvw Vi (25)
is the surface tension of the prahehe liquid?°.
To calculate the total interaction energy between the bacterium and substrata in

water AG3Y), the forces between dipetipole, dipoleinduced dipole, andnduced



dipole LW long-range interactions are expressed in a single, tenchthe acicbase short

range force characteristiase presenteds a separate term yieldfig

AGI = AGLY +AGED | (26)
where
BGaan = (Y5 =15 ) = Wys" =y )? = (v —vw')? | (27)
and

8GEE = 20ra Wrs +4rs + R+ r G+ + k) s —rre) . (28)
Another method for determininfAGl5>') can be to measure the free energy
between bacteria [1], substratum [2], ahe mediumin with which the substratum is
immersed in[3], andys which is the surface tension of the watkat is expressed as
AGi 23 The sum of the interaction$3s
AG,,;=AG,-AG;-AG,; -2y, ' (29)
To calculate the free energy between bacterium, substratum, and immersiorA@yid,

wherei andj represent [1], [2], or [3}the following equation can be u$éd

AGy =y — 7= 7 =27 < W+ lyi x vi AV x7) (30)

In a study comparing 5 strains of bactesaahermodynamic mod@redicted the
attachmentof bacteria to substrates including sulfonated polystyrene, acetal resin,
polyethylene, polystyrene, and fluorinated ethylpn@pylene copolymer during the
initial stages of eperimentatiof*®. An unexpected result occurred during the experiment
when bacteriavere retainedo the substrateslespiteAF**>0. Absolomet al. suggested

that this phenomenon may have been due to electrostatic interactionsemetine



substrate and bacteria. When the ionic strength of the liquid was very low, bacterial
adhesion was virtually neexistent due to increased electrostatic reputsfoft?

Postollec et al explored the coaggregation @treptococcus sanguiand
Actinomyces naeslundiwhich are found in the human oral cavity. By collecting
thermodynamic data on the bacteria using contact angles, they tioatnthe bacteria
have a high affinity towards each other since heat is released during binding. Hence,
bacterial coaggregation was found to be enthalpy dfften

While the thermodynamic model is preferable for some researchers of bacterial
surface retention, DLVO theory is an alternative methualgich will be developed in the

next two sections
2.7: Guoy-Chapman Model of Electrostatic Interact ions

The GouyChapman theory suggests a correlation betwleeoharge density and
electrical potential of a substrate to the concentration of ions in a surrounding $61ution
This is especially important in measuring ions in solution that may impact the viability or
adhesion of baetia. According to the NernstgHation, activity of a solution malye

measured in equilibrium partitioning between two phases (Go3iia #2°

o=, eXpCZFE, | /RT)=CI exptZFE, . /RT) (31)
wherea is the chemical activity of the o1 is the ion concentratiork is the electric
potential, /" is the activity coefficient of the iorZ is the charge on the ol is the
electrical potential difference between phafeand «, R is the gas constanil is
temperature, anfl is the Faraday constafit 2%

If the concentration of ions can be computed in phase 0, then the activity

codficient may also be determin&d



Co=(C.L, ITp)expEZFE, . /RT) (32)
where the variables correspond to phase
The GouyChapman theory was established to form a relationship between

solutions and charged surfaces and is expressed in the Grehaat@®F*°

o® = (000345 C,(exp(-Z E,/257)~1) (33)

whereo is the density of charged particl€s, is the electrical potential, ar@., is the ion
concentration at infinite distance from the substfat

The PoissoiBoltzmann Huation yields the potential, electric field, and
counterion density at any point between two substrates. PFdissorBoltzmann

Equation is expressed?$

e—xéP/ kT (34)

d*¥/dx* =—zepleg, = —(zep, I e€,)
where ¥ is the potential,p is the number density of ions of valeney k is the
Bol t zmann 6Tsis tenpperaureg istthe permittivity of free space, aralis
electronic charge.

Substituting the GrahamegBation into the FiesorBoltzmann Equation yield&’

d°E, /(dx?) = -1/(g,) Y Z,FC,, exp(-ZFE,/RT) (35)

This equation is useful for calculating the electric potential of a solution and the external
concentrations whea is a low valué®,

Stern made a modification to the GeGhapman theory by taking into account
changes inJ due to ion binding onto the substrate surface. This relationship between

surface ligand 6and an iorS & expressed in the following fofft

[QS(+Y] = KQs{Q'][S]o , (36)



whereQ 0and[QS*™] are ion concentration§ §is the ion concentration at the surface,
Kosis an association constant, andnd y are charges®.

Gouy and Chapman combined both the Poisson Equation, which describes the
attraction of counterions to a surface, and the Boltzmann relation, which describes the
repulsion of counterions in an area of high concentration. In the case witluitages
potential, #(0), the following statement can be m&de

Y(0)=ol(ggk) (37)
where g, is the dielectric constangy is the permittivity of free spacey is the surface
charge density, and is the inverse Debye lengt{{(e,kT)/(22°€c)]°°). Across a
distancey, the potential varies &8

W(X) = P(O)expErd) (38)

The surface potential#(0), is predicted by the Gouy Equation and is directly

related to the concentration of ions in solutiorand the surface charge densitypy*>
sinh[zeP(0)/2kT] = Ac/(c)”® = (8e,5,kT) *°c/(c)*® - (39)
When the potential is larger than 25 mV, Gdtiygapman theory predicts the rate at

which the potential drops increases near the substr&te as

exp[e‘P(O)]
w(x) = BKD 2kt © Ty [ aexpCax)]
exp[eLP(O)] L1 [M-aexpExx)] - (40)

By having an understandingf the mechasimsthat lead to colloidal interactions, it is

possible to predict what certain substrate modifications will have on bacterial retention.



2.8: DLVO Theory

DLVO theory, developed bperjaguin, Landau, Verwey, and Overbeptovides
a quantitative frameworko calculate molecular interaction profilesby summing
electrostatic and van der Waals interactibhsElectrostatic forces arise fronouble
layer theory. When an object is placed irdn electrolytesolution, its surface becomes
charged. If the objectfor example, contactexygen molecules on the surface, then
hydrogen atoms in the water will be attracted to the charged mofé€ulddsually a
small amount of the oxygen molecules will interact with the hydrogen molecules, leaving
a net negative charge on the substrate. The netiveegharge attracts positively
charged ions in the solution that wouldrmally have been dissociatedoublelayer
theorycan beapplied to bacterial adhesion by correlating electrostatic potential produced
by charges to the ion d&nsity in a bacteriun

London dispersion forcesindergo polarization of molecules into dipofé&
Originally, van der Waals forces were considered the only intermolecular forcekjsbut
definition neglectedspecific interactions forces, solvation forces and depletion forces.

Between two spheres, the van der Waals interaxtiay te expressed &5

A123amap (41)

v T T 6hZ (amtap)
whereh is the separation distance, evaluatedHgsthe theoretical closest distance 1.57
A, As23is the Hamaker constaraty, is the radius of the bacteria, aaglis the radius of the
tip.
The Hamaker constar, is equal to
m*q*C’ (42)



where ¢ is the number of molecules per unit volume interaction between two bodies,
C 82516, eis the energy, andis energy of interaction between two atoms with static
polarisability.
The Hamaker constant is valid for vacuum between pestidout for a liquid
medium, an effective Hamaker constant is &Sed
Az = Agp + A3z — A3 — Ay _ (43)
Taking the geometric means of each phase,
Az = (A?is - Agés)(Ag'zs - Ag'?? (44)
and for interaction of identical particles,
Az = (ATF —A39)? (45)

Figure 2.6displays the forces as a function of particle separation.

Potential
o
J
J
|
|

|
l/

Particle Separation

Figure 2.6 DLVO interactions between two sphereBhe Hue curve represents van der
Waals potential (attraction)he green curve represents electrostatic potential (repulsion),
and the red awe is the net potential. The energy barrier is when the net potential reaches
a maximum. As the distance between objects increases, DLVO potential approaches
zero. Adapted frof

A modification to the DLVO theory incorporates hydrophobic effects, also known

as acidbase interactionsr electron donor/electron acceptoKDLVO and DLVO-AB

are exactly the same since hydrophilic substrates tend to be more auwitifeydrophobic

Section 2 Investigating Pathogenl€. coliwith Antimicrobial Peptides



substrates have a tendency towards being B8sim some cases, bacterial retention to a
substrate is better modeled using the modif&l.VO theory as opposed todlDLVO
mode] but both ignore important factors such as surface roughness and nanoscale
molecular forces on the substratés

Another modification that has been made is called-sarfticle DLVO theory.
Soft particles are assumed to be polyelectrolyte brus8eparticle DLVO is pertient
to AFM probing of LPS since bacteria haseft membranes. The expression of soft

particle theory §+%3

ﬂ_i_lllmm N
E0&r K 21 e
po= """+ ry (46)
n K_+i n .

Here,¢ is electrophoretic mobilityy is permittivity of vacuumyis relative permittivity
of the mediumg is medium viscosity, and is elementary chargesy, is DebyeHueckel
parameter of the surface regignonis Donnan potential, ang is potential at boundary

between surface regions, which are expressed as,

oo =20 2 (22 41) | “n

= (@ 0) e (- (@) ) o
oy 21925

e =14 (Z0) ] (49)

wherek is the Boltzmann constant, is temperaturez is valency of bulk ions, and is
concentration of bulk ions.

Sharma and Rao found th&aenibacillus polymyxaadhesion to pyrite and
chalcopyrite minerals was better predicted with DLVO theory over the thermodynamic

method?®. Indeed, the thermodynamic method predicted no bacterial adhesion to the



minerals would occur, which was experimentally disproven. The DLVO theory accounts
for repulsve forces between bacteria aff@cculation of mineralswhich better predicted
the experimentally observations of bacterial adhesion.
While there has beermmie success in predicting bacterial adhesion using DLVO
theory?® 244 ysually bacterial adhesion is governed by forces other than those
included in the DLVO theoA}****. Treating bacteria as if they are inert particles is the
' imiting factor in this model, and in words

be bef evedo

2.9: Zeta Potential

In order to quantify electrostatic interactions for colloids, we typically measure
the zeta potential A general definition of the zeta potential is the potential at the-solid
liquid interface for any colloff®. The zeta potential measures the colloidal charge at the
point of the slipping plane. DLVO theopredictswhether a colloidal system isable
with respect tovan der Waals attractive and double layer repulsive forces. For a system
to be considered stable, the double layer repulsive forces mgetdterthan the van der
Waals attractive fored*®,

Charges are induced when colloids are immersed in aqueous solution, which
creates a double layer around each particle or surfadee targe density is namely
caused by protonation, deprotonation, and adsorptioa leds to an electric field that
attracts oppositely charged iomghile repulsing cdons. The charges are dispersed in

several distinct barriengigure 27):



Surface chrge of the colloid

Diffuse Layer

Stern layer

Negatively Charged CoIIok\‘J
Positively Charged lor \‘J

Slipping Plane

.

Electrical Double Layer

Figure 2.7 Representation of solaelayers surrounding colloid

For anE. colicolloid, since the bacterial surface charge is negatigarged oppositely

charged ions will be drawn in; hence the Stern and diffuse layers wiletygositively
charged.
Zeta potential analyzers do not directly measure the zeta potentials, but are

derived through th&moluchowskappoximatiorf*’

_2¢-z-1(kg (50)

U
E 2 ,

where Ug is the electrophoretic mobility (charge on ion/frictional coefficiehtjs the

dielectric constantz is thezeta potential (mV)f(ka)i s Henr ydés function (
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value of 1 for particle sizes disthevikcostyn and
(Pa-s).

The objective of measuring the bacterial zeta potentiab ipredict how a
bacterium, through electrostatic interactions, will behave in a particular environment and
what agents can alter the bacterigdta mtential. Atabek and Camesano used zeta
potentals to verify thatchemicals used to bind bacteria to glass did not hdverse side
effects on a Pseudomonas sttin They were able to definitely argue that fhethy3-
(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) N-hydroxysuccinimide
(NHS) treatment was not altering the bacterial LPS whempared topoly-L-lysine
(PLL).

Emerson and Camesano reported how differing ionic strength solutions altered
zeta potentials of. parapsilosisandP. aeruginos&™. In general, higher ionic strength
MES buffer resulted in the bacteria having a reduced zeta potential. Changes in zeta
potentials in lower ionic strength solut®were attributed to sefiarticle DLVO theory

being invalid under these conditigfts



3: Methods and Materials

3.1: Cell Culturing

In order to probe the role of LPS propertiesptal of 13E. coli strains were used;
3 being control strains that lacked thea@tigenwith the K12 coregroup, andthe

remaining having well defined cotgpes and @ntigengTable 3.1)

Table 3.1 StrainsUsed in Present Study
Green font denotes control straiméo(O-antigen).

Strain Source
ATCE
Natick Labs
Natick Labs
I
E. coli026:K60:H11 ccué
E. coli035:H10 (ATCC 23525) ATCC
E.coliO55:H7 ECOR
E. coli0117:K98:H4 CCUG
E. coli0113:H4 Health Canada
E. coli0113:H21 ECOR
E. coli0157:H7 (ATCC 43895) ATCC
E. coli0157:H12 Health Canada
E. coliO157:H16 Health Canada
E. coliO172:H CCUG

'American Type Culture;?US Army Natick Soldier Research, Development and
Engineering CentefCulture Collection, University of Géteborg, SwedelEscherichia
coli Reference Collection.



Cells werestored long ternin 50/50 vol% glycerevater at-80°C and short term stored
(<2 weeks) on Luria Broth Agar (LBA) (Signrradrich, USA) plates. Bacterial colonies
were streaked from individual colonies and-ptdtured in a 10 ml flask of Luria Broth
media (LB) (Amresco, USA) for ~14 hours at°87 A 0.5 mlsample of precultured
bacteria was used to inoculate 50 ml of LB media and cells wereredilat mid
exponential phase toan absorbance of 0.50, which was deired with a
spectrophotometeat 600 nm (Thermo Spectronic, USA). Cells were washed 3 thyes
centrifugation for 10 mins with sterile pH 7.4 0.01 M phosphate buffer saline + 0.138 M

NaCl + 0.0027 KCI (Sigmaldrich, USA).

3.2: Cecropin P1 (CP1) and Cecropin P1 with Cysteine
Residue at the G-terminus (CP1 -cys)

CP1( 095 % p u r-Aldrigh) wasSshagtena stored (<3 months) at 4°C as a
lyophilized powder.CPlwas reconstituted in ultrapure w:
and <10ppb total organic carbon, Millipore Mill plus, Billerica, MA, USA) that was
adjusted to pH 5.0 to protonatesidues and maximize charge. The same procedure was
used forCPZ1-cys, which was modified with a cysteine atthe @ r mi nus ( O85% pu
New England Peptides).CPlandCPXlcys® | ut i ons wer e difouted to

all experiments.

3.3: Motility Test

Testing for bacterial flagella was conducted using a motility test (Acumedia
Manufacturers, Inc., Lansing, Michigan). Briefly, 22 gramsaftility test agarwere
stirred with1 L ultra pure water and autoclaved. Media was poured into small wvidls a

set for 24 hours. Bacteria were grown to an absorbance of 0.9 on the spectrophotometer



and 2 ¢l of bacteri al solution Wresthei nject e

motility test agar beaamecloudy to the edge of the tulibe bacterigxpressedlagella.

3.4: Live/Dead Kit Technique

The viability of bacteria attached twlg, gold CP1icys, silicon nitride crystals,
andsilicon nitride CP1 were quantifiedFollowing peptideadsorption, bacterial solution
was pumped through the QGBI and crystals were rinsed with PBS until frequency and
dissipation equilibration.Quartz crystals were submerged in 4 ml PBS to avoid cellular
dehydraton.A BaclLi ght E | i ve/rdbes Baraday, CAvgsMsedtec ul ar
quantify bacterial retention and viabilign the substrate containing adsorbed peptide.
Syto 9 and propidium iodidailuted in dimethyl sulfoxide (DMSO) (Sigma, St. Louis,
MO, USA), were added to the 4 ®BS + quartz crstalto yield final concentratiosof
0.835 €M and 0. B60x dbjective egsippedewith FUITE ang Texas Red
filters were used to capture bacterial images #mel accompanying software Spot
Advanced was used to capture and merge the pict{Nésn Eclipse E400Mercury
100W lamp, Chiu, Technical Corp).Experiments were carried out in triplicate for

reproducibility.
3.5: Atomic Force Microscopy

Glass slideswvere cleanedneasuring ~1 c¢cm x 1 cnSlides wererinsed with
copious amounts of tla pure water 8 . 2 Mq ¢ mana <l@ppbstdtal orgaricy
carbon;Millipore Milli -Q plus, Billerica, MA, USA), followed by sonication for 15 mins.
Slides were immersed in 3:1 (vol/ivol) HCI / HN®olution for 30 mins, followed by
rinsing with ultrapure water. Slides were soaked in piranha solution (7:3 (vol/vol)

H,SOy/H,0, solution) for 30 mins followed by rinsing with ultra pure water. Glass slides



were then immersed in 30/7098-aminopropyltrimethoxysilarienethanol (Sigma
Aldrich) and rinsed withmethanol and ultrapure water

A 10 ml vi al of bacterial sol utethgn was c
3-(3-dimethylaminopropyl) carbodimide hydrochloride (pH 5.5, EDC, Pierce). The vial
was set on a rotator for 10 mins to equilibrate. FollovetnBC t r eat ment , 300
mM N-hydroxysulfosuccinimide (pH 7.5, SuldHS, Pierce) was combined with the
bacterial solution for another 10 mins. Bacterial solution was poured over glass slides
andagitatedat 40 rpm for 1612 hours to promote a well gad bacterial lawn.

Silicon nitride probes wereleaned by immersiom 100% ethanol for 1 hour
followed by UV treatment (365 nm) to remove orgafims. Spring constants of the
silicon nitride cantilevers were measured using a thermal calibratiomotheand were
found to be 0.0 + 0.01N/m?*®, The AFM was a Digital Instruments Dimension 3100
with a Nanoscope Il Controller (Santa Barbara, CA). Images were captured in
intermittent contact mode in PBS to mimic physiological cond#id@he scan rate wds
Hz andimageswere capturedvith 512 x 512 resolution. For each strain, 10 cells probed
and5 force profilesvere captured for each grience 50 force curves were analyzed per
condition. Each forcerofile contained 512 data péin Fagn was measired from the
retraction portionsof the force cycls. Prior to and following a force cycle on a
bacterium, force measurements were made on a clean glass slide. If a single sharp peak
was observed at ~B nm, then the probe was conselérclean and could be used for
subsequent experimentsLoading rate, which is the product of spring constant and

retraction velocit§*®, was measudkas 864 nN/s.



AFM was used for conducting force profiles between bacterial LPS and silicon
nitride probes or modified probes with cecropnBP) (O 85% purity, New
Peptides, Gardner, USA). Probes were modified by immerging silicon nitpde fti
( DNPS, Veeco | nstr ume@PURBBS solution., Adli@gion wasn 10 ¢
monitored with the QCMD under similar conditions to characterize deposition
(discussed in depth in the QCM section).

Force profiles were analyzed by exporting the ASCII fiea Matlab to make the
constant compliance region aligned with the
align with the 6X0 axis. Such <calibration
retraction curves. The forces required to overcome #tinaforces between the silicon

nitride probe and sample were recorded, as is illustrated in RBglre

2.0

1.5 +

Break-off Points

Force (nN)
o
()]

-1.0 — . . .
0 200 400 600 800

Separation (nm)
Figure 3.1Bare Tip withE. coliO157:H12



While the AFM has become the instrument of choice for studyirdepthstudies
of biological samples, external noise can be registered in both the approach and retraction
profiles. Since the noise level can valye to mechanical vibrations and other external
sources AFM force profiles were captured either before 9 am ¢era® pm. The
measured noise level was found to 850N, which meant peaks occurring at or below
that level were random events and not included in the final analysis.

Approach curves were modeled to account for steric interactioDsiring
appoach of the tip to the bacterial membrane, the AFM tip must overcome steric
hindrance due to the overlapping of electron cléidef the LPS on the bacterial
membrae. Approach curves were fit with the modelf Alexandef! andde Gennes?
as modified l Butt et alfor AFM analysig®,

In (Fio) =255 (51)
where,F is the steric forcek is the force at zero separatjdnis a fitting parameter for
representingquilibrium polymerbrushlength andii i s -sanhpke separapioffigure
3.2A & B).

Statistical software from SigmaStat (vs. 2.03) and SAS® were ol for
statistical analysis of the AFM data. One way ANOVA tests were used to compare
retraction force profiles with bare silicon nitride probe<C#®1 coated tips. In addition,
SAS software was used to conduct normality tests for the steric modeting @rasp a

better understanding of the variability of tBecoli LPS.
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Figure 3.2 Representative approach curves Er coli O157:H7. A. Representative
approachkcurveon a single bacterium. B. Steric modeling of approach cuvith slope

of fitting line equal to-2 ~ / [Zero separation and zero interaction regions of the
approach curves are not incorporated into the steric mdfeD.90 for all steric
modeling Based on equilibrium fit, LPS length49 nm
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3.6: Zeta Potentials

The zeta potential for each of the 13 strains was measured using a zeta potential
analyzer (Zetasizer Nano ZS; Malvern Instruments, Worcestershire, BKgoli were
washed 3 times iPBSto remove growth media Cells werediluted to a concentration
of 1 x 10° cells/ml and injected in a folded capillary cell (DTS1060; Malvern
Instruments). Three rounds of at least 10 measurements (100 max) were conducted to
ersure reproducibility. Between each round the solution equilibfate2 mins. Using
the Smoluchowski guatiorf*’ the electrophoretic motiles and surface potentials were
converted to Zeta potentials to better understand the extent of the negative charge of the
bacteria.

Ten ¢ MysGaRAICP1 solutions were measured in PBS. Peptide solutions
were injected into folded capillary cellscathree replicates of at least 10 measurements

were made.
3.7: Contact Angles

Bacteria were grown to the late exponential phase of 0.9 absorbance and 20 ml of
bacterial suspersn was centrifuged at 190 x g amwdsted 3 times in PBS. By the final
rinse the bacterial solution was concentrated to below 2 ml. The solution was pumped
through a 0.45 em filter ( Membrane Filters.
surface. Three filters per bacterial strain were prepared and resulting contact angles wer
averaged to conduct surface free energy calculations. Three probe liquids of varying
polarities were used includingltrapure water, diiodomethane (Alfa Aesar, MA), and
formamide (J. T. Baker, NJ) . Each dropl et

when the droplet contaad the filter paperbefore the liquid could be absorbed by the



filter paper. Contact angles were performed using a Rdant model 10000 (Ramé

Hart, NJ) and analyzed with the DROPimage software (Rdar§ NJ).
3.8: QCMD

Silicon nitride (Cr, 5 nm, Au, 100 nm, $8i;, Q-sense, Sweden) and gold (Cr, 5
nm, Au, 100 nm, €Bense, Sweden) Adut quartz crystals were used for Q&M
experiments. Silicon nitride crystals were used to simuld&#& adsorption to the AFM
probes, whilethe goldcoatedquartz crystals were used better controladsorption of
CPZXcys. CPZXcys binds at the-terminal where the cysteine residue is located. This

255and

method has been widely used to form self assembled monolayers (SAKPS)
has also been used to immobilize pepfitfes
Silicon nitride quartz cryststwere cleaned in 2% sodium dodecyl sulfate (SDS)
(SigmaAldrich) solution for 30 min, followed by copious rinsing with ultrapure water
and UV treatment (365 nm) for 30 min. Nitrogen was used to remove water droplets
Gold-coatedquartz crystals were @hned in 5:1:1 ultrapure water, hydrogen peroxide
(Alfa Aesar), and ammonia hydroxide (Sigildrich) at 73C for 30 min The gold
coatedcrystals werecleaned in the same wayThe E4 (@QSense, Sweden) was cleaned
by mounting cleaning crystals in the chambers prior to and following an experiment.
Ultrapure water was pumped through each <cha
by Hellmanex®Il (SigmaAldrich) for 20 mins at 10@ | / mi n , and ultrapure
min at 200 ¢l / mi n. -driecCfdllaving tberrinseoyedler e ni t r ogen
The chamber temperature was set téCprior to each experiment andtrapure

waterwaspumped over the experimental crystals for at leash20n at 150 €1/ mi n

monitoring began. Once frequency and dissipation monitoring initiated, a baseline with



ultrapurewater was established before switching to PBS where a new baseline would be
established. Thepump flewat e was r e d wbemaVer peptideso0 bactekid mi n
at a concentration of 1 x i@ells/mlwere introduced to the quartz crystal to promote
adhesion. Afollomup rinse at 50 €l /min removed | oo:
stabilization in terms of frequency and dissipation.

Typically, experiments were conducted by monitoring the 8", 7" and ¢'
harmonics, although the fundamental harmonic was monitored when it was necessary to
compare data wittQCM models than only operated at the fundamental harmonic
Resonances werfeund for each crystal atllaspecified harmonics. Table 3displays

typical values at the differing harmonics.

Table 3.2 Typical Dissipation Values for Operable Crystals

Harmonic In Air (D 10°) | In Liquid (D 10°)
1 10-50 200400
3 10-30 150250
5 5-20 100-200
7 0-20 100-150
9 0-20 50-150

The chamber temperature was set to6C2frior to each experiment anttrawater
pumped over the experimental crystals for
monitoring began. Once frequency atidsipation monitoring initiatech baseline with
ultrawater was established before switching to PBS or 0.01 M phosphate buffer (PB)
where a new baselineas established. The pump flerate would be reduced to 50

el / mi n vCREan bacteriawas introduced to the quartz crystal to promote



adhesion. A followup rinsewith PBSat 5 0 rembvédimosely deposited material
until stabilization in term of frequency and dissipation.

CPlwas stored in 1.5 ml CkPlagpHS$.5 inultrapdr® O
water. Prior to experiments with trifluoroethanol (TFE) or THS(2
carboxyethyl)phosphine hydrochloride (TCER)P1 would be thawed and combined
with phosphate buffeat the desired concentration (Table 3.3)The concentration of
TFE was 25% ol/vol and TCEP was dissolved into solution to yield a 50 mM solution.

Table 3.3QCMD Trials to EnhanceCPZ1cys adsorption to Gold Quartz

Crystals
Trial CP1 Concentration Buffer pH Additive
1 10 &M 0.01MPB |pH74 None
2 10 &M 0.01MPB |pH9.2 None
3 10 &M 0.01MPB |pH7.4 25% TFE
4 10 e M 0.01MPB |[pH9.2 25% TFE
5 10 e M 0.01MPB |pH7.4 50 mM TCEP
6 10 &M 0.01MPB |[pH9.2 50 mM TCEP
7 29. 1 gM 0.01MPB |pH7.4 None
8 29. 1 gM 0.01MPB |[pH9.2 None
9 29. 1 gM 0.01MPB |pH7.4 25% TFE
10 29. 1 gM 0.01MPB |pH9.2 25% TFE
11 29. 1 g M 0.01MPB |pH7.4 50 mM TCEP
12 29. 1 gM 0.01MPB |pH9.2 50 mM TCEP
13 0 &M 0.01MPB |pH7.4 25% TFE
14 0O M 0.01MPB |pH7.4 50 mM TCEP

e M

Modeling of the data was conducted using both the Sauerbrey relation and the

viscoelastic modeling software accompanying the E4 (Qsoft401 & QTools 2.1.6.134).

The Sauerbrey relation is useful for determining the areal mass (given fundamental

frequency), thickness (given density), or density (given film thickness). The simple

relaion can only take into account a single frequency harmonic in its calculation and is

valid for only rigd films. A viscoelastic Voigt Mdeling method was used to incorporate
viscoelastic properties of the film such as dissipation, as well as frequeffisy ath
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multiple harmonics to enhance modeling capability. The film thickisesslculated with
Voigt viscoelastic modelingand areal mass be calculateg multiplying by the film

density(thickness oigy) X density { effectivg)-

3.9: AFM Section Analysis vs. QCMD Voigt Viscoelastic
Modeling

Gold quartz crystals were mounted in the QOMand the frequency and
dissipation responses were monitored di5;- 25, 35, 45, and 55 Mhz, which correlate to
the 39 5" 7" 9" 11" harmonics, respectily. The temperature was held at 23°C and
l iquid flowrate was constant at 50 €Il / min.
We employed a model protein, fetal bovine serum (FBS) in 0.01 M phosphate
buffer saline (PBS), which was adsorbed to gold QOMensors (E4, ense). Gld
sensorsvere mounted in the QCd a't 23AC and liquid flowrate
was studied at concentrations of 0%, 0.1%, 1%, 10%, and 100% in PBS. FrorRDQCM
raw data, the deposited layer thickness was calculated using Voigt viscoelastic modeling
for a film in liquid*®® 1"°(See Equations 116).
Parameters for the Voigt model were set to have thesiiyc(kg/ms) between
0.01 and 100, the shear (Pa) forced between 1000 and ® antOthe film thickness (m)
forced between 1 x 18 and 1 x 1¢. The fluid density has a minor impact on the
modeling and was assumed to be 1000 Rginte PBS and water hawe appreciable
difference. Frequency and dissipativeadagre input into the Voighodel at the %, 5",
7" and 9" harmonic. Generally, weiéd to achieve Chi squared values of 5 X &fless

when fitting our data to the model.



Crystals were whdrawn from the QCMD and imagedwith AFM (Dimension
3100, Veeco Metrology) via tapping mode (TM) in PBS, at a scan rate of 1 Hz. AFM
probes were silicon nitride with spring constants of 0.06 N/m (Veeco). At least three
hei ght and ampleam)udiemagleds ewrerxe 1sOcanned per
were dried for 2 hours and rescanned using TM AFM in air. Five thickness calculations
were performed per image using the section analysis software. One Way Analysis of
Variance was used to compare Q&{Mthickness calculations with the AFM section

analysis. A statistically significant difference was defined by P<0.05.



4: Results

4.1: Using QCMD and AFM to Study Protein Adsorption

4.1.1QCM-D Calibration with Ethanol

The mixing process that occurs inside the QDMhambers was observed by

switching between water/ethanol.

The level of displacement could be calculated by

monitoring the overall frequency shift from 0% ethanol to 100%, accordify. to

Severalflow rateswere selectedwhich were measured at the fundamental fraqudor

comparisor(Figure 4.1)
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According td®’, the minimum frequency shift occurs when 40% of the mixture in the
chamber is ethanol. When the frequencyreaches a plateauhe ethanol has then
completely displaced the watefSince the tuibg leading to the 4 crystals is of different

lengths, each crystal was calibra(@@ble 4.).

Table 4.1 Calibration of Ethanol Reaching and Rate of Mixing Inside the QOM

Chambers

Flow Rate Ethanol Chamber 40% | Chamber
Reaches Ethanol Filled 100% Ethanol
Chamber Filled
Chamberl |50 €| / m|6 mins 36 secs | 7 mins 48 secs | 14 mins 32 secs
100 €1 /|2mins42secs | 3 mins 24 secs | 4 mins 18 secs
150 €1l /|1min48secs |2 mins 35 secs | 2 mins 58 secs
200 €l /|1minl1l5secs |1min33secs |2mins 36 secs
400 ¢ [/ ]|42secs 49 secs 1 min 54 secs
Chamber2 |50 €| / m|6 mins 30 secs | 8 mins 32 secs | 14 mins 18 secs
100 €1 /|4mins 10 secs |5 mins 15 secs | 6 mins 15 secs
150 €1l /|2mins0secs |2 mins 56 secs | 4 mins 55 secs
200 €| /|1min2secs 2 mins 3 secs | 3 mins 33 secs
400 €1 /]|33secs 54 secs 2 mins 4 secs
Chamber3 |50 €| / m|4mins 18 secs | 5 mins 51 secs | 9 mins 15 secs
100 €1l /|1min20secs |2 min25secs |3 min 16 secs
150 €1l /|1minl1l0secs |1min58secs |2 min42 secs
200 €| [/ ]42secs 1 min 18 secs | 2 mins 3 secs
400 ¢ /]|21secs 40 secs 1 min 6 secs
Chamber4 |50 €| / m|4mins 18 secs | 5 mins 51 secs | 9 mins 15 secs
100 €1l /|1min33secs |2 mins 33secs | 3 mins 25 secs
150 €1 /|1min6 secs 1 min 49 secs | 4 mins 8 secs
200 €| /|48secs 1 min 12 secs | 1 min 53 secs
400 €1 /]|15secs 30 secs 57 secs

The profiles fromFigure 4.1 largely agree with the experimental and theoretical
calculations df’. As ethanol bgins filling the chamber there is a steep drop in
frequency, followed by a more gradual return to the baseline until steadying out as the

ethanol concentration in the chamber approaches 18p%A).



4.1.2Adhesion of FBS to Gal€€omparing AFMSection Analysis to Voigt Viscastic Modeling

FBSwas deposited onto gold crystals at subsequently increasing concentrations to
ascertain the saturation concentration of FB&ccording toFigure 4.2, at 10% FBS
concentration a maximum layer of ~15 nm of FBS could be depositedeeal, film
thicknessncreased marginally from G4 FBS to 10.0% FBS as monitored with crystals
1 and 2. According to crystals 3 and 4, saturation was achieved when 1% FBS flowed
into the chamber.The discrepancy betwa saturation pointsnay bedue to sengvity
differentials of the mounted cryst&i5

The 100% FBS solution had noticeable viscosity effects on the frequermty
dissipation, which is observablehen the final rinse reduced the calculated film
thickness back to the level observed with 10% FBS. Besides viscosity changes, it is also
probablethat much of the accumulating FBS was loosely attached and washed off during

the rinse.

—  Crystal 1
. Crystal 2
30 Crystal 3
T Crystal 4
E 100% FBS
c 0.10% FBS 1.00% FBS 10.0% FBS x/
N
o 20 -
& i~
c 0.01% FBS ]' \
X L]
E T S '
— 10 - N N
PBS (Rinse)
\% PBS (Rinse) PBS (Rinse)
0 ;_‘A PBS (Rinse) PBS (Rinse)
Time (hrs)

Figure 4.2 Viscoelastic modeling of the FBS deposition




The literature contains numerous comparative studies with the AFMR&N-
D*#2%0. however, none haveomparedhe Voigt vizoelastic modeling results thi the
AFMOGs s ect iSmee thatwarhethads can be used under similar environments
but each haspecific advantagg it is important to ascertain how the thickness of a-well
dispersed film compares depending on th#izatd method. Knowing how the two
correlate, a user of the AFMOPHOsecerndON t ame
analysis tool advantageous.

By comparing thickness calculations with the AFM section analysis versus the
QCM-D, we found insignificant ifferences when comparing systems with similar
guantities of FBS depositigfrigure4.3). The QCMD monitoring found that regardless
of 1% FBS, 10% FBS, or 10Q%urfaces became saturated with FBS it05mins
(Figure 4.4. Although more FBS adhered in the cases of 10% and 100% FBS, the final
rinse with PBS washed off loosely boupdotein such that the final thicknesses were the

same.
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Figure 4.3 AFM in IntermittentContact Mode Iguid Compared to QCMD Voigt
Viscoelastic Mvdeling Star represents statistical difference (P<0.05).
The only circumstance when there was a discrepancy between@aM AFM was the
control case when only PBS was introduced to the system. The disaegteender the
control case is attributable to the quartz crystal not being perfectly smooth, which yielded
the height information under the AFM section analysis.

Additionally, when changing the liquid media from water to PBS, viscosity
changes causedshift in the frequency and dissipation, which the modeling registered as
film thickness. Indeed, viscosity differences between liquids is an important parameter to
consider and can have a major impact on frequency and dissipatiomppta)¢®’. The
FBS solutions will have different viscosities depending on concentration, which impacts

frequency and dissipation data. For the case when only PB8dlower the gold quartz

Section 4 Investigating Pathogenl€. coliwith Antimicrobial Peptides



crystal the calculated film thickness was neglected by subtracting the final calculated

thickness when being rinsed with PBS.
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Figure 4.4 Voigt Viscoelastic Modeling of FBS dsorption. A. 0.1 % FBS / 99.9 %
PBS, B. 1.0 % FBS / 99.0 % FBS, C. 10 % FBS / 90.0 % PBS, D. 100% FBS. Each
deposition process wdsllowed by a rinse with 100%B5 to remove loosely bound
proteins.

A final rinsing procedure of PB®& therefore necessary to battmove loosely
deposited FBSand to change the viscosity of the surrounding liquid back to that of PBS
(App B & C). The QCM-D thicknesses reported herein are the final calculated
thicknesses minus the thickness calculated when switching from water to PBS.

Although the average thicknesses between the @Cdhd AFM under similar

circumstance were the same, the level of \mliig in the AFM data is largely due to



relatively small sample data compared to the overall quartz crystal. TheQf&8ults
constitute a combination of 3 separate FBS deposition experiments and we attribute the
smaller error bars to a more systematitd reproducible method of calculating film
thickness.

We also considered the circumstance of AFM quartz crystal analysis in air versus
QCM-D results that were taken in liquidzigure4.5 compares AFM section analysis in
air versus the QCMD results while Figure 4.6 confirms the significant differences
between operating in air versus liquid by comparing AFM in liquid to e found the
topography to be significantly different, which we contribute to crystallization of the PBS
and aggregation of the qtein following drying. The crystalline features that were
pronounced on the 0% FBS crystal were not found in the cases with FBS deposition and
were clearly FBS deposits. Heneghen comparing AFM and QCID data, it is essential

to do so indenticalenvironments.
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Figure 4.5 AFM in Contact Mode Air Compared to QCB Voigt Viscoelastic
Modeling. Stars represent statistical differerfoetween AFM and QCMD analysis on
the same crystgP<0.05).
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The roughness analysissults correlated well to the respective section analysis
trend. Figure 4.7 shows that under each circumstance the RMS roughness was
significantly greater for environments in air compared to liquid. This was due to
crystallation of the PBS and FESigure4.8). Indeed, comparing Figure8 A & C, the
features are completely different. The FBS deposited more rounded deposits onto the
gold surface, while the salt created flakes on the surface, which is expected for dried salt.
In liquid, few discernhble features are present for protein deposition when compared to a

nonprotein deposition scenario (Figure 4.8 B & C).

Thickness (nm)
N w S
o o o
o o o

100 +

Figure 4.6 AFM in IntermittentContact Mode Liquid Compared to AFM Contact Mode
Air. Stars represe statistical difference between AFM and QdManalysis on the
same crystal (P<0.05).
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Figure 4.7 AFM Roughnes#\nalysesof Images Captured in Intermediate Contact Mode
Liquid and Contact Mode iA
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Figure 4.8 A. 100% FBSAFM Contact Mode in &. B. 100% FBSAFM intermittent
contact mode in liquid. % FBS AFM intermittentcontact mode in air. D0% FBS
AFM intermittentcontact mode in liquid.(Bars indicate z scale)
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As would beexpected, higher roughness readings corresponded well to greater
thicknesses as measured from the section an&fysls air, the R value between section
and roughness was 0.70, which indicates a strong linear trend (Figure 4.9). In liquid, an
outlier at 10% FBS concentration resulted in a weak linear correlation of ja6t28
(Figure 4.10). Removing the outlier of 10% FB®Ids a linear regression of£0.95.
The roughness results were not unusual for protein deposition experiments and further

confirmed nothing unusual occurred during the FBS depo$itigh®
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Figure 4.9 AFM Intermittent Contact Mode Iquid; Section Analysis Compared to
Roughness Aalysis
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Figure 4.10AFM Contact Mode Air; Section Analysis Compared to Roughnesdyais

4.2: Enhancing Adsorption of CPl-cys to Gold

The influence of pH on CRd&ys adsorption in terms of areal mass and film
thickness were investigated (Figures 4.11 and 4.12). The pH appears to have some
influenceonCPt ys adhesi on. F o rcentrated CRLgssneT6E of 10
and 29. Lcysewithout €hémical additives, there was no observed difference in
peptide adsorption. Areal adsorption was significantly higher for the remaining
experimental conditions at neutral pH.  Significant differemceseal mass calculations
were not observed for conditions with similar additives but differing peptide
concentrations. Therefore, neutralizing the cationic regions of the peptide via pH

alterations had a minor impact on whether €4 could adhere to gb
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Figure 4.11Areal Units of CP1cys Adsorption to Gold Quartz Crystals. Stars represent
statistical differences when comparing solutions of identical additive @Ritcys
concentration but differing pH (P<0.05).
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Figure 4.12 Film Thickness of AdsorbedPlcys to Gold Quartz Crystals. Stars
represent statistical differences when comparing solutions of identical additivePdand
cysconcentration but differing pH (P<0.05).
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Figures 4.8 and 4.14&ompare solutio€P1-cys concentrations while holding pH
andaddt i ve constant . I n the cases wiken no
cys solution yielded significantly more areal mass and film thickness. Similar trends
were found with the additives TCEP and TFE (Figures 4.13 & 4.14; P<0.05). For cases
of no additives, we observed approximately double @fl-cys density on the gold
guartz crystals at 29. 1 &M versus 10 & M.
differing pHs or when additives were present. The QDMnalysis showed that the
substrata wee saturated at the differing concentrations used, which is indicated via
frequency and dissipation stability following peptide passivation and a final e (

C).

CPZcys concentration was important for saturating the gold crystals. Under most
circumst an CRLsolutio?yelded greakdr peptide deposits. Only in the cases
of TFE solution at pH 9.2 did saturation not dependG#i-cys concentration. For
neutal PB without additives, the amount of adsorl@il-cys increased by 91%, while
at pH 9.2, the amount of adsorb@B1-cysincreased by 60%. However, in the case with
TCEP, adsorbed mass increased by only ~33%, but the net increase of areal mass was

>100 ry/cnf, which is greater than all other circumstances (Figure 4.13).

ad
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Figure 4.13Areal Units of CP1cys Adsorption to Gold Quartz Crystals. Stars represent
statistical differences when comparing solutions of identical additive and pH but differing
CP1-cysconcentration (P<0.05).

4 * *

Thickness (hm)

Figure 4.14 Film Thickness ofCPlcys Adsorption to Gold Quartz Crystals. Stars
represent statistical differences when comparing solutions of identical additive and pH
but differing CP1cysconcentration (P<0.05).
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The trifluorethanol runs yielded unexpected degrees of viscosity changes and
mixing inside the QCIMD chambergFigure 4.15) According to the Voigt Modeling, the
film thickness waPlcygrcaneemtrationtremant tthlee 1209 .¢eIM ¢ M.
attribute these erroneous results to difficulties operating with TFE since the viscosity
effects appear to be outside the design of the modeling software. Using more dilute

concentrations of TFE may enhance modeling for further study.

PBS TFE TFE + CPXcys TFE PBS
0 F——— 120
Frequency |
—— Dissipation 110
50 - 100
< - 90 «’.g
= 80 o
2 -100 1 70 g
GCJ - 60 %
= 50 o
q) ‘150 7 7))
= - 40 2}
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> - 30
'200 7 N 20 D
- 10
-250 + 0
0 120

Time (min)

Figure 4.15QCM-D measur ement of -CydFt&gold quartz trgstale M CP 1
From t=021 mins, PB flowed over the gold quartz crystal followed with TFE. From

t=55-78 mins, CPiys + TFE flowed over the gold quartz crystal. A rinse of TFE
followed peptide adsorption and at t=95 mins the crystal was rinsed with PB to remove
loosely deposited peptide.
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Comparisons between the effects of additives show signifinareases for when
TCEP was present (Figure 6.1and 4.1y. TCEP was found to adhere to the gold
substrates, therefore areal mass calculations of peptide adsorption accounted for the
adsorption of TCEP (Figure 4.18 4.19). In terms of the areal mass, TCEP enhanced
the adhesion o€Pl-cys regardless of pH. TCEP in concert with neutralized cationic
regions may have the desired effect of enhan@Rgcys orientationto gold but did not
significantly affectadhesion and ret&an.

Thickness calculations were more inconclusive since TFE was difficult to model
however the additive TCEP was easier to mod&hen TCEP passivated the gold quartz
crystal, we observed increas&PZlcys film thickness and more vertically oriented
peptide on the gold than without the additivEhis is due to dissipatn increasing and
frequency decreasing significantly more than compared to without additveéEP
improved binding between peptide and gadden at the higher pHvhich indicates the
lysines had a lesser role in peptide adhesidfE resulted inno increasedCP1Lcys
adsorption and dissipation results are difficult to quantify due to bulk shifts in viscosity

and density
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Figure 4.16 Areal Mass ofCP1-cys Adsorption to Gold Quartz Crystals. Stars represent
statistical differences when comparing solutions of ident&fal-cys concentration and
pH but differing additive (P<0.05).

Thickness (nm)

Figure 4.17 Film Thickness ofCPlcys Adsorption to Gold Quartz Crystals. Stars
represent statistical differences when comparing solutions of idenGédlcys
concentration and pH but differing additive (P<0.05).
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Figure 4.18 Frequency and Dissipation respse to TCEP adsorption to gold quartz
crystal in PB. From t=3 min, PB flowed over crystals. From 13 min to 70 min TCEP
solution was introducedvhich wasfollowed by rinsing with PBS.
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Figure 4.19Frequency and Dissipation re@spse to TCEP + CR&ys adsorption to gold

guartz crystal in PB. From t=03 min, TCEP solution flowed over crystals. From 13
min to 38 min TCEP + CRtys was introduced, which was followed by rinsing with
PBS. Frequency and dissipation data from Figui8 was subtracted from analysis so
that the effects of adsorbed TCEP were not included in quantifying adsorbed peptide.
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4.3: Bacterial Adhesion + Properties of LPS

4.3.1 Motility Test

The 13E. coli strains expressed flagella when the serotgpecified flagella
production Table 4.3. These results are expectadd demonstrate that the storage and
growth of theE. colihad no adverse side effects on the bacteria.

The motility test is a simple indication of whether tBe coli strains exprss
flagella. After 24 hr since inoculation, bacteria possessing flagella will be able to
colonize agar within several millimeters. There are some important parameters to
consider. The agar needs to be fresh and be solid enough to hold form, butybe easil
pierced by an inoculation loop. Additionally, temperature is important to consider or else
the bacteria may not be in condition to use the flagella. For examplesinia
enterocoliticais motile between 2@5°C but not outside this rarf§é Since the results
comply with the bacterial setypes, these results demonstrte rinsing procedure,
which includes vortexing, did not cause significant damage to the bacteria.

Table 4.2Motility Test Results for 13E. coliStrains

Strain Motility
E. coliHB101 NO
E. coliK12 NO
E. coliML35 NO
E. coli 026:K60:H11 | YES
E. coli O35H10 YES
E. coli O55:H7 YES
E. coliO113:H4 YES
E. coli0113:H21 YES
E. coliO0117:K98:H4 | YES
E. coli O157:H7 YES
E. coli O157:H12 YES
E. coliO157:H16 YES
E. coli 0172:H- NO




4.3.2 Steric Model ork. colito Determine LP3.ength

Steric repulsion was observed in all approach curvebe distance from the
bacterium to the AFM probe at which repulsive forces were encountered varied for each
strain The variationsn approach curves are reflected differencesof LPS length
(Table4.3) and distribution of these data (Tadl&). The steric model waappliedto the
approach curvefFig 3.2 A) and a R? >0.90 was achieved for all data (F&2B). Data
from the zero interaction and O seperation regions of tlpgoaph curves were not

considered for steric modeling.

Table 4.3Bacterial LPS properties

. Equilibrium Absolgte
Strain Length (nm) Core Type Adhesion
Force (nN)

_HB101 | St3. . K12 104£01
Kz 3x2 K12 . :05%02
ML3s L 3x2 . K12 107204
_O26:K60:H1L 15+5 ' R3 1 02%01
(035110 | 3914 UNA 01 1.0£05
LOSSHY L 38+10 (R3 10904
(O113H4 | 17£10 RS 10606
JO113:H21 | 37+9 DRI 1004
_OLL7K9BHA 4012 INA 1. 13306
JOISTHT | 30+13 LR3 L 0.7+0.4
OI57:H12 [ 25:9  iR2 106202
(O157HI6 | 1926 . LRz 05+02

Ol172:H 41+ 12 : R3 1.5+0.7

Core types from Amoet al*. Bold text represents controlK2 strains that do
not express the @ntigen. Force cycles with bare silicaitride probe.

The LPS lengths were the shortest for the three strains that lackedatftégen:
HB101, K12, and ML35. Average LPS lengths of control strains, which are composed of

the lipid A and core polysaccharide, waa§ nm. Averaged equilibrium polymer lengths



for control strains were statistically similar based on AMOVA test (P=0.93. By
applying steric modeling to the approach curves of theahti@en expressing strains, we
could make quantitative comparisons based on LPS characterisB&.lengths varied
from 17 to 37 nm for strains with-@ntigens (Tablet.3). E. coli with the ame QO
antigensugar composition hadignificantly different LPS lengths For example, the
lengths forO157:H7 when compared to O157:H12 and O157:MME8e significantly
different (P<0.05). The two 0113 serotypes had LPS lengthsl@df+ 10 nm (for
0O113:H4)and 37+ 9 nm (for O113:H2). This difference of 20 nm was statistically
different (P<0.05) Further, LPS lengths of the control strains were significantly shorter
compared to all éntigen expressing strains (P<0.05).

4.3.3 ShapireWilk Test for LPS.ength Distribution

Another method for exploring the differences of the bacterial LPS is by
conducting a ShapiraVilk Test for normal distribution (Table 425%%”. The test
assumes that a large sample relativeéhi® overall population has been taken and the
results serve as an indication of whether the bacterial surface is homogenous. Approach
curves corresponding to retraction force curves that were found to be outliers in terms of
retraction distance were rened (AppD).

The normality test was conducted for theB.3coli strains and is based on data
obtained for length. Nearly all bacteria were normally distributed in terms of their
polymer lengths. Even strains that possessed the highly variadfigon distribution
of the LPS length was normal. These results indicate suffificent sample size was
achieved to grasp an overall understanding of Ehecoli LPS. Only E. coli

026:K60:H11 and 0113:H4 had abnormally distributed LPS. These two strainsdlso h



the shortest averaged LPS length, but it remains unclear if increasing the sample size

would have resulted in a more normal distribution of data. Instead of 50 force curves that

probe 10 bacteria selected from a population of billions, it may be ad&ois to take

significantly

mor e

dat a

by

conduct i

ng

bacteria within a sample to more accurately ascertain the distribution of LPS$&#{th

Table 4.4 Shapiro Wilk Test for Normality of the Polymer Length for the E.3coli

Strains

Length
a Normal

Serotype w Distribution
E. coli HB101 0.89 Yes

E. coli ATCC 29425 0.92 Yes

E. coli ML35 0.96 Yes

E. coli 026:K60:H11 0.80 No

E. coli O35:H10 0.97 Yes

E. coli O55:H7 0.98 Yes

E. coli O113:H4 0.80 No

E. coli O113:H21 0.90 Yes

E. coli O117:K98:H4 0.95 Yes

E. coli O157:H7 0.91 Yes

E. coli O157:H12 0.96 Yes

E. coli O157:H16 0.96 Yes

E. coli O172:H- 0.96 Yes

Nor mal Distributiol

4 34 E. coliAdhesive Forcewith Silicon Nitride

The adhesion force analysis providés forces required tovercome adhesive

forces between LPS molecules and silicon nitride pro@mce the probe contacts the

LPS, polymers attactio the silicon nitridetip causing multiple polymer breakage$he

detachment of the polymers occurs at differing pothie to Bravnian motion of the

AFM probée®® hence there amommonlymultiple pulkoff eventsof varying Fagn

6f or



EachE. coli strain had a differenEagn with the silicon nitride. Even for the
control strains, there were some differences in the adhesion to the AFM tip. Absolute
adhesion forces for HB101, K12, and ML35 werd 68.0.1 nN, 07 £ 0.4nN, and 06 +
0.2 nN, respectively (Table 2). E. coli ML35 adhered significantly greater to silicon
nitride than HB101 and K12 (P<0.05).

Of the 10 O-antigen expressing straingnly E. coli O35:H10, O113:H21
0117:K98:H4, and O172:Hadhered significantly greater to silicon nitride than the
control straingFigure 420). Bacteria among the same serotype were expected to have
similar adhesion forces due to identical chemi€xlantigen compositions. Our
hypothesis held true for 01517 and O157:H12 however, retraction forces were
significantly less for 0157:H16 (P<0.05). Absolute adhesion forces for the 3 strains were
0.7£ 04 nN, 0.6 £ 0.2 nN, an@.5 + 0.2 nN, respectively Howeverthe 0113 serotype
differed with O113:H2]1 having significantly greater retraction forces than O113:H4

(P<0.05).
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Figure 420 AFM Retraction Force Analyses on Bare Silicon Nitride Probes. Stars
represent statistical dérence between K12 strains andaftigen containing strains
(P<0.05).
4.3.5 Effect of Core Types

The core type had little effect dfqn, With Fagn values being statistically similar
for K12, R2, and R3 cores (Figuke20. Fagn Seemed larger for the R1 core strain
(O113:H21), but we could not make a comparison since no other strain had an R1 core
(Table 4.3). The control strains that express the K12 core had conserved equilibrium
polymer lengths significantly shorter than baigteof the R1, R2, and R3 core types

(P<0.05). However, R1, R2, and R3 strains also expressed -dmigen that we

associated with the longer LPS.
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4.3.6 Correlating LPS Length t&agnwith Silicon Nitride

There was no correlation between fitted LP8gll andF .4, with silicon nitride
for any of the control strains. For strains 0113 and OXa4, values correlated
positively with LPS lengthTable 4.5) The strongest correlations were observed for
0157:H7 and 0157:H12 (R0.90). Strain O157:H16, \i¢h expressed the shortest LPS,
had a weak correlation {R0.54).

When we grouped strains according to whether they expressed-amgigen,
average LPS lengths correlated well with averBgg for O-antigen expressing strains
(R?=0.84) (Table4.5). However, when no @ntigen was present, the correlation was
poor (R=0.30). By correlating meaRa.q, for all strains with LPS length yielded a
positive correlation with ®0.53. The weaker overall trenslas due to the control

strains that appeared to 8ito the AFM probe independently of LPS length.

Table 4.5. Bacterial LPS properties measured from steric modeling.

) Equilibrium Linear Trend

Strain Lgngth (nm) Core Type * Fadh (nN) (Fagn versus LPS Length)
_HB101 % _|5%3_ _______ \K12_____]04_£01__ __| Control Strains y=0.79 -0.08 x
Kz ___| 3*2_ _______ K12_____]05 %02 ___ R?=0.30
_ML3S____| 32 ________ K12 ____]07_£0_4___
_O113:H4 |17+ 10 1 R3 106 +0. 6 _ | O-antigen Strains y=0.07+0.02x
_OLI3H21_|37.+9 ______ RL_____]10.x04____ R*=0.84
_O157HY_ 130 £13 _ _ _____ R3 _____]07.£0.4 _ __
_O157:H12 |25+9 :_R12_ _____ 106 02 | AllStrains 3 y=0.42+0.01x

0157:H16 | 19 +6 ' R2 0.5 +0. 2 R?=0.54

'Core types from Amoet al *.

“Bold text represents control K12 strains that do not express-treigen.
0Only E. coliwith strains that have @ntigens identical to at least orther
strain was included.



4.4: Bacterial Interactions with Peptide

4.4.1Nonspecific Bindingpf CP1to Silicon Nitride

QCM-D was used to monitor the adsorptionGR1to silicon nitrideand gold. It
is expected that CP1 will bind napecifically to either substrate. On silicon nitride,
CP1 adsorbed to the substrate rapidly, as indicated by a drop in frequency and an increase
in dissipation as soon as CP1 was added (Figute A).  Saturation wasusually
reached 5.0 min following introduction oCP1solution  While frequency dropped by
20 Hz, dissipation increased by only.6x 10”. Using the Voigt viscoelastic model, the
maximum film thickness of 1.7 nm was calculated atndi@, but this number includes
changes of the bulk solutionds Vvismassity
on the crystal (Figure 4.2B). During the rinse phase, loosely deposited peptide was
removedand the film thickness of CP1 was 1.15 atrthe end of the experiment (Figure
4.21B). Frequency increased by10 Hz during the rinse, but dissipation changed little.

Based on ailin thickness of 115, the areal mass was calculatege{=1100 kg
A fF1.26 x 10" ng x 1.15 nrit=1.26 x 10'* ng nm?’ [areal density]. MWp1~3338 g
A m&=1.8 x 13* CPLnit A itg 1.26 x 1d°n g  Axl@ x 16' CPLn A g 2.3 x 10*
CP1nit A n¥n This corresponds to 0.23 units of CPTFmdhering to the silicon nitride.
Unmodified peptide shouldlso bind nofspecifically to gold, as was monitored by
QCM-D (422 A & B). The areal mass and thicknesses of adsorbed peptide were almost
identical to that on silicon nitride, at 0.22 units of CPT%@mnd 1.11 nm, respectively.
4.4.2 Bindingof CP1-cys to Gold Quartz Crystals

By using cysteingerminated cecropin P1 (CRys), we determined how the

peptide adsorbed to gold when covalent bonds were forming (Fg28&). From zero



to 18 min, PBS was pumped through the chamber, followed by aridddition of CP1

cys solution (until we visually observed that equilibration was reached). Frequency
dropped by ~23 Hz and dissipation increased by 3.4% Following the rinse he areal

mass of dsorbed peptide was calculatedla8ng nm? or 0.34units ofCPXcys per ny

while film thickness was calculated to be @AM (Figure4.23 B). Qualitatively, the
shape of the frequency and dissipation curves continued to mirror each other. By the
conclusion of the rinse, frequency had increased by &Ha net change of 20 Hz, and
dissipation had a net decrease of 2.8 X.1®8Vhen covalent bonds could form, GBys
bonded ~55% more and packed more tightly on thgold crystals thanfor CP1

physisorbedo silicon nitride.
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Figure 4.21Monitoring attachmenbf CP1to silicon nitride. A Monitoring frequency
and dissipation for PBS, follosd byadditionofl 0 ¢ M s odPL, and onse wihf
PBS Frequency and dissipation changesre monitoredvith the 3%, 5" 7" and '
harmonics. BVoigt viscoelastic monitoring of the frequency and dissipation Wasa
used to calculate the peptitdgerthickness on silicon nitride. Areal adhesion@®1on
silicon nitride is0.23units of CP1nm?.
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Figure 4.22Monitoring attachmenbf CP1to gold. A) Monitoring frequency and
dissipation for PBS, folloed byadditionofL 0 ¢ M s oQdP41, aind onee withf
PBS Frequency and dissipation chasyvere monitoredvith the 3%, 5" 7" and '
harmonics. BVoigt viscoelastic monitoring of the frequency and dissipation Wasa

used to calculate the peptitdg/erthickness on silicon nitride. Areal adhesion @®1
on gold is0.22units of CP1nm*.
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Figure 4.23Monitoring attachmenbf CPXcysto gold. A) Monitoring frequency and
dissipation for PBS, folloed byadditionofL 0 ¢ M s oQdP1, aind onee withf
PBS Frequency and dissipation changesre monitoredvith the 3%, 5" 7" and '
harmonics. BVoigt viscoelastic monitoring of thieequency and dissipation dates
used to calculate the peptitdgerthickness on silicon nitride. Areal adhesion @1
cys on gold i€.34units of CPZcys nm?>.
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