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ABSTRACT

DEVELOPMENT OF A RESISTANCE BASED BIOSENSOR UTILIMG CONDUCTING
MICROFIBERS FOR MICROBIAL PATHOGEN DETECTION

By

Shannon Katie McGraw

Escherichia coli0157:H7 E. coliO157:H7) is one of the U.S. military’s top pathng®f

interest for the development of rapid diagnoststems. The enteric pathogen can cause severe
gastroenteritis and is spread through the consoempti contaminated food and water. This is of
concern to the U.S. military and warfighter becaais@utbreak of diarrheal disease in the field
has the ability to rapidly render a large numbewaffighters ineffective in performing their
duties. Current field “portable” detection techogies can be cumbersome and require generous
guantities of chemicals to operate. In additibe, ¢urrent FDA gold standard for identification

of this pathogen from food matrices takes up t@agsdo generate a confirmed positive result.
The objective of this dissertation research wadetelop a rapid, novel electrochemical
biosensor based on the use of polypropylene mlmofnembranes coated with a conductive
polypyrrole and antibody functionalized for the lbgical capture and detection Bf coli

0157:H7. In this dissertation research, an eléettde composed of conductive polymer coated
microfibers containing functional attachment sitasbiorecognition elements was developed.
The electrotextiles were optically and electricalsessed based on the polymerization
chemicals and reaction time to determine how tifesters affected the resistance of the fibers.

Based on these experiments, a mathematical modeti@xeeloped, optimized, and validated.



Various methods of antibody immobilization and aad blocking on the fibers were also
assessed. Using glutaraldehyde, pathogen spaniilvodies were covalently attached to the
conductive microfiber electrotextiles which wererttblocked using a 5% bovine serum albumin
solution. The functionalized membranes were exgpp¢s&. coli O157:H7 cells, washed in
Butterfield’s phosphate buffer and added to a phaspbuffer electrolyte solution. When a
voltage was applied to the system, the presentieeafaptured pathogen on the fiber surface
resulted in an increase in resistance at the etegtile electrode surface, indicating a positive
result. It was found that the conductivity of dtwmponents of the system, other than the
electrotextile fibers, was not statistically sigcaint. Proof-of-concept experiments were
conducted and it was determined that the electtiteeslectrode was able to differentiate

between positive and negative samples using thegahE. coliO157:H7 cells as the target

over a concentration range of01@ 10(3 colony forming units per milliliter (CFU/mL). The

reproducibility of the sensor results was testedliawas found that the trends in the biosensor
results were reproducible. By testing the sigalfice of the biosensor response it was

determined that the biosensor can successfullytimas a yes / no screening system. The

results show that the biosensor has an experimiental limit of detection of 3.23 x {)0

CFU/mL for the detection d&. coliO157:H7 in pure culture.
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Chapter 1 Introduction

Although food and waterborne pathogens do not bav&gnificant an effect on U.S. military
operations as they have in the past, enteric patisogre the number one cause of non-combat
related injuries in the field and are therefore ofithe primary military medical concerns for
deployed troops [1]. Gastroenteritis was the legdiause of illness among troops during
Operations Desert Shield (1990 — 1991) and Degertr§(1991) [2]. This is a significant issue
for the military to address because an outbreakasfheal disease in the field has the ability to
rapidly render a large number of warfighters inetifee in performing their duties. During
Operation Restore Hope (1992 - 1993) it was shdwah16% of all hospital admissions were for
diarrheal illness [3]. Of these admissions, 16%la@de traced back t&scherichia col(E. coli).
Various studies on diarrheal illness in deployeds have listed an array of enteric source
pathogens with the most commonly occurring beiBbigella E. coli, Salmonellaand
Campylobactespecies [1-4]. Based on this information, thdnpgén of interest selected for

this study isEscherichia collO157:H7.

It is important to have rapid, inexpensive, higbdnsitive detection technologies because of the
low infectious dose, potential severity of illneaad ease dE. coliO157:H7 infection spreading
to large populations. These technologies neee tenlvironmentally robust and capable of
detecting multiple pathogens. The standard metiiaiétection folE. coliO157:H7 does not
meet this standard. The U.S. Food and Drug Admnatisn (FDA) standard screening method
for E. coliO157:H7 requires the blending or stomaching otfifeamples followed by overnight

enrichment before real-time polymerase chain readf?CR) screening can be done [5, 6]. Any



samples that are determined to be presumptiveiposiased on the real-time PCR screening
must then be culture confirmed. Obtaining a coméid positive sample takes a minimum of 3
days and requires an enrichment step before isalaan be performed. In addition, in order to
perform a serological characterization multiplerstey and agglutination tests must be
performed. These methods have several drawbdtckan be difficult to recover cells from food
matrices and cells that are recovered are oftecamtentrated enough to provide rapid
identification [5, 6]. In addition, it is diffictito discern between colonies of different straifis
bacterium on culture plates. These methods areasity implemented in the field. Even the
most “portable” versions still require large instrentation, generous quantities of chemicals,
and a low risk of exposure to other contaminant$[5 Because of the unreliability and long
wait time for detection using current methods teealopment and use of a rapid, antibody-
based, pathogen specific biosensor is a prioAty.improved detection method would decrease
the amount of time between contamination and watmieduce the size of outbreaks, and help

ensure overall public safety [7].

This dissertation describes the generation of actielchemical based biosensor Eorcoli

0157:H7 detection using antibody-functionalizectelatextile electrodes. Chapter 2 presents a
review of the literature that pertains to the texhgies relevant to this project including current
methods for the detection Bf coliO157:H7, nonwoven fiber fabrication, and the use o
nonwoven fibers in electrochemical detection. Géap describes the synthesis and
characterization of conductive polymer coated noremdfibers to create electrotextiles. Chapter
4 presents the development of an optimization motitie polymer synthesis used to develop

the electrotextile fibers. Antibody immobilizati@md blocking of the electrotextile fibers is



presented in Chapter 5. Chapter 6 describes thefientibody functionalized pyrrole — 3-
thiopheneacetic acid (3TAA) copolymer coated nonevolibers as electrotextile electrodes in a
working electrochemical biosensor for the detectbi. coliO157:H7. Chapter 7 is a
discussion on the conclusions made in this dissentand Chapter 8 presents recommendations
for future research based on this project. Thewohg sections of Chapter 1 present the

research hypothesis and objectives, as well asetiearch significance and novelty.

1.1 Hypothesis

The research presented in this dissertation isdbase¢he following hypothesis that electrotextile
fibers can be developed from nonwoven microfibeis they can be immuno-functionalized for

the rapid detection d&. coliO157:H7.

1.2 Research objectives

The overall objective of this dissertation reseasco develop, optimize, and evaluate a rapid,
portable, and novel electrochemical biosensorzutd) antibody-functionalized electrotextile
electrodes for the capture and detectiokstherichia collO157:H7.
The detailed objectives of this project are:
e To develop an electrotextile composed of condugiegmer coated microfibers.
e To optimize the polymerization process with thealepment of a mathematical model.
e To functionalize electrotextile surfaces with pagén specific antibodies.
e To develop an electrochemical biosensor system.

e To evaluate the biosensor for the detection optitbogen:Escherichia colO157:H7.



1.3 Research significance and novelty

The novelty of the presented research in this dissen relies on the use of polymer coated
fibers as an electrode in a biosensor for the relelsemical detection of bacterial pathogen in a
liquid sample. Many biosensors have been develbpetie detection oE. coliusing metallic
electrodes such as gold [8], platinum [9], silvED][ or carbon [11]. By producing a conductive
polymer coating on nonwoven microfibers, an elezttemical biosensor electrode can be
created that is less expensive than its planarlroetaterpart [12]. The overlapping fiber layers
also have more available surface area than plaeetr@des, resulting in more potential target
attachment sites. In addition, these electroxliéctrodes can be engineered to be durable,
disposable, lightweight, and require minimal attaeht chemistry. These qualities make them
ideal for in field use. To our knowledge, thighe first time a functionalized conductive
copolymer coated nonwoven electrotextile has beed with immobilized antibodies as an
electrode for the successful electrical detectibbaaterial cells. A summary of the presented
research is listed in Table 1-1 and a comparisah thie current literature illustrates the novelty

and scientific contribution [12-17].



Table 1-1. Research contribution of this dissemaproject to the literature

Subject References

Synthesis of aqueously deposited conformal coatfng This work, [14] | [16]
polypyrrole onto electrotextile published [18]
Characterization and analysis of the effect of 3TiAélusion This work [17]] [15]
in polymerization
Use of electrotextile in optical detection of avidibiotin This work, [13]
binding published [18]
Use of electrotextile in electrochemical detectdmvidin / This work, [13]
biotin binding published [18]
Development and optimization of a mathematical nhotle This work
electrotextile polymerization
Antibody attachment to electrotextile fibers This work,

published [19]
Construction of electrochemical cell with electrdiie This work, [13] | [12]
electrodes published [20]
Electrochemical detection &. coliO157:H7 in pure culture This work,
using electrotextile electrodes published [20]




Chapter 2 Literature review

2.1Escherichia coliO157 in the U.S. and military

According to the Centers for Disease Control arev@&mntion (CDC) “Estimates of Foodborne
lliness in the United States”, published in 201in & Americans (roughly 48 million people)

will become sick from a foodborne iliness everynf@d]. Of those 128,000 will require
hospitalization and 3,000 will die, with childrender the age of 5 and seniors over the age of 65
being at the greatest risk to develop the severgtications that lead to hospitalizations and
death. There are 31 known pathogens that areetldok the CDC and are believed to account
for 20% of all ilinesses (9.4 million cases perryebut 44% of all hospitalizations and deaths
(55,961 and 1,351 cases per year, respectivelyg rémainder of illnesses are caused by
unspecified agents (microbes, chemicals, or otlieofs that have not yet been identified or
proven to cause illness). Of these hospitalizatmaused by a known pathogen, 88% can be

traced to 1 of 5 pathogens. These can be seeabie 2-1.



Table 2-1. Top 5 pathogens contributing to domabyi@acquired foodborne ilinesses resulting
in hospitalization per year, taken from the CDC P&ktimates: Findings.

Estimated Number of Percentage of All Cases

Pathogen Hospitalizations (%)
Salmonella
nontyphoidal 19,336 35
Norovirus 14,663 26
Campylobacter
spp 8,463 15
Taxoplasma
gondii 4,428 8
E. coli (STEC)
0157 2,138 4

Subtotal 88

As can be seen in Table 2Bscherichia col(E. col) O157 is responsible for 4% of all cases or
2,138 domestically acquired foodborne ilinessesrguire hospitalizationE. coliis a gram-
negative, rod shaped bacteria that is commonlydonrtuman intestinal flora, howeVver coli
0157:H7 is a less common toxin producing straimh thases serious illness when it enters the
human gastrointestinal system [2H. coliO157:H7 infection causes hemorrhagic colitis with
symptoms that include severe abdominal crampingdaardhea that while initially watery can
become severely bloody and lasts an average ofyS8 ddp to 15% of infections can develop
into hemolytic uremic syndrome (HUS) resulting @mal failure, hemolytic anemia, and the
permanent loss of kidney function. Common foodrses! ofE. coliO157:H7 include ground
beef, alfalfa sprouts, lettuce, unpasteurized fuiges, and raw milk. While the infectious dose
of E. coliO157:H7 is not known, according to the U.S. Food Brug Administration (FDA) it
may be as few as 10 cells [23]. According to thedborne Diseases Active Surveillance
Network (FoodNet) Food Safety 2011 Report Cardeles been a 25% decreasg& .ol

0157 infections since 2008 with a rate of occureeoic0.98 per 100,000 people [24, 25]. This

number is still too high though, a goal rate of feB 100,000 people has been set for the year
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2020. In addition, it is believed that for evergdse okE. coliO157:H7 reported, roughly 26

cases go undiagnosed.

As frequent as foodborne ilinesses are within thédd States, they are of even greater concern
for the U.S. military. Although combat injurieseathe most significant health risk during
military deployments, infectious diseases have liberargest cause of hospitalizations and lost
time in every major US war for centuries [26], partarly those caused by enteric pathogens [1].
A study of aero-medical evacuations from Iraq i02@und that disease and non-battlefield
injuries were 6 times more common than combatedlatjuries [27]. Improvements in
sanitation and hygiene practices have improvedgmon [28], however military units are still

at risk due to the standard use of community kitsh&hich can lead to widespread outbreaks,
rapidly rendering a large number of warfighterdfieetive in performing their duties. In fact,
gastroenteritis was found to be the leading catiglness among troops during Operations
Desert Shield (1990 — 1991) and Desert Storm (1f91)During Operation Restore Hope

(1992 - 1993) it was shown that 16% of all hospatdiissions were for diarrheal illness [3]. Of
these admissions 16% could be traced ba&k wli. A study of troops stationed in Iraq in 2004
found that enterotoxigeni€. coliand enteroaggregati¥e coli caused 23% and 12.5% of all
diarrhea cases over one summer [29]. In Iraq agtakistan 77% and 54% of deployed troops
were found to have experienced diarrhea at least [80], with the rates of diarrhea correlating
with local food consumption [31]. Various stud@sdiarrheal illness in deployed troops have
listed an array of enteric source pathogens wigmtlost commonly occurring bein&higellg

E. coli, SalImonellaandCampylobactespecies [1-4].



Based on the potential to cause severe ilinesshenprevalence in the U.S. domestic and
military populations, the pathogen of interest sted for this study wasscherichia coli

O157:H7.

2.1.1 Traditional methods of detection

There are three traditional methods most commaosdydor pathogen detection: colony
counting, polymerase chain reaction (PCR), and inotagical methods [32]. These methods
are often used for detection because of their bagtsitivity and selectivity. These methods do
have drawbacks though, they are often complex anhdapid, sometimes taking up to several
days to achieve a confirmed positive. The FDAikased a Bacteriological Analytical Manual
(FDA BAM) in order to standardize the methods ufsedhe detection of multiple different
foodborne pathogens in different food matrices]5, The standard method provided for the
detection of. coli0157:H7 from foods involves growing the samplamenrichment broth,
plating and culturing the colonies so that they loandentified phenotypically and serologically,
and finally testing for Shiga toxin genes using PCRis method has been updated in the most
recent eBAM to recommend performing a quick scregmuising real-time PCR which can be
conducted in 24 hours, however it still takes 3sdiayorder to get a confirmation. Detailed

descriptions of these methods can be found below.

2.1.1.1 Colony counting

Colony counting involves the use of selective giowiedia in order to detect different bacteria
species [32]. These media often contain eithabitdrs or specific substrates in order to affect

the growth of bacteria, either by inhibiting nomg@t strains or by causing particular colonies to
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appear different colors in order to differentidtern [33]. Following growth of the bacteria of
interest, the colonies are assessed optically andted in order to determine the sample

concentration.

Colony culturing and counting is the oldest metfardhe detection and enumeration of bacteria
and has become the standard that every other etecéthod is compared against. Itis
generally the standard method of detection usetiéyDA because of its accuracy and
reproducibility [6]. Despite being the standartiais many drawbacks, first and foremost the fact
that it is time consuming. It can often take npl#idays to get a negative result, and more to
confirm a positive one. A positive result can simes require additional tests and culturing to
be performed, especially if it is necessary to igthe serotype of the pathogen. Colony
counting also requires many different kinds of nagdntibiotic supplements, and incubators,

making it not viable as a field based testing syste

2.1.1.2 Immunology based methods

Immunological based methods use antibodies in doddetect pathogens. Antibodies are
defined as proteins that bind to a particular taageigen [34]. For the detection of bacteria,
antibodies are often generated against the bacteriace antigens such as O (terminal sugars),
K (capsule components), H (flagella), and LPS (setface lipopolysaccharide) antigens.
Antibodies are produced by plasma cells in resptmg&dections or immunizations. The
specificity of an antibody depends on the typerditmdy, the species of host used, individual
differences between hosts, and the extent of patibn conducted. Antibodies can be

monoclonal, polyclonal, or recombinant [32]. Molwmal antibodies are made in lag phase with
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cell culture by a single clone and target the santgyen [34]. Polyclonal antibodies are

typically purified from blood serum and contain &tuare of several antibodies that target
multiple different portions of the same target gati [34]. Recombinant antibodies are synthetic
antibodies that are created using antibody genlesranade in a laboratory or taken from human

cells [35].

One of the most common immunology based toolsdaraihe detection of bacteria is
immunomagnetic separation (IMS), a pre-concentnagiep where magnetic beads that have
been coated with antibodies to the pathogen ofasteare inserted into the sample and then
removed using a magnet [36-38]. The extracted$patl the captured target pathogen from the
sample matrix with them. IMS has been combineth wéarly every type of detection method
available [32]. It can be particularly useful whte sample is complex, either due to the matrix

that the pathogen is in or because there are mépyett kinds of bacteria present.

Another standard immunologically based technigubesenzyme-linked immunosorbent assay
(ELISA) [34]. ELISAs benefit from the specificigf antibodies but also the sensitivity of
enzyme assays by combining the two together. dmrtbst common version, a sandwich ELISA,
an antigen specific antibody is immobilized witlinvell, normally the well of a 96 well plate.
The sample containing the antigen is added andréranved, leaving behind any antigen that
has bound to the immobilized antibodies. Thencarsg enzyme-labeled antibody specific to the
antigen is added and removed, leaving behind d@yantibodies which had bound to the bound
antigen. Finally, the enzyme’s substrate is addete well and if the antigen is present a

change in color in the well can be observed. Tdierchange will only occur if the antigen is
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present because the enzyme labeled antibody wyllremain to react if the antigen is present in

the well for it to bind to [32, 34].

The use of immunology based methods benefits flrarspecificity of the antibody-antigen
binding. Antibodies can be expensive though andati®en methods like ELISA may have to be
paired with a separation step if the matrix is ctaxp This is especially true if the detection
signal is a visual change (e.g., color), which barbscured by a sample matrix that is opaque
or brightly colored. In addition, antibodies areteins and therefore qualities of the sample
such as temperature or pH have to be monitored so r@ot render the antibodies ineffective.
Many antibodies available for sale have cross-rgéies, meaning that the antibody reacts and
binds to an antigen that is not the antigen that wsed to produce the antibody. Antibodies for
E. coliO157:H7 have been reported to have some levebsEeaeactivity wittKlebsiellg

EnterobacterCitrobacter, and non-pathogente. coli[39].

2.1.1.3 Polymerase chain reaction

PCR is a nucleic acid amplification technique utsedetect targeted bacteria based on specific
short sequences of their genetic material [40toihbines steps to perform DNA isolation,
amplification, and quantification based on sped#iget DNA probes. In PCR many cycles are
completed to exponentially amplify the sample uatibugh target DNA has been formed for
detection. Briefly, in one cycle targeted doublarstied DNA (dsDNA) is first denatured by heat
then specific primers are added which recognizetineesponding DNA strands.

Polymerization occurs, extending the DNA strandsriabto the primers until 2 new identical

dsDNA sequences are formed. These newly formedds®rands are then used as the target
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DNA in the next cycle. Gel electrophoresis is tlised to detect the DNA. There are several
different variations of PCR including: real-time RQnultiplex PCR, and reverse transcriptase
PCR. Real-time PCR is faster than regular PC&ses fluorescent emission with a specific dye
attached to the targeted amplicon rather thanlgetrephoresis for detection [41, 42]. The
fluorescent intensity is then interpreted to bepprtional to the amount of amplified product
generated. Multiplex PCR can be used to dete@raktargets at the same time by using

multiple different primers to amplify more than ospecific gene [43, 44].

PCR can be much less time consuming than otheeiti@atletection techniques, however it can
still take up to 24 hours and usually requiresfmaiion and enrichment steps beforehand [32].
PCR has a high level of complexity when compareather detection techniques and is
susceptible to environmental contamination, makimgt viable for in field testing. PCR
detection does have very high specificity of detecthough, basing its detection on the DNA of
the target sample. This requires the use of agurdaveloped to be specific to a section of the
DNA sequence of the target pathogen. The primest io& known and fabricated beforehand in
order to be able to perform detection though, atitki sequence is not specific enough, then
detection specificity will be lost [32]. One ofetbiggest problems with using PCR to detect
coli O157:H7 in food samples or complex matrices is tta most important virulence factors,
Shiga toxin 1 $tx1) and Shiga toxin 2s{x2, are not specific to the pathogen, they can bado

in other Shiga-toxin producing. colias well [45]. This requires the use of multip&R

assays for the Shiga-toxin genes as well as pathggecific sequences in order to obtain a

definitive detection. Also, components in food gdas or other complex matrices (e.g., calcium,
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fat, complex polysaccharides) can inhibit the P@Ruiring additional purification and sample

preparation techniques be used [45].

2.1.1.4 FDA Bacteriological Analytical Manual meth

In the FDA BAM method for the detection Bf coliO157:H7 [6] food samples are blended or
stomached, followed by overnight enrichment in MiediBuffered Peptone Water with
pyruvate (mBPWp) [46] and Acriflavin-Cefsulodin-Vamycin (ACV) antibiotic supplements.
Using either a SmartCycler 1l or LightCycler ® 24Y-49] platform real-time PCR is used to
test the enriched samples &iklandstx2genes as well as the +93 single nucleotide
polymorphism in thelidA gene, which encodes fffD-glucuronidase (GUD) enzyme [50]. If

the result comes back positive, then a confirmathmst be conducted using cultural isolation.

In order to perform the cultural isolation Buttett’s phosphate buffer with ACV supplements
is used for overnight enrichment. The enriched@ans then serially diluted in Butterfield’s
phosphate buffer and spread or streak plated ogltarife Cefixime — Sorbitol MacConkey

Agar (TC-SMAC) and a chromogenic agar such as RanihAgar O157 and incubated for 18 —
24 hours E. coliO157:H7 colonies will appear colorless or neutigrlay with a smoky center

on TC-SMAC while non-O157 sorbitol-fermentig coli will be pink or red. On Rainbow

Agar O157:H7 will appear black or blue — black.rtlms of the isolated colonies that test
positive for 0157 antigen using a latex agglutimatiest are then streaked onto Trypticase Soy
Agar with Yeast Extract (TSAYE) plates to check parrity. ColiComplete (CC) discs are
added to the heaviest streaks on the TSAYE plat@gel as a similar plate containing a positive

control, MUG positive strain dE. coli, and incubated for 24 hours. The CC discs coraain
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chromogenic assay for galactopyranosidase (X-gaighwvill appear blue on and around the
disc indicating coliform growth. It also contaiagluorogenic assay for glucuronidase (MUG)
which will fluoresce under long wave UV (365 nm)iathindicates non-O15E. coli. E. coli
0O157:H7 is X-gal (+) and MUG (-). Following thisdt a spot indole test is conducted by taking
the spot growth from the TSAYE plate and adding i filter wetted with Kovac’s reagent,

whereE. coli 0157 will appear indole (+).

Samples that are found to be X-gal (+), MUG (-4 axdole (+) must have additional tests
performed to confirm the positive result. The coés from the TSAYE plate are tested using
the RIME. coliO157:H7 latex test using commercial antisera tdiom the presence of 0157
and H7 antigens. If the latex test comes back (45@nd H7 (+) then the O157:H7 serotype is
confirmed, however if the test comes back O157a¥) H7 (-) then more tests must be
conducted to assure that the sample is not a ndierwariant (O157:NM). Tests that are
0157:H7 (+) are tested using API20E or VITEK tontfy the sample ag. col..

Both H7 (+) and H7 (-) samples must be retestecttidy their toxigenic potential using either
real-time PCR (which can also be used for init@esning) or a conventional 5P multiplex PCR.
The 5P multiplex PCR looks faitx1, stx2 +93uidA SNP, and the enterohemolysehkA genes

and gammay) intimin (eag allele (O157:H7 virulence factors) [51].

If the food sample to be tested is complex, either to the food matrix or the sample containing

many bacterial samples, IMS beads can be usedessathple after the overnight enrichment.

This will help isolate the pathogen of interestREER or plate counting.
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2.2 Biosensors

The requirement for small, ultrasensitive, affolléakdisposable sensors for medical diagnostics,
environmental monitoring, and food safety has tedrt increase in research in biosensor
technology. The International Union of Pure angklgr Chemistry (IUPAC) has defined
biosensors as “a device that uses specific bioatedmeactions mediated by isolated enzymes,
immunosystems, tissues, organelles or whole aeliietect chemical compounds usually by
electrical, thermal, or optical signals” [52, 5Blit simply, the purpose of a biosensor is to
convert the occurrence of biological events int@asugable responses [54]. A schematic

representation of a biosensor and its componentbeaeen in Figure 2-1.

Analyte Bioreceptor Transducer Signal Processing

- 0 E=__ | Antibodies Electro-

Nucleic chemical
_— :
® = Acids Electrical 0
O @ m=—] Aptamers Optical AfgliEs
= Enzymes Mechanical

E=__ | Whole Cells | Magnetic

2 _
Figure 2-1. Schematic representation of a bioseasadiits components. (For interpretation of
the references to color in this and all other fegurthe reader is referred to the electronic versio
of this dissertation.)
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In a biosensor a bioreceptor, such as antibodiesideic acids, are bound or in some way
closely associated with a transducer. When a gicdd recognition event occurs between the
bioreceptor and its target analyte, the transdoeeyerts this event into a measurable signal.
Biosensors can be grouped based on several diffeiégria, such as their target analyte,
biomolecule receptor type, or method of signalgdarction. The most common method is based
on signal transducer, with optical and electroclvaiteing the most common [52, 55-57].
Optical biosensors are often used because theyleier sensitivity and selectivity than
electrochemical systems, however that advantagéeaneatly reduced if the sample is turbid

or it is difficult to perform analyte extractioOptical biosensing systems are also generally
more expensive than electrochemical systems, mdakem not cost beneficial in some scenarios
[58]. In order for biosensor technology to advaand surpass common pathogen detection
techniques, such as PCR and culture / colony cogintine current drawbacks of biosensors must
be addressed. These include high cost, low dutyglallack of environmental robustness for in
field testing, detection limits that do not reabbge of traditional techniques, and a necessity for
extra extraction methods to be performed beforeadskéng to the total detection time [32, 52,

59, 60].

2.2.1 Optical biosensors

Optical sensors measure changes in the opticabprep of an analyte, often using fluorescence.
It can also be expanded to include such technigsesirface plasmon resonance (SPR) and
piezoelectric systems [32]. Optical biosensorseehasen developed for the detection of not just

bacteria, but also toxins, drugs, and other contants [61-64]. Optical sensing systems are
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considered to be beneficial due to their selegtiaitd sensitivity, these can be reduced though if

the sample is complex.

2.2.1.1 Fluorescence

Fluorescence is defined as luminescence that secdoy a valence electron being excited from
its ground state to an excited singlet state [68]is excitation occurs when light of a sufficient
energy is absorbed. When the electron returns toriginal ground state it emits a photon of a
lower energy. Fluorescence is also characterigdthaing little thermal loss in the system and
rapid light emission after excitation. Fluoresaermsthe method most often used for optical
biosensing [65]. It can be combined with estalglistechniques such as ELISA or PCR or can
be a detection method on its own if fluorescentkaes, such as fluorescein isothiocyanate
(FITC) are used [66]. Another form of fluorescerdsensing is fluorescence resonance energy
transfer (FRET) where the capture of the targelyémaesults in a decrease in distance between
donor and acceptor fluorophores associated witlbitbreceptor [67]. This decrease in distance
allows the acceptor fluorophore to become excitethb donor fluorophore, emitting a

fluorescent signal.

2.2.1.2 Surface plasmon resonance

In SPR based sensors, structural alterations e@aura thin film metal surface resulting in
changes in the measured refractive index [68]efBfia glass plate that has been covered with a
gold thin film is irradiated with a p-polarised ligfrom the back using a hemispherical prism.
The reflectivity is then measured as a functiothefangle of incidenc®, The resulting plot

curve will contain a dip known as the SPR minimunine properties of the gold-solution
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interface will dictate the angle position of thisnmum, allowing for detection. SPR has been
used in the analysis of adsorption phenomena, emtgitibody affinity binding, and bacterial

detection [32, 69, 70].

2.2.1.3 Piezoelectric

Piezoelectric systems use a quartz crystal micaoigal (QCM) which has observable changes in
resonance frequency when there are mass changks sensor surface [71]. These changes are
usually visualized through the use of a fluorestainel. By using immobilized antibodies on the
probes a QCM has been shown to be capable of peetoeally detecting bacteria, suchas

coli K12 [72], Listeria monocytogend$3], andSalmonellaspecies [74].

2.2.2 Electrochemical

In an electrochemical biosensor, the biologicabgeition element is immobilized at an
electrode which then converts the biological redogmevent (e.g., antibody — antigen binding)
into a measurable electrical signal. Electrochahsensors are often subdivided based on the
electrical parameter that is being observed fongka at the electrode-matrix interface as either
amperometric (change in current), potentiometi@f@e in potential), or impedimetric (change

in impedance) [32].

2.2.2.1 Amperometric detection

Amperometry uses the stepping of the potentiahefworking electrode from where no faradaic

reaction occurs to a potential where the surface@atration of the electroactive species at the
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electrode is effectively zero [75]. In this methtite current over time is monitored.
Amperometry is used to measure the diffusion coieffit of electroactive species or surface area
of the working electrode. It can also be usedudysthe mechanisms of the electrode processes.
Because mass transport is diffusion based, inghdittons of amperometry the current-time
curves can be used to show the change in condentgaadient in the area surrounding the
surface. The gradual increase of the size of iffiestbn layer paired with the depletion of the
reactant results in a decreasing slope in the caraten profile over time. This can be seen in

the current decay that occurs over time [75].

2.2.2.2 Potentiometric detection

Potentiometric detection monitors changes in tis¢esy potential and is the least common
technique used in biosensors. This can be obsevkied an enzyme catalyses a reaction and
consumes or generates a substance that can beeddigdhe ion-selective electrode. Another
form of potentiometric detection are ion selectredd effect transistors (ISFETs). When
modified with antibodies, DNA , enzymes, or whoel€ they can be used to monitor
biorecognition events [76, 77]. An ISFET will cteaegions of excess charge in a
semiconducting substrate using an electric fieldrater to increase or decrease conductivity.
Potentiometric techniques, such as ISFET, are fteh aised for biosensing because they are
complex and biomolecule immobilization can be difft. In addition they can also have poor

reproducibility and stability [32].
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2.2.2.3 Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) usesal amplitude cyclic function with
variable frequency applied to a transducer to ¢aleumpedance based on the resulting current.
The system impedance is determined based on thitaaepof the current and potential signals
as well as the resulting phase difference thatmsdoetween the voltage and current [78, 79].
Because EIS is very complicated to calculate, #ieutations are often simplified by viewing

the system as equivalent circuits consisting obcaprs and resistors. This has allowed
biosensors to be developed using EIS for the deteof bacterial pathogens suchEascoli

0157:H7 [80].

2.3 Nonwoven fibers in biosensing

One approach for addressing some of the drawbdakgi@nt biosensor technology is through
the development / use of electrotextiles. Nonwdadmics are one material being explored for
electrotextile development due to their inhereghhsurface area and commercial availability
[81]. The convergence of electronics, electricaireering, and textile technologies has the
potential to combine the attractive attributesadhetechnology into making fabric based
networks for electrical systems, paving the waytl@r development of fully integrated high
surface area smaurt textiles with transistors, nmategl circuits, sensors and other electronic

devices built into the textile structures [82].

Nonwoven fabrics are broadly defined as sheet dr steictures bonded together by entangling
fibers or filaments, forming flat, porous sheetdmaither directly from separate fibers or from

molten plastic or plastic film [83]. The term noowen implies that the fabric was produced by a

21



method other than knitting, weaving, braiding, dtitg [84]. Nonwoven fibers are of particular
interest because of their small diameters (in ti@aror nano scale), increased surface area, and
their ability to maintain membrane porosity in caripon to larger micron diameter nonwoven
fibers and continuous cast films [85]. These itwenected pores can result in essentially
“soldered junctions” after the annealing processomipleted, resulting in higher textile

durability and tensile strength. They are alsxjp@nsive to produce and lightweight, ideal
gualities for in field use [86, 87]. The chemicaimposition of nonwoven fibers and their
coatings can also be easily changed or adjustestimstheir intended use. Small changes to
the processing parameters can change the fiberetkanmesh size, porosity, texture, or weave
pattern. This processing flexibility makes theweay versatile material for sensor development.
They can be designed to be used with many diffeaeralytes and experimental conditions and

can be designed to have high chemical stability. [85

Reviews of the literature indicate that biosensserarch focusing on nonwoven fibers can be
divided into the production, characteristics, apgleations of nanofibers and microfibers.
Nonwoven optical biosensing is a relatively newaaséresearch and studies in this area are
limited [88]. The majority of electrochemical wonkth nonwoven fibers has been for the
development of biosensors to detect compounds, asigfucose, urea, and hydrogen peroxide
[88]. Presented in the subsequent sections aceipigsns of the common functional
modification techniques used for the developmemarfwoven based biosensors. Also
presented are the current optical and electrice¢thaystems that exist for biosensing using
nonwoven fibers. The aim of the next portion & thview is to present the different biosensing

applications being developed using nonwovens.

22



2.3.1 Fiber fabrication

Typically, commercial nonwovens are produced byldrg, wet-laid, spunbound, meltblown,
and/or spunlaced processes [89, 90]. The produptiocess usually consists of three primary
steps: spinning the polymer, collecting continublasnents, and bonding the fiber mat for
greater strength and functionality, using eithertmal, chemical and / or mechanical techniques
[91]. Polymer fibers have typically been producgdsblution / gel spinning, melt spinning, or
electrospinning [81, 92]. There are a number ak#&nt review articles on electrospinning and
the effects of process variables for producing payfibers [81, 88, 93-98]. Fiber diameters
produced by these methods can range from nanocd@meter in scale, with micron diameters
more reproducible. The selected method used tihegize nonwovens will ensure specific
characteristics in the material [91]. This allol@sthe design of nonwoven fibers with an array

of characteristics, making them versatile in falpricduction for commercial products.

2.3.1.1 Electrospinning

Electrospinning is a well-established process tisas electrostatic forces to produce nonwoven

nanofibers [99], a schematic of which can be sedfigure 2-2.

23



Syringe with Polymer
- Solution

High Voltage Supply Fibers

(+)

)

Ground

Figure 2-2. Schematic representation of electraspgprocess.

Briefly, during electrospinning, the polymer ishat in solution or a melt. A voltage is applied to
the polymer solution / melt, producing electricallyarged jets that are collected by an
oppositely charged collector. As the charged patdls to the grounded collector, the solvent /
melt evaporates and cools producing nanofibersieradllector. A large number of polymers
can be spun, with the only limitation being theymoér’s solubility or ability to be used as a
melt. Additionally, electrospinning is capablepsbducing fibers in the submicron range [98].
In 2009, researchers fabricated conductive nonwoagiofibers for gas sensing applications by
electrospinning solutions of zinc acetic acid vatpoly 4-vinyl phenol. After the combination
fibers were initially formed, zinc oxide (ZnO) ndil@rs were obtained by calcinations burning

off the polymer carrier [100]. Electrospinning calso be used to fabricate nanocomposite
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fibers, removing the need for a separate recognélement immobilization step during
fabrication. Nanocomposite fibers of urease argvooylpyrrolidone (PVP) were made into
nonwoven mats for electrochemical sensing of ut@a], The enzyme / polymer composite
mats had increased surface area and smaller &% sésulting in a larger adsorption rate and
therefore decreased response time for detectitectr&spun fibers have been studied for use in
several different sensor technologies such asusticovave, resistive, photoelectric, optical, and

amperometric [102].

2.3.1.2 Melt extrusion

Another method to create nonwovens involves a métusion process. In polymer melt
extrusion, the hot liquid polymer is forced throwghextruding device containing either a mold
or die. It is then cooled until it solidifies intbe desired fiber shape [103]. At North Carolina
State University, an elastomer in a coaxial comgjon was used to create hollow fibers into
which a specific additive, conductive eutectic igatl indium, was used to fill the fibers to form
medical / diagnostic monitoring products [104].isTprocess can be tailored to specific

applications based on the additive used.

2.3.2 Surface treatments

2.3.2.1 Drop on Demand

In many electrochemical based sensing systemsafaven fibers are made conductive in
order to act as a substitute for a metal electr@diee method for forming conductive nonwoven

fibers is drop on demand ink jet printing [105h drop on demand an ink composed of an

25



aqueous carrier, a pigment, and a polymer havitihgeacid, base, epoxy, or hydroxyl functional
moieties is applied to a textile that contains drbyyl, amine, amido, or carboxyl group and an
organometallic or isocyanate cross-linking age6]1 When a current is pulsed through either
a heating element or piezoelectric material assediaith the ink chamber it causes the ink to be
propelled out of the nozzle onto the textile inrapd[107]. This method has been used for
developing sensors using nonwovens of polyethylgrodypropylene and can be used to
network conductive components throughout the fabApplications usually center on the health
care field, focusing specifically on the monitoriofyvital signs such as respiration and

electrocardiograms [108].

2.3.2.2 Atomic layer deposition

Others in the field of conductive nonwovens hawakém at utilizing processes such as atomic
layer deposition (ALD), a vapor phase growth predasown for its metal oxides, nitrides, and
conducting thin films, where self-terminating gasic reactions are performed sequentially to
fabricate conformal coatings as small as the natemnange [109]. The conformal coating
process for deposition of metal oxides on surfaegsbe carefully controlled and tailored for
thickness and content of the metal oxide layetasrRa-enhanced ALD coating application is
beneficial because it operates at low temperatunaking this method amenable to thermally
sensitive materials, such as polymers [110, 11Ii}the work by Jur et al [112] researchers
coated various fibrous textiles with different metaide layers and conductivities ranging from

24 S/cm for zinc oxide (ZnO) to 1150 S/cm for tuegsoxide were observed.
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2.3.2.3 Conjugated polymers

Other methods for creating conductive nonwovenr$ilier use in sensors involve the use of
conjugated polymers both within and coating thewmren fabric structure. Organic conjugated
polymers in recent years have been well studieduaed in such fields as energy storage,
memory devices, electrocatalysts, and electrocherd&vices [113]. Conductive polymer
preparation can be straightforward and productiosome, such as polyacetylene and
polypyrrole, can be simple to form using electraoleal or chemical synthesis. In order to
achieve electrical conductivity, a charge mustdeable of being transferred along the
conjugated chain, between chains or particles aémy grain boundaries. This is achieved
whenmn-overlap along the polymer chain occurs, providarigalf-filled band of delocalizegt
electrons [114]. Their unique properties suchtalikty in air and compatibility with biological
molecules make them ideal candidates for use iseliging. The conductive polymer
polypyrrole has been one of the most studied potgrfee use in biosensing and has been found
to be the most active for both deposition at néptrhand immobilization of biomolecules [115].
A popular method for conjugating polymers with nfimers is oxidative chemical vapor
deposition (0CVD), where an electrically conductboating can be formed directly on the
fibers. This is done by simultaneously combiningaidant and a monomer in the reaction
chamber with the fiber substrates [116]. This mmdthas shown versatility in the coating of
various substrates from films to fibers. Nylonefib were coated with the conductive co-
polymers of polyethylene dioxythiophene / 3-thiopéethanol using oCVD. These fibers have
recently been studied for use in a resistance bssesbr where the immobilization of

biomolecules uses the built in carboxyl (-COOH)ctional group of the polymer [13].
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A two-step combination process has been used tel@@wonwoven conductive fibers formed

using polyethylene oxide (PEO) containing the oridarric chloride (FeG) [117]. The PEO

fibers containing the oxidant were produced usiegteospinning and in the second step the
fibers were exposed to pyrrole vapor for polypyer(®Py) synthesis. This same method was
used by Granato et al [12] to develop polypyrraated fibers, except the fibers were made of
nylon-6 instead of PEO. In thin film devices tbanhtain PPy, active sensing components are
imbedded which can limit efficiency and sensitivit& nanofibrous surface improves these
factors because of the high surface area for thenginass / volume. In addition, the nanofiber
platform can enhance the transport of ions and aasirom the solution to the interior of the
sensor component, perhaps even acting as the eaptdrsensing component all in one. Results
showed that the composite PPy / PEO fibers wengsmooth after exposure to pyrrole vapor

with the average diameter of the fiber being 96 fihe sheet conductivity of the fibers was

found to be on the order of _fCIS/cm [117]. The nylon-6 / PPy fibers were fouadhave an

average diameter of 290 nm and could be used tsure@an amperometric response due to

increases in concentrations of a phosphate solutittna significant I% of 0.990 [12].

The most largely researched and easiest methdtdddabrication of conductive fibers is
through the use of aqueous / organic solvent depnsising chemical polymerization [118].
This can be achieved by using a bulk process wéeetatively strong chemical oxidant oxidizes
a monomer in solution and the resulting polymecimitates out of the solution as a solid. For a
finer, more controlled coating, the monomer or axidcan be exposed to only the fibers, then

introduced to the reacting solution resulting ia golymerization occurring directly at the
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surface. Other polymer coated fibers and texhilage been generated using liquid chemical
oxidation to generate PPy [119-124] and polyaail[RANI) polymers onto fibers [125]. The
resulting electrotextiles maintain the porosity ameteased surface area of a fiber textile, but the
polymer coating along the individual fibers arecatspable of providing electrical conductivity

through the membrane.

2.3.3 Covalent biosurface modification

The demands of a successful biomaterial immobibmatvith conductive fibers are: the
biorecognition properties and / or catalytic prdigsrof the bioreceptor remain active; the
recognition elements are attached within or orstiigstrate to maintain activity; the chosen
biorecognition elements improve selectivity of thesensor; and the transducer is affected,
whether by increasing or decreasing electron teanapon a binding event. In order to
successfully achieve these demands, surface matidiicof the nanofibers is often necessary.
The strategy for surface modification that is nsimising is covalent attachment of
biomolecules, which allows for electron interactidsetween the active site and the electrode
[126]. Modified electrode surfaces have been erathfor use in amperometric biosensors.
Transfer reactions of biological molecules wereentsd to be normally slow at conventional
metallic electrodes. Bartlett [126] sought to @eene this problem by direct coupling of the
biological redox reactions to the electrodes. Timn®lved the electrodes being modified by
covalent attachment of species, by either reversidsorption or by deposition of conducting
polymers as electrode materials. Using electredased with conductive poly (5-
carboxyindole) they were able to use the carbogygmbups on the polymer to interact with the

lysine residues on the protein surface for oriemtadnd electron transfer upon binding events.
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This study also pointed out the electrochemicakt@mts of electron transfer in relation to the

distance to the electrode in biosensors.

A chemiresistive biosensor for the detection oflilmmolecule biotin was developed using 3,4-
ethylenedioxythiophene (EDOT) copolymerized witth®pheneethanol (3-TE) on a nylon fiber
mat [13]. The available hydroxyl (—OH) functiorgabup found in the copolymer was
covalently attached to the biomolecule avidin ugpngaleimidophenylisocyanate (PMPI)
molecules as a cross-linker. The naturally hidim&y constant of avidin for biotin ensured the
sensor would have strong selectivity and spedyficithis was confirmed using laser scanning
confocal microscope images of the fibers with FId@din molecules before and after reacting

with biotinylated red quantum dots [13].

2.3.4 Electrochemical detection using nonwovenrfibe

Electrochemical based sensing does not requiren@aigbels or redox mediators to facilitate
detection like optical sensors do and output sgjaed directly related to the concentration of
bound antigen to the sensor. Three of the moshuamy used electrochemical detection
methods in biosensing are amperometry, voltammatrg,resistivity, or looking at changes in

the current, voltage, or resistance, respectialgss the system [127]. The system parameters
commonly measured are: interfacial capacitaneetm@n transfer resistance, and medium
conductivity. In developing an electrochemicaldzhbiosensor using nonwoven fibers, it is
important to take into consideration such individtc@mponents as: the conductivity of the
electrolyte solution, the distance between eleesothe total electrode surface area, the

electrode materials, and the temperature and p#high the measurement is carried out [128].
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Electrically based detection systems that use ynpe nanofiber-based biosensor paired with
enzymes have been developed for sensing glucoS¢ r2a [101], and fructose [130].

Recently studies have been conducted to use nanefs biosensors for detecting food
pathogens. Some examples of this include nitrolosi&unanofibers that have been fabricated and
used as a lateral flow immunosensor for detediingoli0157:H7 [131] Salmonellaspp [80],
Bacillusspp [132]. In this section, a more in depth revieymade on the use of nonwoven

fibrous platforms for electrochemical biosensors.

2.3.4.1 Cyclic voltammetry

Cyclic voltammetry provides information on the tm@dynamics of redox processes, kinetics of
heterogeneous electron-transfer reactions, cowgblenhical reactions, or adsorption processes
[75]. Itis also used to determine the locatiohsedox potentials of electroactive species and
evaluate media effects . In cyclic voltammetriinaar scan of the potential of a working
electrode is performed using a triangular potenteeform. A single cycle or multiple cycles
can be performed. During the potential sweep thieeat resulting from the applied potential is
measured and the current versus the potentiabtgedlon to a cyclic voltammogram. Forward
and reverse scans will result in peaks of O toX@dion to reduction) and R to O, respectively.
These peaks are the result of the diffusion lagenéd near the electrode surface. In reversible
systems the current and potential at each of tbhepaks can be used for data analysis with the
current being directly proportional to the concatitm of the electroactive species of interest

[75].
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Arecchi et al. [133] used nylon nanofibrous membgato build electrochemical biosensing
devices for the detection of glucose that allowiggh lenzyme loading due to the high surface-to-
volume ratio of nanofibers when compared to thim tiechnology. Glucose oxidase was
attached to the nanofibers using glutaraldehyamwalently immobilize the enzyme. The
functional membrane was then securely attachedtol®on electrode, completing the
electrochemical biosensor. Cyclic voltammetry wasd to analyze the sensor with the nylon

membranes attached. The sensor exhibited a seysiti 1.9 HA/mM over a response time of

20 — 30 seconds and had a limit of detection oﬂﬂ_g M.

2.3.4.2 Amperometry

Amperometry uses the stepping of the potentiahefwwtorking electrode from where no faradaic
reaction occurs to a potential where the surface@atration of the electroactive species at the

electrode is effectively zero [75]. In this methtite current over time is monitored.

Biosensors used in glucose monitoring have beeatentaising immobilized glucose oxidase
associated with an electrospun electrode maderuaffitiers consisting of
polymethylmethacrylate dispersed with multiwalllmam nanotubes. Glucose was detected
amperometrically in a phosphate buffer and effecélectron mediation was achieved. A
benefit of this nonwoven fabricated electrode exithility for the flow of gas and liquids through
the high surface area allowing higher loading ohfwlecules for improving biosensor
performance. Testing looked at how stronger big@fiiciency of the biomolecules / enzymes

minimized leaching of the active component durimg fabrication process. Results showed that
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the nanofibrous nonwoven biosensor provided exaetletection levels and wide linear range

response to glucose presence [134].

A tyrosinase-modified electrode was developed tadezl as an electrochemical amperometric
biosensor for the detection of phenolic compound®od [135]. The enzyme had been
immobilized by drop-coating onto a glassy carbatebde that had been covered with a
nanofibrous membrane made of nylon-6 that was peelay electrospinning. A three-electrode
system was used with the coated glassy carbomsgeagi the working electrode. At -0.2 V the
amperometric response was measured, showing aadedrecurrent over time with the addition
of standard pyrocatechol. The biosensor exhilategsponse time of 16 seconds, a detection

limit of 0.05uM, and linearity up to 10QM.

2.3.4.3 Resistivity / conductivity

In electrochemical resistance / conductance basseétsors, the biological recognition event
creates either a disruption or connection for tbe f current at the working electrode and a
system response is measured [136, 137]. Thigaeses can be correlated to different target
pathogen concentrations, resulting in pathogerctiete The change of the system resistance
should be proportional to the change in the amotipathogen captured. Fabrication of a
chemiresistive biosensor for detection of biomoleswas demonstrated on a high surface area,
flexible electrospun nylon fibrous mat [13]. TheH@unctionalized conducting copolymer of
3,4-ethylenedioxythiophene (EDOT) and 3-thiopheln@est! (3-TE) was synthesized and
conformally deposited on the electro-spun mats)bglative chemical vapor deposition (0CVD).

The —OH functional groups associated with the cgpel were used for covalent
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immobilization of avidin. Biotin molecules wereagsas the target analyte-specific molecule.
The sensitivities of avidin immobilized conductiogpolymer on electrospun mats were tested
against micro-molar to nano-molar concentrationkiofin in aqueous solutions. Results showed
the sensor response was 6 times higher than whahsaibstrate was used. It also significantly

lowered the response time.

E. coliO157:H7 bacteria and bovine viral diarrhea vilB¥DV) detection has been conducted
using electrospun fibers of nitrocellulose [13MNanofibers were functionalized to contain
antibodies by glutaraldehyde crosslinking chemis®jlver electrodes were then fabricated on
the nanofibers. To complete the circuit for detattthose same antibodies were attached to
conductive (polyaniline) magnetic nanoparticlesahhattached when exposed to target
pathogens in solution. This complex then attacbdte modified surface of the membrane
completing the charge transfer between the eleetradetection of the targets for the fabricated
device was found to be linear in response to theusmts of analyte in solution. In an 8 minute
detection process sensitivity of the biosensor &lasolony forming units per milliliter

(CFU/mlI) forE. coliand 103 cell culture infectious dose per millili(€CID/ml) for BVDV

[131].

2.4 Conclusions / outlook

Although a lot of research activity has gone iite tlevelopment of biosensors, there is still a
disconnect in getting this technology transitiot@deal world with commercially available
systems. The biggest cause for this is the conunanwbacks that still exist in current

biosensors such as high cost, low durability, & t@environmental robustness for in field
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testing, detection limits that do not reach thaseaalitional techniques, and a necessity for extra
extraction methods to be performed before use gddithe total detection time. Optical
biosensors have better sensitivity and selectthiéyn electrochemical systems; however they are
very sensitive to the characteristics of the sampérix. Electrochemical systems are subject to
high levels of system noise, which can reduce émsigvity of the sensor. Other drawbacks of
current biosensor technology include the needHendcal labels or reporters, a lack of
multiplexing capabilities, short shelf lives, complproduction methods, and a lack of
reproducibility of materials and results [32, 52]ne use of durable nonwoven fibers is one new
field that can be explored to help address sontlkasfe issues. Their low cost, material
durability, ease of production, and material stgbihake them particularly promising for

sensing applications.

There are many different approaches availablen@®fdrmation and use of nonwoven fibers for
biosensing. Nonwoven fibers can be utilized agapor electrical based sensors with
appropriate design considerations such as choipelgier, fiber packing density, biomolecule
attachment chemistries, signal attenuation, dopants detector / reader design. Care must be
taken to choose materials that will be able to ma@mtheir optical or conductive properties in
the presence of biological systems. The requirerioergmall, ultrasensitive, affordable,
disposable sensors for medical diagnostics, enwiemtal monitoring, and food safety has led to

an increase in this research.
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Chapter 3 Synthesis and characterization of electrotefitiers

This chapter is adapted from our recently publisivedk in the journal, Biosensors:
McGraw, Shannon K.; Alocilja, Evangelyn; Senecaildfe; Senecal, Kris. Synthesis of a
Functionalized Polypyrrole Coated Electrotextile se in Biosensors. Biosensors. 2012;

2(4):465-478. DOI: 10.3390/bios2040465.

3.1 Introduction

Electrochemical biosensors combine a biologicabgedion element with an electrical readout.
There is a large array of biorecognition elementshioose from including: DNA / RNA
aptamers, proteins, antibodies, enzymes, and DNBgs. These biorecognition elements can be
used directly in their natural form or can be biectcally altered [138-141]. Biological
recognition is accomplished when the element isailized at an electrode transducer which
converts the biological recognition event (i.efjlaody - antigen binding) into a measurable
electrical signal [54, 75, 142, 143]. Biosensansducers can be electrochemical, optical,
thermal, mass related, or based on electrical irupesl Impedance based sensing is
advantageous because it does not require enzyrls labreduction/oxidation mediators to
facilitate detection as optical based sensing {ib#g]. In electrochemical impedance based
systems a measurable system response is createdivehieiological recognition event disrupts
the flow of the current at the working electrodeile/the reference electrode maintains a

constant potential [75].
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High-surface area nonwoven fibers are versatilecamdbe developed into electrotextile smart
membranes designed for use with all forms of sesigmial transduction. However, research into
the integration of electrotextile, biological, agléctrical technologies to create novel biosensor
systems for food protection is limited. Previougiblished studies have been conducted on the
development of electrically active non-metallicttexcoatings made of doped polypyrrole (PPy)
polymers [13, 14, 19, 121, 122, 144]. By produangpnductive polymer coating on non-woven
microfibers, an electrochemical biosensor electicatebe created that is less expensive than its

planar metal counterpart, with more available stefarea [12].

In addition, these electrotextile electrodes caeigineered to be durable, disposable, and
require minimal attachment chemistries. The abibtyse antibody functionalized fibers for
capture and concentration was previously demomrstnaith electrospun nanofibers and a
carboxyl functional group [19, 145]. With the attanent of biological recognition elements to
the electrotextile surface, these electrodes Havedpacity to act as the transducer in a
biosensor while also performing pathogen captuwecentration, and detection [13]. This
combination would simplify a food pathogen detettmosensor, resulting in a significantly

smaller and lighter detection system.

The inclusion of a carboxyl group in the polymetiaa of such an electrotextile based sensor
would provide the needed functional group siteghierattachment of biorecognition elements
necessary to a biosensor design (i.e., antiboahiedin). Various types of molecules have
previously been included during the polymerizatwdmpyrrole in order to create biosensors with

built in biological receptor sites, such as bigfid6], benzophenone [147], pyrrole-3-carboxylic
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acid [148] and 3-thiopheneacetic acid (3TAA) [1R&pid, highly specific sensing of target
analytes can be achieved due to the use of thesents at a relatively low cost. The faster
speed and lower cost of biosensors versus stadg#edtion methods have made them especially

marketable to the food industry [149-151].

The objective of this study was to develop and poedan electrotextile with a biosensing focus
composed of conductive polymer coated microfiblees tontain functional attachment sites for
biorecognition elements. Experiments were conduttiesgtlect a functional group, fiber
platform, and polymerization solvent. The effedtslopant inclusion and post-polymerization
wash steps were also analyzed. Investigations e@rducted to determine if the inclusion of
3TAA in the polymerization process would have a@eefon the availability of binding sites for
biorecognition elements in the high-surface areatsdtextile and how the increase in the
concentration of 3TAA would affect several propestof the coating such as the physical
characteristics, resistivity of the sample, andawailability of binding sites. Finally, the
successful attachment of avidin to the electroextas examined as well as the avidin’s ability
to capture biotin (a common biorecognition mod€Ris was evaluated optically and

electrochemically.

3.2 Materials and methods
3.2.1 Materials

Nylon 6 (NY6) and polypropylene (PP) nonwoven miitrers were obtained from North
Carolina State Nonwovens Cooperative ResearchutestiThe fibers were cut into circular discs

with a diameter of 1.2 cm. The monomer solutiontaimed 98% pyrrole and either 3TAA or

38



pyrrole-3-carboxylic acid (3-COOH), all obtainedrin Sigma-Aldrich (St. Louis, MO, USA).

Iron (lIl) chloride (FeC$), acetonitrile, methanol, and 5-sulfosalicylicdh¢(bSSA) were also

obtained from Sigma-Aldrich. Covalent attachmenthef biorecognition elements was
performed using N-(3-dimethylaminopropyl)-N'-ethgstbodiimide hydrochloride (EDC)
(Sigma-Aldrich) and N-hydroxysulfosuccinimide (sutlNHS) (Invitrogen, Carlsbad, CA, USA)
with 50 mM 2-(N-morpholino)ethanesulfonic acid (MBS&uffer, pH 6.0, (Thermo Fisher
Scientific, Waltham, MA, USA), fluorescein isothi@nate (FITC) labeled avidin (Thermo
Fisher Scientific, Waltham, MA), avidin (Thermo k& Scientific), biotin (Thermo Fisher

Scientific), and biotinylated quantum dots (Qdob &fotin conjugate kit, Invitrogen).

3.2.2 Synthesis
3.2.2.1 Functional group selection

A circular NY6 membrane sample was dipped intolatem of 1 mg/mL 3TAA in pyrrole,

removed, and placed into a reaction vessel wheral16f 0.1 M FeC4 in acetonitrile was

added and allowed to react for 18 hours at roonpégature, during which oxidative
polymerization of the pyrrole based monomer ocalfi®l, 152-156]. The second sample was

dipped into a solution of 0.5 mg/mL 3-COOH in pye;aemoved, and placed into a container

where 10 mL of 0.1 M Feglin acetonitrile was added and allowed to reacii®hours at room

temperature. Both samples were removed from teepective solutions and left to dry for 4

hours at room temperature.
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3.2.2.2 Dopant inclusion and solvent selection

Six polymer samples were generated and evaluated N&'6 as the fiber platform. The fibers

were dipped into a solution of 1 mg / mL 3TAA inrple, removed, and placed into separate
reaction vessels. Two samples each were oxidizdMi mL of 0.1 M Fe@ suspended in
acetonitrile, methanol, or deionized (DI) watervélume of 1 mL of 0.1 M 5SSA was added
immediately after the addition of the Fg@b act as a dopant. All samples were allowed &otre

for 30 minutes at room temperature. After polymatian, the samples were removed and dried

for 4 hours at room temperature.

3.2.2.3 Post-polymerization treatment
NY6 membrane samples were dipped into a solutigryoble containing 1 mg/mL 3TAA,
removed, and placed into an empty container. &€ mL, 0.1 M) was added to each followed

immediately by 5SSA (1 mL, 0.1 M). Samples werew#d to react for 30 minutes. Samples
were subject to 3 conditions: no post-polymerizatr@atment, a DI water wash, or a DI water
wash and sonication for 5 minutes. Following treaitrthe samples were dried for 4 hours at

room temperature.

3.2.2.4 Fiber platform selection

A spot melted PP disc was coated with the PPy atthabupolymer. The fiber disc was dipped

into a solution of 1 mg / mL 3TAA in pyrrole, remed, and placed into a separate reaction

vessel where polymerization occurred. A volume®friL of 0.1 M FeCl in DI water was used
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as the oxidant and 1 mL of 0.1 M 5SSA was usett@sidopant. The sample reacted for 30
minutes at room temperature and was then removashed with DI water, and dried for 4 hours
at room temperature. A sample using NY6 as the pbstform was also prepared with an

identical coating method.

3.2.2.5 3TAA analysis

PP microfiber discs were briefly submerged in a J@#6ole and 3TAA (concentrations of O,
0.1, 1, 10, 20, 50, or 100 mg / mL) solution. Timectionalized monomer was absorbed onto the

fiber mat. The wet fiber sample was then removenhfthe solution and placed in a glass

container for polymerization. Fe§{0.1M, 10 mL) was added to the sample to initthte

chemical reaction while a dopant, 5SSA (0.1M, 1 migs simultaneously added. The fibers in
solution were incubated at room temperature fomBtutes with constant agitation, thereby
ensuring that polymerization occurred on both safdbe mat. The nonwoven fiber sample was
removed from the solution, gently rinsed on bottesiwith distilled (DI) water, and dried at

room temperature overnight.

3.2.3 Physicochemical characterization

A visual assessment of each sample was conducitegl 2sanning electron microscopy (SEM).
The samples were gold sputter coated (~15 nm thssRjraad imaged with a Zeiss EVO 60
scanning electron microscope fitted with an eneligpersive spectroscopy (EDS) attachment
(Carl Zeiss Microscopy, LLC, Thornwood, NY, USAh& images were taken at a setting of

1,024 x 768 pixels with 4x line integration (noreeluction technique). Slow scan speed 8 was
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used with a spot size of 370 for a measurement lwemrant of 70 picoamps. The EHT voltage
was 30.0 kV and the working distance was 6 mm, gxatere noted otherwise. EDS
measurements were performed with 102.4uS amp tm&00 counts at magnifications of 100x.
Electrical resistance measurements of the polyneee waken across the fiber membranes using
a four point probe (Pro-4, Signatone, Gilroy, CAYla Keithley 2400 Sourcemeter (Keithley

Instruments, Cleveland, OH, USA) after an intexfal 0 seconds.

3.2.4 Biological experiments
3.2.4.1 Optical analysis

PPy / 3TAA coated PP membrane discs were prepading to the method listed in Section
3.2.2.4 and washed with DI water. FITC labeledlav{FITC-avidin) was attached to the
functionalized membranes through EDC / sulfo-NH&sslinking. The discs were washed with
distilled water and dried for 10 minutes. A voluofe200 pL of EDC and sulfo-NHS in MES
buffer was added and reacted with gentle agitdtod5 minutes. The discs were washed twice
in MES buffer and 250 pL of FITC-avidin was addecach disc. The discs were reacted with
gentle agitation for 4 hours and were washed witSwuffer. Finally, the discs were washed
three times with phosphate buffered saline (PB%®). 3TAA analysis the samples were read
using a Fluoroskan Ascent microplate fluorometdreffo Scientific) and measured for
fluorescence at an excitation wavelength of 490 Emission was measured at 535 nm.
Triplicate readings were taken for each samplethed averaged to obtain an average
fluorescent output value. Imaging was performadgia Zeiss LSM710 confocal microscope

(Carl Zeiss Microscopy, LLC, Thornwood, NY, USA).
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To visually assess the avidin functionalized fibatslity to capture a target molecule a total
volume of 500 uL of biotinylated Qdots was addethwfibers at a 1:400 dilution. The samples
were incubated with agitation for 1 hour at roomperature and were stored at 4 °C overnight.
The samples were washed three times with PBS amditaged using a Zeiss LSM710

confocal microscope (Carl Zeiss Microscopy, LLCpifiiwood, NY, USA).

3.2.4.2 Electrochemical analysis

PPy / 3TAA coated PP membrane discs were prepading to the method listed in Section
3.2.2.4, cut into 2 cm x 2 cm squares, and washédlv water. Avidin was attached to the
functionalized membranes through EDC / sulfo-NH&sslinking as described in Section

3.2.4.1. Resistance measurements were obtaineonogcting the avidin attached membrane
discs to a PalmSens using two alligator clips gmospg sides of the membrane. The membrane
was submerged in 10 mL of 0.1 M phosphate buff&) @hd then a 10 mL sample of biotin
solution at varying concentrations was added. Esestance values were recorded every 30

seconds for 15 minutes. The system response (Rptalaulated using Equation 3-1 [13].

Rp(%)=((Ri-Ro)/Rp )*x100 (3-1)

Where R is the resistance of the avidin attached senser thfe biotin sample has been added.

Rg is the resistance of the avidin attached sensahidis not been exposed to biotin.

3.3 Results and discussion

Table 3-1 summarizes the different treatmentsfqiais, and reaction times that were examined

in this manuscript as well as their impact on mateesistance and coating morphology.
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Analysis of the results from each tested combimasaexplained in the subsequent sections.

Supplementary data, calculations, and images céoupel in Appendix B.1.
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Table 3-1. Summary of treatments and effects.rg¥ttion times are 30 minutes except for the

samples from Figure 3-1 and Figure 3-2 which hadtren times of 18 hours.

Materials and Methods Tested

Results

Platform

Monomer

Dopant

Solvent

Wash
Treatment

Resistance

Figure
#

Notes

NY6

3-COOH/
Pyrrole

none

acetonitrile

none

397 R

3-1

Coating
even,
black, and
conformal
on fibers.
Heavy
buildup of
polymer
clusters
along
fibers

NY6

3TAA/
Pyrrole

none

acetonitrile

none

23.71&

3-2

Coating
even,
black, and
conformal
on fibers.
Clusters off
polymers
buds
scattered
along
fibers

NY6

3TAA/
Pyrrole

none

acetonitrile

none

189.98R

none

Coating
uneven,
gray, and
brittle.

NY6

3TAA/
Pyrrole

5SSA

acetonitrile

none

291 R

none

Coating
uneven,
gray, with
dark black
spots,
brittle.

NY6

3TAA/
Pyrrole

none

methanol

none

35.31M

none

Coating
uneven,
gray,
slight
brittleness
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Table 3-1 (cont'd).

NY6

3TAA/
Pyrrole

5SSA

methanol

none

710

3-4

Coating
uneven
and gray
with black
spots.
Polymer
forms a
solid sheet
across
fibers

NY6

3TAA/
Pyrrole

none

water

none

5512

none

Coating
smooth
and even,
black,
slightly
brittle

NY6

3TAA/
Pyrrole

5SSA

water

none

91G,
51.2Q

Coating
smooth,
even, and
black.
Polymer
clusters
are small
and build
along fiber
surface

NY6

3TAA/
Pyrrole

5SSA

water

DI water
wash and
sonication

60.5Q

3-8

Coating
smooth,
even, and
black.
Coating is
slightly
lighter
than other
samples
with better
porosity
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Table 3-1 (cont'd).

NY6 3TAA/ 5SSA water Dl water| 42.6Q 3-7 | Coating
Pyrrole wash 3-9 | smooth,
even,
black, and
slightly
brittle.
Coating is
slightly
lighter
than
unwashed
sample

PP 3TAA/ 5SSA water Dl water| 55.1Q 3-10 | Coating
Pyrrole wash smooth,
even, and
black. Not
brittle.
Coating is
conformal
along
fibers

3.3.1 Functional group selection

The inclusion of a pendant carboxyl functional gr@ssociated with the conductive polymer
coating provides attachment sites for the covadderding of antibodies to the fibers, giving a
biosensor its ability to detect pathogens and $ipégiof capture [157]. The groups 3TAA and
3-COOH were evaluated as potential functional gradghitions in the electrotextile polymer.

The SEM images of the samples can be seen in Bi@dteand 3-2 and the results can be seen in

Table 3-1.
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Figure 3-1. SEM image of nylon 6 fibers coated in polypyrrolgha8B-COOH. Scale be
equal to 10 um, magnification of 2,000x, EHT oflk80and working distance of 6.0 m
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Figure 3-2 SEM image of nylon 6 fibers coated in polypyeralith 3TAA. Scale bar
equal to 20 um, magnification of 2,000x, EHT 30 kvid working distance of 6.0 mi

The sample using 3TAA formed an even black coatitrgss the fiber surface. SEM analy
showed that the coating was conformal on the indigldilbers on the membrane with clusters
polymer buds scattered along the fibers. The meds@sistance for the sample was 23.@1
The sample with £OOH additive had an evenly dispersed black cg across the surface
well. SEM analysis showed that the fibers were confoyraihted, however the buildup
polymer clusters on the fibengas much heavier than in the sample where 3TAAwsasl as th
additive. This buildup of polymeon the sample using 3-COOH pyrraleused an increas
resistance of 397¢k for the sample. In the development of an electtdéeelectrode it is
important to minimize material resistance and fa ¢onductive polymer coating to
continuous throughduhe fibrous platform. This ensures consistencpsgthe electrode surfa

for recognition element attachment and that anygban electrical signal is due to tar:
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binding to the recognition site instead of varinaidetween fabricated electrodes. Based on this

information, 3TAA was selected as the functionalugr additive to be used in the

polymerization for the remaining experiments.

The chemical structure of the poly(pyrrole-3TAApolymer can be seen in Figure 3-2.
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Figure 3-3. Schematic representation of the chdmtoacture of
poly(pyrrole-3TAA).

Previous work has been done exploring the polyragam of pyrrole with additional molecules

added to create a co-monomer in order to builddigiokl receptor sites into the polymer. These

include biotin [146], benzophenone [147], 3-COOHM{lLand 3TAA [17]. The structure is the

same as that published in Vaddiraju et al. [17}yéner because the deposition method is

agueous instead of oCVD there are differencesarctating thicknesses, morphologies, and

conductivities. The addition of an organic acid a@afpwill also affect these parameters.
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3.3.2 Dopant inclusion and solvent selection

The inclusion of the dopant 5SSA was evaluatedrasut of previous research indicating that
the use of planar dopant ions increases conductiviePy coatings [14, 122, 158]. The effect of

the polymerization solvent was evaluated as wélesE results can be seen in Table 3-1.

The samples with acetonitrile as a solvent weré baevenly coated, with the sample
containing dopant having dark black spots acrosstinface. The coating was very brittle. As
shown in Table 3-1, the measured resistance fosdh®le oxidized in acetonitrile with 5SSA
was 291 K. The resistance of the sample without the inclusibthe dopant was 18%X The
samples where methanol was used as the solvenirtea@n black coatings. The sample that did
not have 5SSA added had a measured resistanceMf23bowever the sample where 5SSA

was added had a measured resistance 02710

The samples that were oxidized using Ra@lwater had smooth and even black coatings. The

sample without 5SSA had a slightly heavier suri@zsting and appeared more brittle. The
sample without 5SSA had a measured resistance/aR5%he sample with 5SSA had a

resistance of 91.8.

The samples containing 5SSA that were oxidizedethanol and in water were selected for

further evaluation using SEM. These images careba s1 Figures 3-4 and 3-5.
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Figure 3-4 SEM image of nylon 6 fibers coating in dopedypgtrole with methanol a
solvent. Scale bar equal to 20 um, magnificatiod,@00x, EHT of 30 kV and workir
distance of 6.0 mm.
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Figure 3-5 SEM image of nylon 6 fibers coated in doped pgiyole with water a
solvent. Scale bar equal to 10 um, magnificatioh,@00x, EHT of 30 k', and working
distance of 8.0 mm.

The sanple oxidized using methanol t a less globular appearance than previously sedre
acetonitrile samples withothe dopant, however it appea more like a solid sheet of coati
across the fibers. In comparison, the sies that were oxidized in water meevery globular, th
polymer clusters seen previouslyre present, but much smaller and building alondp

individual fiber.

When comparinghe samples shown in Figis 3-4 and 3-5 witthe samples from Figus 3-1
and 3-2 it can be seen that the choice of solvent foréaetion was shown to affect polyn
formation on the fiber surface, directly relatimgaverall polymer conductivity. Te inclusion of
a dopant resulted in increased conductivity actlesgiber membranes in less reaction time.

inclusion of the dopant hatle greatest impact on conductivity when the cotidegolymer
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was chemically oxidized in water resulting in tbevest sample resistance among the tested

combinations.

3.3.3 Post-polymerization treatment

In order to evaluate the strength of the attachroétite coating to the fiber surface, a wash step
and sonication were introduced post-polymerizatiremove excess, unattached polymer. Each
cleaning step was tested for effect on resistddogeated, washed, and sonicated samples were
measured using a four point probe to determinedbistance. These results can be seen in Table
3-1. Their resistances were 512242.6Q, and 60.5), respectively. With a range of 14X the
difference observed between the resistance measuatsof the three samples was minimal and

did not appear significant.

SEM analysis, shown in Figures 3-6, 3-7, and 3aBws heavy, clustered polymer coatings

along the fibers from each sample, with the sartiiéwas not washed appearing to have a

slightly heavier surface coating.
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Figure 3-6. SEM image of nylon 6 fibers coated in doped polyphg with no rinse po-
polymerization. Scale bar equal to 100 um, magaiifdn of 500x, EHT of 30 kV ar
working distance of 6.0 mr

{. e

L e Al

55




Figure 3-7 SEM image of nylon 6 fibers coated in doped pgtyle with a DI wate
wash pospolymerization. Scale bar equal to 100 pm, maggaiion of 500x, EHT of 3
kV and workingdistance of 6.0 mr
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Figure 3-8. SEM image of nylon 6 fibers coated in doped polyphg with DI water
wash and sonication pogtlymerization. Scale bar equal to 100 um, magaiidn of
500x, EHT of 30 kV and working distance of 6.0 r

The addition of a rinse step and sonication didrestilt in a significant loss of polymer coatl
from the fiber discs, however those samples didvabetter porosity between the individt
fibers in the SEM images. The lack of a cge in resistance and SEM images indicated the
polymer had bound to the nylon microfiber lattit@e larger clusters of polymer, where
polymer was attached to itself as opposed to thex Burface, had weaker bonds, was remo\
and did not sigificantly change the resistance. Washing of therlpos-polymerization wa:
added to the protocol to allow for the removal @akly bound excess, resulting in better fi
porosity and ensuring that the biorecognition eleim&ould have access to lower layers of

the fiber mat.
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3.3.4 Fiber platform selection

During drying the coated NY#bers contracted, resulting in the ¢s becoming slightly smalle
in diameter than before polymerization occurrede Thated fibers also became more bri
occasionally fracturing when bent or twisted. Tdm@ds this effect, a spot meltPP disc, a
more robust material, was coated with PPy conductive polymer usinige procedur:
described in Section32.4 in a 30 min reaction and compared to an idalht coatecNY6
membrane. After being washed with DI water SEM igsagf the samples were taken. Th

results can be seen in Table afid Figurs 3-9 and 3-10.

Figure 3-9 SEM image of nylon 6 fibers coated in doped pgtyle. Scale bar at 1
pKm, magnification of 5,000x, EHT of 30 kV and wargidistance of 6.0 mi
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Figure 3-10 SEM image of polypropylene fibers coated in dbpelypyrrole. Scale bz
at 10 um, magnification of 5,000x, EHT of 30 kV amdrking distance of 6.mm.

The PP disc in Figure 3-1tas an even black coating and a measured resisiabéelQ. The
PP microfibers wee conformally coated with trPPypolymer. The surface coating on PP
fibers appears smoother than the coating oINY6 fibers. Nanoscale buds of polymerre
seen scattered across the polymer surface rangsige from 0.5 to 1 um. At theeas where
the nonwoven fibers we melted together, buds of polymer coatin¢ seen in the range of 2(
to 400 nm in diametelt was observed thahe coated PHiscs also have better dbility than
its NY6 counterpart. The Pditscs were able to be folded, rolled, and handlil Mss fracturing

and loss of coating.
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3.3.5 Effects of 3TAA concentration

Increases in resistivity, sulfur weight percent] imorescent output were all observed as the
concentration of 3TAA increased in the samplesis Titrease became pronounced at a

concentration of 10 mg/mL of 3TAA in the monomelusion. A summary of results can be

found in Table 3-2.

Table 3-2. Characterization of polypyrrole copolymith increasing concentrations of 3TAA.

Concentration of Average Sulfur Fluorescent Output
3TAA Resistivity Weight Average
(mg/ mL) Q-cm) (%) (REU)

0 4.55 0.93 1.0287

0.1 4.58 0.78 1.0950

1 3.43 0.55 1.3870

10 6.29 1.30 1.4770

20 8.14 1.54 1.2677

50 9.44 2.24 1.6453
100 1587.45 3.83 3.9623

3.3.5.1 SEM analysis

The increase in concentration of 3TAA in the polyiregion process resulted in an increase in
the buildup of the coating on the PP fibers. eittisible difference was observed between the
samples ranging in concentration from 0 — 10 md./ mhe four samples tested within this
range showed a conformal polymer coating aroundhitigidual PP fibers. A comparison of

two fiber samples with different concentrations3®AA can be seen in Figures 3-11 and 3-12.
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Figure 3-11 SEM image of fibers with polymer coating witlB&8AA concentration o

10 mg/mL. A smooth conformal polymer coating waserved along the individu

fibers with minimal polymer clusters. Scale bav&do 10 um, magnifation of 5,000x
EHT of 30 kV and working distance of 6.0 n
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100 mg/mL. The coating was rough with a large amhad polymer built ip along the
surface, engulfing several fibers and reducingoihv@sity of the membrane. Scale
equal to 10 um, magnification of 5,000x, EHT oflk30and working distance of 6.0 m

Along the fibers small buildup of polymer could deserved. An examg of this can be seen
Figure 3-11 where fibers were coated with a concentratiobhG®omg/mL. Samples with high
3TAA concentration displayed large buildups of poér that haccollected together to fori
aggregates measuring roughly — 500 um in diameter on the fib&urface. As seen in Figu
3-12 fibers coated at a concentration of 100 mg/mlwspolymer build up along the surfac
engulfing several fibers and reducing porosity of the membrane instead of forming a sim
conformal polymer coating along the individual fibe It was also observed that as
concentration of 3TAA was increased, the polymettioyy became more brittle. Flakes

polymer fell off of thesamples containing 50 and 100 mg/mL when han
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3.3.5.2 Electrical resistivity

As can be seen in Table 3-2, the measured resissiaf the samples ranged from 3.43 to 1587.5
Qecm. The relationship between the concentratioBT&#EA in each sample and the resistivity of

the sample can be seen in Figures 3-13 and 3-14.
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Figure 3-13. Change in sample resistivity basedhoreasing 3TAA concentrations,
with error bars representing the standard deviaifa@ach sample. The overall trend
showed resistivity increasing as concentrationToAAR increases, starting at 1 mg/mL.
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Figure 3-14. Change in sample resistivity basedhoreasing 3TAA concentrations
excluding 100 mg/mL 3TAA, with error bars represegthe standard deviation of each
sample.

The samples containing 0, 0.1, 1, 10, 20, and S50nta@f 3TAA all have resistivities under 10
Qecm, with the samples ranging from 0 to 1 mg/mLemBslQecm. A sharp increase was

observed in the resistivities of the samples coirigi100 mg/mL of 3-TAA, with the resistivity
being over 150 x larger than the sample contaiBlgng/mL. A steady increase in resistivity

was observed as the concentration increased sfattih mg/mL.

3.3.5.3 Elemental weight percent

Because the chemical structure of 3STAA containga €arboxyl attached to a sulfur ring, the
presence of sulfur was used as an indicator ofosgtlgroups present in the coating surface for

covalent binding, this relationship can be sedrigure 3-3. Energy dispersive spectroscopy
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was used to determine the elemental weight pergestfor each sample. The sulfur weight
percent measured in each sample can be seen i@ 3&btanging from 0.55% to 3.83%. The
relationship between the weight percent of sulfhu the concentration of 3TAA in each sample

can be seen in Figure 3-15.

t (%

Sulfur Weigh
N

0.0 0.1 1.0 10.0 20.0 50.0 100.0
Concentration of 3STAA (mg/mL)

Figure 3-15. Change in sulfur weight percent &xl®agnification using EDS based on
increasing 3TAA concentrations. The overall treslews the sulfur weight percentage
increasing as the concentration of 3TAA increasdbé sample, starting at 1 mg/mL.

All of the samples with 3TAA concentrations of 1@/mL or higher had a sulfur weight percent
of greater than 1%. The range between the measutsraf the samples containing 10 and 20
mg/mL of 3TAA is 0.24%. A sharp increase in thagié percent of sulfur was observed

between the samples containing 50 and 100 mg/n3T AfA with a range of 1.59%.

3.3.5.4 Fluorescence

The intensity of the FITC signal measured followthg crosslinking reaction was used as an

indicator of the relative amount of avidin that veacessfully attached to the available binding
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sites provided by the presence of carboxyl gronfghe polymer coating. The average
fluorescence output for each sample can be se€abile 3-2. The relationship between the

average fluorescent readout value and concentrati8mAA in each sample can be seen in

Figure 3-16.
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Figure 3-16. Change in average fluorescent owtftet FITC-avidin binding based on
increasing 3TAA concentrations with error bars simgvthe standard deviation for each
sample. The overall trend shows the average fhoerece output increasing as the
concentration of 3TAA increases in the sampletisigat 0.1 mg/mL.

The average fluorescence signal measured rangelfi@87 to 3.9623 relative fluorescence
units (RFUs). Only the samples containing 0 arddg of 3TAA measure below the value of
1.1 RFUs. The samples containing 50 and 100 mdyath exceed 1.5 RLUs. The sharpest
increase in signal comes between the samples oordd@0 and 100 mg/mL with the difference
being 2.317 RFUs. The increase in concentratid@3iTéfA in each sample coincide with an

increase in fluorescent signal for every sampleepkbetween 10 and 20 mg/mL.
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3.3.5.5 Selecting 3TAA concentration

In all 4 characterization methods used, a diffeeemnas observed between samples that did and
did not include 3TAA. The trend was observed facrecharacterization that after an initial
threshold was met, the measured difference incdeaséhe concentration of 3TAA increased.
The addition of 3TAA resulted in an increase in s and buildup of the polymer coating
along the individual polypropylene fibers, with tlaegest accumulation of polymer observed
with the addition of 100 mg/mL of 3TAA. The addii of 3TAA also resulted in a higher
resistivity being measured for the sample, a higiemental weight percent of sulfur in the
sample, and a higher fluorescent reading aftes&ineples were put through the EDC / sulfo-
NHS / FITC-avidin binding reaction. The additiomakrboxyl groups from the 3TAA reacted
with the EDC / sulfo-NHS cross-linking to resulttims increase in the attachment of the FITC
labeled avidin. However, the increase in availdibietional groups for additional antibody
attachment came at a cost to the material’s registilncreasing 3TAA changed the polymer

morphology ultimately resulting in a larger, motelwlar, and less conductive coating.

When developing an electrochemical biosensor,ithortant that a balance be found between
increasing the available binding sites for reactitmtake place and decreasing the membrane
sample resistivity to achieve maximum sensitivillyis also important that the membrane
maintain its porosity and therefore increased serfea as well as be environmentally robust.
In our research no observable difference couldbbed between a sample containing 0.1 mg of
3TAA and one that did not have 3TAA added. A $nits t-test (2 tailp. = 0.05) showed no
significant difference between the resistivitieshe samples containing 0 and 0.1 mg/mL of

3TAA. In all samples tested, the concentrationsignal outputs showed an observable
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difference between a sample with a 3TAA concergrasit 10 mg/mL and a sample without
3TAA. At a concentration of 10 mg/mL, the membraaenple had a resistivity 38.3% higher
than the sample containing no 3TAA, a sulfur weiglitcentage 39.8% higher, and an increase
in fluorescence output of 43.6%. Increases inusuwifeight percents and fluorescence outputs
were also observed at concentrations of 20, 50180dng/mL, however all three showed an
increase in polymer buildup on the fibers whichulesl in a lower polymer durability and

higher sample resistivity. For these reasons, @0 of 3STAA was selected as the optimum

tested concentration for use in our electrotextitesensor assembly.

3.3.6 Biorecognition element attachment
3.3.6.1 Optical analysis

Generating a conductive polymer coating onto therfmembranes has two purposes. The first
is to make the fibers capable of conducting antetet signal through the fibrous platform and
the second is to provide attachment sites for bmggition elements on these fibrous surfaces.
Confocal microscopy was used to determine if Fl&keled avidin was covalently bound to the
polymer coating. Qdot labeled biotin was then useddicate if the surface bound avidin had
maintained its capture ability. Figures 3-17 antiB3:zonfirm the presence of functional groups
for bio-recognition attachment in the polymer. Fgy3-17 shows a coated fiber that has FITC-

labeled avidin attached to it.
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Figure 3-17. False colored confocal images of sifiplers with FITC-avidin attachment. A:
Fiber reflectance. B: Bound FITC-avidin. C: Comjpe image. All at 4,000x with lasers at 405
and 488 nm.

The fiber can be seen reflecting the blue wavelgnghile the FITC-avidin fluoresces green.
The composite image, Figure 3-17(C), shows thelattent of the avidin on the fiber surface,
with a buildup of avidin found on the polymer butat run along the fiber. This indicates that a
biorecognition element, avidin, can be successtutlynd to the polymer coating using covalent
attachment chemistry, however it does not provettteavidin is still available to react with a

sample and perform capture.

Figure 3-18 shows the same fiber sample, afteadlution of Qdot labeled biotin.
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Figure 3-18. False colored confocal images of &hveith biotinylated quantum dot attachment.
A: Fiber reflectance. B: Bound biotinylated quantdots. C: Composite image. All at 4,000x
with lasers at 405 nm.

The fibers can be seen reflecting the blue wavétenghile the biotinylated Qdots emit red.
The composite image, Figure 3-18(C), shows thelattent of the Qdots on the fiber surface,
with heavier concentrations of Qdots found wheezdlare heavier concentrations of polymer.
Based on the information gained from Figure 3-fiéan be assumed that the avidin has bound
to the polymer coating and then conjugated withbileéin. This indicates that a biorecognition
element, avidin, can be successfully bound to tienper coating using covalent attachment

chemistry and can be used to perform capture.

3.3.6.2 Electrochemical analysis

Preliminary experiments were conducted taking mldtmeasurements using the fiber
membranes as electrodes to determine if a biolbggcagnition signal can be observed.
Triplicate measurements were taken using the cdivduitber membrane electrodes to establish
the resistance values for a control sample (0.1BYldhd biotin solutions at concentrations of

0.5, 5, 50, and 500 puM. A time of 3 minutes wa®drined to be necessary to reach system
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equilibrium. The responses for each concentrati@aeh time point were averaged and the

value after the initial 3 minute equilibrium timarcbe seen in Figure 3-19.
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Figure 3-19. Average response over a period ahitites (after a 3 minute equilibrium
time) for the electrochemical detection with vagyisiotin solution concentrations.

The response of the system at each sample conttemtnas plotted over the 12 minute period
following a 3 minute equilibrium time, showing thithe system response increases as the
concentration of biotin increase. There was ansliyop in signal between 3 and 5 minutes for
each sample indicating that the electrode wasrstithing equilibrium up to roughly the 5

minute point. The average percent response at@atration of 0.5 pM was 35.4%. For the
biotin concentrations of 5, 50, and 500 uM the agerresponses were 55.3%, 50.8%, and
67.2%, respectively. Figure 3-19 shows that theaperesponses at concentrations of 5 uM, 50
1M, and 500 uM were all significantly larger th&e taverage response at 0.5 pM. Also, the
average responses at these three concentrationsrgrelose, with the average response at 5 and

50 uM crossing multiple time points. This is makgly due to the fibers reaching a threshold
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for attachment on the surface, so that the increfb®tin in the sample is no longer generating
a proportional increase on the system resistartee stlirface attachment capabilities could be
improved by increasing the size and therefore sarfaea of the fiber mats, attaching a higher
concentration of avidin to the fibers, and increagghe amount of carboxyl group attachment

sites on the fibers.

The resistance of the sensor at each biotin solgtimcentration was tested against the values of
the control using a Student’s t-test (2 tails; 0.05) to determine significance. The resistatce
each concentration of biotin tested was determiodx significantly different from the blank
control. This shows that the electrotextile eled& is capable of detecting changes in
conductivity due to the addition of biotin to thestkem. It also has the potential to eventually be

used as a simple sample capture and read systgatfaygen detection.

3.4 Conclusions

The initial results from this study show a nonwovieer matrix can be successfully coated in a

conductive, functionalized polymer while still m&ming surface area and fiber durability.
A polypropylene fiber platform with a conductivelyayrrole coating using Feghls an oxidant,

water as a solvent, and 5SSA as a dopant exhithieedest coating consistency, material
durability, and lowest resistance. The additioBBAA to the polymerization process resulted
in a change of coating morphology, resistivity nedmtal sulfur presence, and available binding
sites for biorecognition elements. The polymertedanembrane sample containing 10 mg/mL
of 3TAA was selected as the best for future biosedsvelopment. Furthermore, biological
attachment using avidin-biotin can be achievedherfibers through the inclusion of a carboxyl
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functional group via 3TAA in the monomer. When mib a simple electrochemical system, the
membranes could be used to successfully deteah liosolution at concentrations of 0.5, 5, 50,
and 500 uM. This technology will be extremely us@fithe formation of electrotextiles for use

in biosensor systems.

A mathematical model of this polymerization process developed and optimized in Chapter 4.

This technology was further used for antibody dttaent ance. coli O157:H7 detection as part

of an electrochemical biosensor in Chapters 5 amespectively.
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Chapter 4 An optimization model for the development of aadoctive polymer coated

nonwoven electrotextile for use in biosensors

4.1 Introduction

A biosensor is an analytical device used to comferbccurrence of biological recognition
events into measurable electrical responses [B4pnsists of a biological sensing element that
has been integrated with electronic transducer®,[189]. Biosensor transducers can be
electrochemical, optical, thermal, or mass relatétkctrochemical biosensors are designed to
combine the analytical power of electrochemicahtegues with the specificity and binding
efficiency of biological recognition processes [7%) an electrochemical biosensor the
biological recognition element is immobilized atelactrode which then converts the biological
recognition event (e.g. antibody — antigen bindimg) a measurable electrical signal. This

output signal will be directly related to the contration of bound antigen to the sensor.

One new field of research in the development aftedehemical biosensors is the creation of
electrotextiles to be used as electrode transducBtectrotextiles refer to fabrics that can
electrically function as electronics and physicélghave as textiles” [160]. High-surface area
electrospun membranes are versatile and can béogedento electrotextile “smart membranes”
designed for use with all forms of sensor sigresi$duction, however very little research has
been done into the integration of electrotextiieldgical, and electrical technology to create
novel biosensor systems for food defense. Prewimuk has been done to develop electrically
active non-metallic textile coatings that are casioke using doped polypyrrole (PPy) polymer

[14, 121, 122, 144]. By producing a conformal aactdve polymer coating on non-woven
74



microfibers an electrochemical biosensor electicatebe created that is less expensive and has
more surface area for attachment than its plansalmeunterparts [12]. In addition these
electrotextile electrodes are durable, disposalnld,have the potential for minimal required
attachment chemistry. With the attachment of lgmal recognition elements to the
electrotextile electrode surface the electrodeslavbave the capacity to perform pathogen
capture, concentration, and detection. This wauttplify a food pathogen detection biosensor,
allowing the overall system to be produced sigaifiity smaller and lighter than many current

systems.

Previous work has been conducted and publishetleooreation of an electrotextile made by
performing aqueous deposition of a conductive RRlyZthiopheneacetic acid (3TAA)
copolymer onto nonwoven polypropylene (PP) micref#[18-20]. This combination of co-
polymer provides sites where bio-recognition eletméantibodies) can covalently attach to the
fiber based platform. These functionalized conideanembranes serve as the sites of pathogen
collection and detection within the system. Cagdupathogens impede the flow of electrons
across the electrode resulting in an increasedtaggie in the circuit. The measured resistance
across the electrotextile electrode increaseseasdhcentration of target pathogen within the

sample increases [20].

There are many factors that influence the formadibthis electrotextile. Several of these factors
have been previously identified and analyzed [X8i.these, five have been identified as
particularly significant to the formation and reaisce of the polymer coating: the concentration

of each co-monomer, the concentration of the oxjdhe concentration of the dopant, and
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polymerization time. It is important in the devehoent of an electrotextile electrode for
biosensing that the electrotextile have the lowesistance possible in order to not mask small
observable changes that may be obscured with systesa. By decreasing the resistance and

variability of the electrotextile, the sensitivity the biosensor will increase.

Despite the fact that previous work has identitieel importance of five factors in the formation
of conductive textiles [14, 18, 121, 122], a conamsive study is needed to investigate the
effects of these factors and their interactiongatymer formation. Multiple regression analysis,
a tool often used for estimating probabilities asldtionships between variables in fields as
diverse as economics to microbiology to psychold@i-164], can be used to generate a
mathematical model of the electrotextile resistasmendent on the factors of monomer,

oxidant, and dopant concentrations as well as pefigation time.

The objectives of this study included: first, istigating the effects of each monomer
concentration, oxidant concentration, dopant cotragan, and reaction time on the synthesized
electrotextile’s resistance; second, developingudipie regression model based on these
effects; third, determining the optimal conditiafd¢hese factors in order to generate the lowest
experimentally possible electrotextile resistaraoe] finally, experimentally validating the

optimized model conditions.
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4.2 Materials and methods
4.2.1 Materials

Nonwoven polypropylene microfibers were obtainemfrNorth Carolina State Nonwovens
Cooperative Research Institute. For polymer sygishéhe monomer used was a pyrrole solution

that was copolymerized with carboxylic acid funoab3TAA. The oxidant was iron (I11)

chloride (FeC}). The polymer was doped using 5-sulfosalicylidld8SSA). All of the

polymerization chemicals were obtained from Signidrigh (St. Louis, MO).

4.2.2 Experimental design
4.2.2.1 Electrotextile synthesis

Electrotextile synthesis was conducted accordingeéeiously published techniques [18-20].
Briefly, an aqueous deposition process was usedetate a conductive and functional polymer
coating upon a PP fiber matrix, as described belavé. cm x 8 cm polypropylene microfiber
mat was submerged in a pyrrole and 3TAA solutiomr(ge and 3TAA concentrations were
varied based on different experiments mentiongtierensuing sections), creating a
functionalized monomer that was absorbed ontoibdex fmat. The wet fiber sample was then

removed from the solution and laid flat in a glesssction vessel for polymerization. A volume

of 30 mL of FeC} was added to the sample to initiate the chemezadtron while a dopant, 3

mL of 5SSA, was simultaneously added (the conceabhsof FeC4 and 5SSA were varied

based on experiments described in ensuing sectidig fibers in solution were incubated at

room temperature (the reaction times were varisgdh@n experiments mentioned in ensuing
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sections) with constant agitation, thereby ensuittirag polymerization occurred on both sides of
the mat. The nonwoven fiber sample was removead tte solution, gently washed on both

sides with deionized (DI) water, and dried at ra@mperature overnight.

4.2.2.2 Optimization of electrotextile

Optimization experiments were fulfilled by a respersurface method, where the response
surface plot is a 3D representation of the relstgm between the factors and the response. The
optimum response will fall somewhere in the expental region along the generated curved

surface at a maxima or minima [165]. In ordereéoegyate this curve based on the effects of the

concentrations of pyrrole, 3TAA, Fefland 5SSA as well as reaction time on the final
resistance of the electrotextile, a central contpagesign with five coded levels was used. This
was used to develop a mathematical model whichalbbesto predict the electrotextile resistance

as a function of component concentrations and tifitee design matrix with both codes and real

values of factors is presented in Table 4-1 [165].
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Table 4-1. Central composite design, from Haala@dde values are in the parentheses, actual
values are outside of the parentheses.

Run Factors
Pyrrole 3TAA FeCh 5SSA Reaction
Concentration Concentration  ConcentratiorConcentration Time
(% volume) (g/mL) (M) (M) (min)
1 325 (-1) 0.0125 (-1) 0.075 (-1 0.15)(-1| 97.5 (+1)
2 325 (-1) 0.0125 (-1) 0.075 (-1 0.35 )(+1| 52,5 (-1)
3 325 (-1) 0.0125 (-1) 0.125 (+1) 0.15)(-1| 525 (-1)
4 325 (-1) 0.0125 (-1) 0.125 (+1) 0.35 )(+1| 97.5 (+1)
5 325 (-1) 0.0375 (+1) 0.075 (-1 0.15)(-1 | 525 (-1)
6 325 (-1) 0.0375 (+1) 0.075 (-1 0.35 )(+1| 97.5 (+1)
7 325 (-1) 0.0375 (+1) 0.125 (+1) 0.15)(-1 | 97.5 (+1)
8 325 (-1) 0.0375 (+1) 0.125 (+1) 0.35 )(+1| 52.5 (-1)
9 775 (+1) 0.0125 (-1) 0.075 (-1 0.15)(-1 | 525 (-1)
10 775 (+1) 0.0125 (-1) 0.075 (-1 0.351)(+ 97.5 (+1)
11 775 (+1) 0.0125 (-1) 0.125 (+1) 0.151) (- 97.5 (+1)
12 775 (+1) 0.0125 (-1) 0.125 (+1) 0.351)(+ 525 (-1)
13 775 (+1) 0.0375 (+1) 0.075 (-1 0.151) (- 97.5 (+1)
14 775 (+1) 0.0375 (+1) 0.075 (-1 0.351)(+ 525 (-1)
15 775 (+1) 0.0375 (+1) 0.125 (+1) 0.1581) (- 525 (-1)
16 775 (+1) 0.0375 (+1) 0.125 (+1) 0.351)(+ 97.5 (+1)
17 10 (-2) 0.025 (0) 0.1 (0) 0.25 (0) 19)
18 100 (+2) 0.025 (0) 0.1 (0) 0.25 (0) 16)
19 55 (0) 0 (-2) 0.1 (0) 0.25 (0) 75 (0
20 55 (0) 0.05 (+2) 0.1 (0) 0.25 (0) 79) (
21 55 (0) 0.025 (0) 0.05 (-2) 0.25 (0) 16)
22 55 (0) 0.025 (0) 0.15 (+2) 0.25 (0) 16)
23 55 (0) 0.025 (0) 0.1 (0) 0.05 (-2) 19)
24 55 (0) 0.025 (0) 0.1 (0) 0.45 (+2) 18)
25 55 (0) 0.025 (0) 0.1 (0) 0.25 (0) 3) (
26 55 (0) 0.025 (0) 0.1 (0) 0.25 (0) 1262)
27 55 (0) 0.025 (0) 0.1 (0) 0.25 (0) 78) (
28 55 (0) 0.025 (0) 0.1 (0) 0.25 (0) 78) (
29 55 (0) 0.025 (0) 0.1 (0) 0.25 (0) 78) (
30 55 (0) 0.025 (0) 0.1 (0) 0.25 (0) 78) (

The experiments were run based on the conditiossritbed in the design matrix. The response
was the resistance of a 1.2 cm diameter sampleeaélectrotextile. Each run was conducted in
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triplicate with 3 sample measurements taken peemxgnt, resulting in 9 response values per
run. These values were averaged together to pgaadh run response and 270 data points for
regression analysis. Optimal conditions for thesation of an electrotextile with the lowest
resistance were obtained from the model. A veiion run was then conducted using the

optimal conditions to assess the level of accudddiie predicted result.

4.2.3 Statistical analysis

The conductivity of the electrotextile from the t@hcomposite design was analyzed by
multiple regression analysis using Minitab 15 (M, Inc., State College, PA). A second-order

polynomial equation was applied to correlate tloedies, Equation 4-1.

Y =ag+ aXy + @Xp+ apXa+ aXa + aXs + aXe’ + aXp + aXa + aXa + &Xs +
a12X1X2 + 813X1X3 + a14X1X4 + &5X1X5 + 83X X3 + 84X X4 + 85X 2X5 + 834X3X4 +
a35X3X5 + ay5X4X5 (4-1)

Where Y represents the electrotextile resistanadims and @is the intercept coefficient. The

values a, &, ag, a1, and g represent the coefficients of the linear termbe Values ¢, &>,
a3, Y4 &5 A2, A3 A4 A5 D3, D4, 5, B4, &35, and as represent the coefficients of the
guadratic terms. The valueg XXy, X3, X4, and X represent the variables of pyrrole

concentration, 3TAA concentration, FgCbncentration, 5SSA concentration, and reactioe ti
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Variables that were found to be highly correlatethwther X variables were removed from the
equation. An ANOVA table and R-square of the madede obtained from analyses, which
were used to evaluate the model. Finally, thenagitconditions for synthesizing a low
resistance electrotextile were concluded from toeehequation using MATLAB 7.12

(Mathworks, Inc., Natick, MA).

4.2.4 Analytical methods

Resistance measurements were taken across thenfdmbranes using a four point probe and
Keithley 2400 Sourcemeter (Keithley Instrumentgweland, OH). A visual assessment was
conducted using scanning electron microscopy. sEmeples were gold sputter coated and
imaged with a Zeiss EVO 60 scanning electron mowps. (Carl Zeiss Microscopy, LLC,

Thornwood, NY).

4.3 Results and discussion
4.3.1. Mathematical model

Experimental data of electrotextile resistancaésented in Table 4-2. Supplementary data and

calculations can be found in Appendix B.2.
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Table 4-2. Experimental results from central conitpagesign.

Average Average
Run Resistance Run Resistance
(€2 )

1 73.80 16 33.88
2 72.03 17 76.63
3 4551 18 51.78
4 38.89 19 55.24
5 102.17 20 68.92
6 110.51 21 95.31
7 71.49 22 40.24
8 66.88 23 75.34
9 226.93 24 56.09
10 77.00 25 62.38
11 55.20 26 46.84
12 44.17 27 51.54
13 45.38 28 45.61
14 52.61 29 41.89
15 42.27 30 44.01

Runs were conducted in triplicate testing with Bigkes measured per testing, resulting in 9
measurements per run. These 9 measured resist@nes were averaged together to obtain the
average resistance. Multiple regression analyas performed to fit the response function with
the data. The resulting coefficients, standardrsriT-values, and P-values can be seen in Table

4-3.
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Table 4-3. Results of regression analysis.

Standard

Predictor| Coefficient Error T-value| P-value
Constant 549.27 65.14 8.43 <0.001
X1 -0.251 1.225 -0.21 0.838
X2 -4162 1114 -3.73 <0.001
X3 -3090.4 467 -6.62 <0.001
X4 -749.7 1354 -5.54 <0.001
X5 -3.0857 0.5619 -5.49 <0.001
X12 0.052653 | 0.009688 5.43 <0.001
X1X2 -77.773 7.799 -9.97 <0.001L
X1X3 -10.074 3.899 -2.58| 0.011
X1X4 -4.3741 0.9748 -4.49 <0.001
X1X5 -0.020077 0.004333 -4.63 <0.001
XoX3 33969 7019 4.84 <0.001
XoXy 8597 1755 4.90 <0.001
XoXg 31.353 7.799 4.02 <0.001L
X3X4 2636.7 877.4 3.01 0.003
X3X5 16.41 3.899 421 | <0.001
X4X5 5.4333 0.9748 5.57 <0.001

The predictor values correspond to the variabldsguation 4-1. A P-value of 0.05 or less was

considered to be significant. 1Xvas kept in the equation despite having a P-Vialger than

0.05 because of the significance qf2X The variables of Qg X32, X42, and )652 were found to

be highly correlated with other X variables and evesmoved from the equation. The resulting
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equation, Equation 4-2, represents the electrd¢extiesistance as a function of pyrrole

concentration, 3TAA concentration, FgCbncentration, 5SSA concentration, and time.

Y resistance 549.27 — 0.251K— 4162% — 3090.4% — 749.7% — 3.0857% + 0.052653%° —
77.773% X2 — 10.074%X3 — 4.3741%X 4 — 0.020077%X5 + 33969%X 3 + 8597%X4
+31.353%X5 + 2636.7%X 4 + 16.416X5 + 5.4333%X5 (4-2)

Where Y represents the resistance of the electileeX, is the concentration of pyrrole pXs
the concentration of 3TAA, Xis the concentration of Fef;IX4 is the concentration of 5SSA,

and Xg is the reaction time.

An ANOVA table was used to evaluate the statistsghificance of the model (Table 4-4).

Table 4-4. Analysis of variance (ANOVA) for the regsion model from 5-factor central
composite design.

Sum of Mean

squares Degree of freedgm square F-valug P-value
Regression 315000 16 19688 28.42 <0.001
Residual Error 112922 163 693
Total 427922 179
R-square 0.736

The R-square of the model was 73.6%, which indetgtat the observations fell reasonably well

on the fitted regression surface.

The response surfaces are shown in Figures 4-10-td-demonstrate the effects of the factors

on the electrotextile resistance during synthesis.

84



70 \ : é é ______ ”? .......... émmmé ............ ém

Resistance - AR TR P : : | : -
(Ohms) W T T . Ny

50 .. _—

X b R 8

30 - SO
o et L0 : o “““““‘““‘-““ ___________ _.

0.1 e . A i
ESSA s e T

Concentrati0|(’-1)'3 i . ;
(M) 05 5o 60 70

80 90 100

Time (min)

Figure 4-1. The effects of reaction conditionsetectrotextile resistance at 55% pyrrole,
0.025 g/mL 3TAA, and 0.1 M Fegl
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Figure 4-2. The effect of reaction conditions oecélotextile resistance at 55 % pyrrole, 0.025

g/mL 3TAA, and 0.25 M 5SSA.
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Figure 4-3. The effect of reaction conditions oecélotextile resistance at 55 % pyrrole,
0.025 g/mL 3TAA, and 75 minutes.
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Figure 4-4. The effect of reaction conditions oecélotextile resistance at 55 % pyrrole,
0.1 M FeC§, and 0.25 M 5SSA.

88



70

60| e

Resistance =
(Ohms) 90

40

30
0013. .......

3TAA
Concentratiorp .03
(g/mL) 1

5SSA Concentration (M)

Figure 4-5. The effect of reaction conditions oecélotextile resistance at 55 % pyrrole,
0.1 M FeC§, and 75 minutes.
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Figure 4-6. The effect of reaction conditions oecélotextile resistance at 55 % pyrrole,
0.25 M 5SSA, and 75 minutes.
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Figure 4-7. The effect of reaction conditions tecw&otextile resistance at 0.025 g/mL
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Figure 4-8. The effect of reaction conditions tecw&otextile resistance at 0.025 g/mL
3TAA, 0.1 M FeC4, and 75 minutes.
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Figure 4-9. The effect of reaction conditions tecw&otextile resistance at 0.025 g/mL

3TAA, 0.25 M 5SSA, and 75 minutes.
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Figure 4-10. The effect of reaction conditionsetectrotextile resistance at 0.1 M FegCl
0.25 M 5SSA, and 75 minutes.

Resistance was graphed against two of the modatgdr§, while the other 3 factors were held

constant at the central composite center poinectidtextile resistance decreased as the reaction

time and dopant concentration increased (Figurg 4ficreasing the reaction time and the

oxidant concentration also reduced the electrdeesdsistance (Figure 4-2). The combination of

increased oxidant and dopant concentrations desuldhe electrotextile resistance (Figure 4-3).

Figure 4-4 shows that increasing the reaction tieselted in decreased resistance, regardless of

3TAA concentration, however at short reaction tirttesincrease in 3TAA provided a slight

decrease in resistance. Likewise, increased daparcentration also resulted in decreased

electrotextile resistance, regardless of 3TAA cotredion (Figure 4-5). Figure 4-6 shows that

increases in oxidant concentration have a lessfieignt effect on resistance when the 3TAA
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concentration is higher and that a very low resistacan be achieved with a lower oxidant
concentration if the 3TAA concentration is higim Higure 4-7 it can be seen that increasing
reaction time will decrease resistance, but thaildlvest resistances can be found with a mid-
range pyrrole concentration. Approaching eithertitgh or low extremes of the pyrrole
concentration will result in resistance increas€le trend of a mid-range pyrrole concentration
resulting in the optimum (lowest) possible ele@xtile resistance can also be seen in Figures 4-
8, 4-9, and 4-10. In Figure 4-8 changes in dopantentration have nearly no effect at pyrrole
concentrations less than 45%. The highest resissatan be seen with high concentrations of
pyrrole and low concentrations of dopant. Increasexidant concentration can be seen to
reduce resistance, regardless of pyrrole conceamréfigure 4-9). Figure 4-10 shows that
increases in 3TAA concentration reduce electratexdsistance at high pyrrole concentrations,

but will increase electrotextile resistances at fprole concentrations.

4.3.2 Optimization

One of the most important tasks of the model wdmtbthe optimal conditions in order to
produce the electrotextile with the lowest resistafor use in an electrochemical biosensor. The
optimization was conducted using the optimizatmoittox in Matlab 7.12 based on the model

from Equation 4-2. The optimal values of eachdaere listed in Table 4-5.
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Table 4-5. Optimal conditions for minimum electpdtke resistance.

Optimal
Factors Conditions
Pyrrole Concentration (% volume) 58.79
3TAA Concentration (g/mL) 0.03
FeCk Concentration (M) 0.11
5SSA Concentration (M) 0.25
Reaction Time (min) 70
Predicted Optimal Resistanc®)( 35.41

Under the optimal conditions, the model predictectkectrotextile resistance of 35.21

4.3.3 Model Verification

Verification experiments were carried out to camfithe optimal conditions. Ten runs were

conducted under the optimal conditions, with eastisrgenerated sample measured in triplicate.

The results of the verification experiment can éernsin Table 4-6.

96




Table 4-6. Experimental results of optimal condahiio

Sample Resistance
€)
30.30
39.63
31.40
50.60
42.80
35.13
33.00
39.10
38.20
39.87
Average 38.00

Standard
Deviation 6.01

O© 0O NO O~ WN P

[EEN
o

The experimental data showed an average electileteasistance of 38.Q0. The results were
analyzed using a Student’s t-test (1 tai#; 0.025) and showed that the calculated t valuke 38
was less than the tabulated t value of 2.26, tbezdghere was no significant difference and
demonstrated that the model fit the experimentt tvorably. Thus, the optimal conditions
obtained from the central composite experimentaigitewere valid. An SEM image of the

optimized electrotextile fibers can be seen in Fegt-11.
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Figure 4-11 SEM image of fibers made using optimal condgiéor polymer coatin
synthesis. Scale bar equal to 100 um, mication of 100x, EHT of 30 kV and workir
distance of 6.0 mm.

4.4 Conclusions

There are many factors that contribute to the foionaand resistance of conductive polyr
coatings. Five factors were identified in the sis of a conductivPPy —3TAA co-polymer

used to create an electrotextile for the develogrokan electrocemical biosensc They were:

concentration of pyrrole (monomer), concentratibB DAA (monomer), concentration of Feg
(oxidant), concentration of 5S¢ (dopant), and polymerization tim&hese factors were varit
in a central composite experimentasign in order to develop a multiple regression nhofi¢he

polymerization reaction. This model was then usefihd theoptimal conditions for ear factor

in order to generate the lowest experimentally {pbs&lectrotextile resistance. Toptimal

conditions were: 58.78 volume of pyrrole, 0.03 g/mL of 3TAA, 0.11 M F¢3, 0.25M 5SSA,
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and 70 minutes of reaction time to generate arrelextile resistance of 35.42. These
conditions were experimentally verified and the meatatical model was statistically validated.
The optimization results can be used to aid inptiegluction of a conductive electrotextile

electrode for electrochemical biosensors.
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Chapter 5 Antibody immobilization on conductive polymer ¢ed nonwoven fibers for

biosensors

This chapter is adapted from our recently publishedk in Sensors and Transducers Journal:
McGraw, Shannon K.; Anderson, Michael J.; Alocikaangelyn C.; Mareck, Patrick J.;
Senecal, Kris J.; and Senecal, Andre G. Antibodydhilization on Conductive Polymer
Coated Nonwoven Fibers for Biosensors. Sensorg eartsducers Journal. 2011. 13(12):142-

149. http://www.sensorsportal.com/HTML/DIGEST/P_&6.htm

5.1 Introduction

High-surface area nonwoven membranes are versatilean be applied to biosensor
development [145]. One way to achieve this higtiese area material is through the creation of
electrotextiles. Electrotextiles are fabrics tbam function as conductive “wires” and physically
behave as textiles [160]. Electrotextile “smarimbeanes” can be designed for use with many
types of sensor signal transduction, however lichigsearch has been conducted with the
integration of electrotextile, biological, and dlézal technologies to create novel biosensor
systems for food safety [13]. Previous work hasrnbgone to develop electrically active non-
metallic textile coatings that are conductive usiloged polypyrrole (PPy) polymer [14, 121,
122, 144, 166]. By producing a conformal condueflymer coating on non-woven
microfibers, an electrochemical biosensor electicatebe created that is less expensive and has
more surface area for attachment than its planglroeunterparts [12]. In addition, these
electrotextile electrodes are durable, disposainid,have the potential for minimal required

attachment chemistry. With the attachment of lgmal recognition elements to the
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electrotextile electrode surface, the electrodeslevbave the combined ability to perform
pathogen capture and detection [167, 168]. Thatiome of this type of electrode would simplify
a food pathogen detection biosensor, allowing theoca to be smaller and lighter than current
systems. Small foot print biosensors with multiphgxcapabilities, environmental robustness
and high sensitivity are needed for rapid presweptsting. With membranes being designed

for the capture, the sample readers can be sieglegnd significantly reduced in size.

The objectives of this part of the study weredétermine the best immobilization method for
the attachment of antibodies to the electrotefitiers, to determine the necessary concentration
of antibody to be used, and to determine whatnfyf) locking agent should be used on the
antibody immobilized electrotextile fibers. In erdo achieve these objectives, fluorescence
based measurements were taken usingestirerichia col(E. col) O157:H7 antibody labeled
with fluorescein isothiocyanate (FITC) and PicoGr&estainecE. coliO157:H7 cells as optical
reporters. Three different immobilization methedse analyzed: passive adsorption,
glutaraldehyde attachment, and N-(3-dimethylamioppl)-N'-ethylcarbodiimide hydrochloride
(EDC) / N-hydroxysulfosuccinimide (sulfo-NHS) crelasking. These attachment methods were
each analyzed using 3 different antibody concepntrat 1, 10, and 100 pug / mL, as well as with
a negative control where no antibody was presgemtally, the use of either BSA or goat serum
as a blocking agent was compared. We have shaatmathibodies can be successfully attached
to the electrotextile surface and still maintaia tapability to capture their target pathogen,

making them viable for use in a biosensor system.
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5.2 Materials and methods
5.2.1 Materials

Nonwoven polypropylene (PP) microfibers were oladifrom North Carolina State Nonwovens
Cooperative Research Institute. For polymer sygishéhe monomer used was a pyrrole solution
that was copolymerized with carboxylic acid funob3-thiopheneacetic acid (3TAA). This

co-polymer provides sites for covalent attachménhe bio-recognition (active) component of

the biosensor to the fiber based platform. Theaxi was iron (lll) chloride (Feg). The

polymer was doped using 5-sulfosalicylic acid (5$SAll polymerization chemicals were
obtained from Sigma-Aldrich (St. Louis, MO). Thbdr characterization was conducted in
Chapter 3 [18]. Covalent attachment was perforaseag glutaraldehyde (Sigma-Aldrich) or
EDC (Sigma-Aldrich) and sulfo-NHS (Invitrogen, Gavad, CA, USA) with 50 mM 2-(N-
morpholino)ethanesulfonic acid (MES) buffer, pH,gThermo Fisher Scientific, Waltham, MA,
USA). Blocking was conducted using 5% (w/v) bovaseum albumin (BSA) (Sigma-Aldrich)
or 5% normal goat serum (KPL, Gaithersburg, MD, YSRicoGreen ® (Invitrogen) was used

for staining bacterial cells.

Two different antibodies againgt coliO157:H7 were used in this study, both polyclonable
IgG: (1) BacTrace antibody goat afti-coliO157:H7 (KPL) and (2) BacTrace antibody goat
anti-E. coliO157:H7 labeled with FITC (KPL). The antibodiesre diluted in phosphate
buffered saline (1x PBS) to a concentration ofegith, 10, or 100 pg / mL immediately before

use.
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5.2.2 Electrotextile synthesis

Electrotextile synthesis was conducted accordingeéeiously published techniques [18-20].
Briefly, an aqueous deposition process of condaeaind functional polymer coatings upon a PP
fiber matrix was used, as described below. A &xd@cm polypropylene microfiber mat was
submerged in a 10% pyrrole and 3TAA (10 mg/mL) 8ohy creating a functionalized monomer

that was absorbed onto the fiber mat. The wet Sbenple was then removed from the solution

and laid flat in a glass reaction vessel for polsizagion. FeC} (0.1 M, 30 mL) was added to

the sample to initiate the chemical reaction whildopant, 5SSA (0.1 M, 3 mL), was
simultaneously added. The fibers in solution weoelbated at room temperature for 30 minutes
with constant agitation, thereby ensuring that pwyization occurred on both sides of the mat.
The nonwoven fiber sample was removed from thetieolugently washed on both sides with
deionized (DI) water, and dried at room temperatwernight. The fibers were then cut into

6.35 mm diameter circular discs.

5.2.3 Cell culture preparation

Cultures oft. coliO157:H7 Sakai strain (the strain isolated from$la&ai outbreak, 1996 in
Sakai City, Osaka, Japan [169]) @amonella enterica entericaerovar Enteritidis§
Enteritidis) were obtained from the Michigan Stataversity Food Safety and Toxicology
Center. E. coliO157:H7 cell cultures were grown for 4 hours irptry soy broth (TSB) at 37°C.

The growth time was selected based on a strainfgpgowth curve to give a concentration in

excess of 1%co|ony forming units (CFU)/mL [170]S.Enteritidis cultures were grown

overnight in lactose broth at 37° C. A volume ofl of cell culture was removed and pelleted
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for 3 minutes at 5,000 x g. The pelleted cellsenesuspended with 5 pL of PicoGreen and 500
pL of water. The cells were vortexed and stair@dbfminutes at room temperature while
rotating in order for the dye to cross-link witretBNA of the cells. The cells were then washed,
pelleted, and resuspended to a volume of 10 mto@een is a fluorescent nucleic acid stain
used for quantitating double-stranded DNA (dsDNAny excess PicoGreen stain that was not

removed should have no effect due to the factithainon-fluorescent when unbound [171].

5.2.4 Antibody immobilization

Each immobilization and reporter combination waggrmed in triplicate, with the negative
control receiving no immobilization or staining ohistry. Each immobilization method was
performed with a series of O pg/ mL, 1 pug / mL i/ mL, and 100 pg / ml of antibody. Each
series was done twice: with FITC-labeled antibsdamremobilized on them and blocked with a
5% BSA solution and with PicoGreen stairtedcoli O157:H7 cells with a 5% BSA block. Each
of the stains was also applied to samples withoytaamtibodies immobilized to determine the

background noise from the stains and non-speaifidibg.

5.2.4.1 Passive adsorption

The conductive nonwoven fiber discs were washed sigrile distilled water and dried for 10
minutes. After drying, a volume of 250 pL of thesd@ted antibody concentration was applied to
each disc and allowed to incubate for 1 hour wehtlg agitation. After incubation, the discs

were washed twice with PBS [157].
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5.2.4.2 Glutaraldehyde attachment

The conductive nonwoven fiber discs were washeHl digtilled water and dried for 10 minutes.
After drying, a volume of 25 uL of 2.5 mM glutaralidyde was applied to each disc and
incubated for 1 hour at 4°C. After incubation, thecs were washed with distilled water and
dried for 10 minutes. A volume of 250 pL of antilyovas then applied to each disc and
incubated for 15 minutes at 37°C. The discs weash&d with distilled water, dried for 10
minutes, and then 50 pL of deactivating buffer (@.2ris, 10 mM sodium cyanoborohydride)
[157] was applied and allowed to react at 37°Clfsminutes. The discs were washed twice

with PBS [172].

5.2.4.3 EDC / sulfo-NHS cross-linking

The conductive nonwoven fiber discs were washeHl digtilled water, dried for 10 minutes, and
treated with 200 pL of EDC and sulfo-NHS in MESfeufwith gentle agitation for 15 minutes.
The discs were then washed twice with MES buffel arolume of 250 pL of antibody was
added and reacted with gentle agitation for 4 hatireom temperature. After incubation, the

discs were washed with MES buffer and then twice®$ [157].

5.2.5 Blocking of the fibers

A volume of 50 pL of the blocking agent was addethe electrotextile fibers and allowed to
react for 1 hour. The samples were then washezktwith PBS and once with PBS containing

0.1 % Tween-20 (PBS-T).
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5.2.6 Antibody immobilization analysis

The electrotextile fibers were separated into gsdogised on antibody attachment method:
passive adsorption, glutaraldehyde, or EDC / shlifts. Each group was split in half, with
FITC labeled antibodies being immobilized on halfl amon-FITC labeled antibodies being
immobilized on the other half. The antibody cortcation was varied with concentrations of O,
1, 10, and 100 pg/mL used. The fibers were theokield with 5% BSA using the method

described in Section 5.2.5. The fibers that hadlid C labeled antibody immobilized to the

surface received a volume of 200 pL of an approtencall count of 1 x 170CFU/mL of E. coli

0157:H7 cells stained with PicoGreen applied torthd he discs were incubated with the cells
at 37°C for 15 minutes and then washed three timignsPBS. All experiments were performed

in triplicate.

5.2.7 Blocking agent analysis

BacTrace goat-ank. coliO157:H7 antibodies were immobilized onto the etdetxtile surface

at a concentration of 10 pg/mL using the glutarayde attachment method described in section
5.2.4.2. Samples were prepared using no blockyegtaPBS as a negative control), 5% (w/v)
BSA, or 5% goat serum. Each sample was testatplitate. Bacterial cells dE. coliO157:H7
andS. Enteritidis were grown and prepared as desciibeéction 5.2.3. Each blocking agent
was tested using 1 of 3 target samplEscoliO157:H7 (positive control}s. Enteritidis

(negative control), or PBS containing no cells {sgsbackground noise) in order to determine

the effect of the blocking agents on non-speciiinding onto the fibers. The target samples

were added in a volume of 200 pL to the discs asmumed concentration of 1 x7]£DFU/mL.
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The fibers were incubated with the target sampl@YaC for 15 minutes and then washed with
PBS. The number of washes were varied, with elihér or 3 washes performed in order to see

if there was a change in non-specific attachmem@® washes were performed.

5.2.8 Analytical methods

Fluorescence of the samples was measured usingdtoe3 multilabel counter (PerkinElmer)
using a 490 +10 nm excitation bandpass filter aB83+25 nm emission bandpass filter. The
samples were analyzed and photographed using @$icent microscope (Olympus BX41 with
Q Color 3 camera and a QBC ParalLens Advance Kit plite excitation). All fluorescent
samples were excited at a wavelength of 490 nneamsdsion was measured at a wavelength of

535 nm.

5.3 Results and discussion

For this study, antibody-antigen binding assaysvparformed to determine the capture
capability of the antibody-functionalized conduetmembranes. Attachment and capture
efficiency were determined through the use of #isgent labels that were measured using a
fluorometer and visualized with confocal microscof@wo different fluorescent indicators were
evaluated: FITC labeled to the antibody and Piee@rstainedt. coliO157:H7 Sakai cellsE.

coli O157:H7 Sakai was selected for use as the positimegol based on its positive result when
tested against the KPL antibody using a Western Blaree different antibody immobilization
techniques were evaluated: passive adsorptiomleotvbinding using glutaraldehyde, and EDC
/ sulfo-NHS cross-linking. For these experimettisge different antibody concentrations (1, 10,

and 100 ug / mL) were evaluated against a contithl mo antibody exposure. The effect of the
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inclusion of 5% (w / v) bovine serum albumin (BS#)5% goat serum as blocking agents was

also evaluated. Supplementary data, calculatemms$jmages can be found in Appendix B.3.

5.3.1 Selecting a fluorescent indicator

At an emission of 535 nm, the average fluorescehtiee non-treated fibers was 35.3 relative
fluorescence units (RFU). The fluorescence intgrisr each attachment method at antibody

concentrations of 0, 1, 10, and 100 pg / mL usiAgcRand PicoGreen stainéd coliO157:H7

cells as indicators is shown in Figure 5-1.

0 pg/mL

=1 pg/mL
10 pg/mL

%100 pg/mL

Aver age Fluorescent Signal (RFU)

AF AP GF G/P E.,F E,P
Attachment-Reporter Combinations

Figure 5-1. Average fluorescence due to attachiregrdrter combinations when bloct
at varying antibody concentrations. Where ‘A’ staifior passive adsorption, ‘G’ for
glutaraldehyde attachment, ‘E’ for EDC attachméitfor FITC labeling, and ‘P’ for
PicoGreen stain. Error bars show the range o$ithreal for each data set.
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The lowest average fluorescence across all foucararations was seen with glutaraldehyde
bound antibodies labeled with FITC. The highegtrage fluorescent signal was seen with
glutaraldehyde bound antibodies exposed to PicaGstened cells. In both passive adsorption
and glutaraldehyde binding, the PicoGreen staiméld outperformed their FITC labeled
counterparts at every concentration. At an anylmmhcentration of 100 pg/mL, the passively
adsorbed antibodies bound to PicoGreen stainesl eglitted an intensity 188% higher than the
passively adsorbed antibodies labeled with FIT@Ge glutaraldehyde immobilized antibody
with the PicoGreen stained cells had an average &gl 535% higher than those with FITC
at 100 pg/mL. The higher fluorescent output of B Green stained cells can be due to the
fact that the PicoGreen stain causes the entiréocilioresce thus providing more signal than
the FITC labeled antibody which is significantlyaltar in area. PicoGreen stainédcoli
0O157:H7 cells were selected as the best fluoresoditator of binding when compared to the
FITC labeling because of a higher RFU signal aséhltility to indicate if bound antibodies were

present and had retained their capture ability.

5.3.2 Selecting an attachment method and antibodgentration

A comparison between the three different immobii@amethods at three different antibody

concentrations with blocking using 5% BSA can bense Figure 5-2.
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Aver age Fluorescent Signal (RFU)

Attachment Methods

Figure 5-2. Average fluorescence for attachmerihous at varying antibody
concentrations with blocking and PicoGreen report@here ‘A’ stands for passive
adsorption, ‘G’ for glutaraldehyde attachment, d&idor EDC attachment. Error bars
show the range of signal for each data set.

PicoGreen staineH. coliO157:H7 cells were used as the fluorescent indiicathe highest
overall output was seen when using glutaraldehgdedvalent attachment, the lowest when
using EDC and sulfo-NHS. This trend was also sty seen in Figure 5-1. The relatively
small difference of 9.3 RFUs between the outpuiesifor the EDC immobilization at
concentrations of 10 and 100 pg/mL appears to atdithat all available binding sites for EDC
attachment are occupied with an antibody conceatraf 10 pg/ml. The excess antibody
available at 100 pg/mL was unable to bind and waslfieduring rinsing. The results show that
all three methods tested were effective for pathagggpture to the fiber surfaces at antibody
concentrations of 10 or 100 pg/mL. At 1 pg/mL ofibody, there is no significant difference
from where no antibody is present. The differenndsnding and fluorescent intensity is also

seen in Figure 5-3.
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Figure 5-3. Fluorescent images of fibers at 200tk wach attachment method, blocked, at
an antibody concentration of 100 pg/mL, with Pice&r reporter. A: passive adsorption.
B: glutaraldehyde attachment. C: EDC / sulfo-N&itachment.

The results in Figures 5-1 and 5-2 show that ED€safo-NHS cross-linking have a lower
fluorescence than passive adsorption or glutarghiiehWhile some variability is expected due
to non-specific binding, it is probable that white EDC and sulfo-NHS is binding the
antibodies to the surface, the EDC may not be adadedo bind the antibody due to steric
hindrance of the antibody and the surface. ED&zero length cross-linker while
glutaraldehyde has a six carbon spacer arm tlatsilbetter accessibility on a solid surface.
Also, since the antibodies are covalently attadahiesttly to the carboxyl groups on the
membrane by the EDC and sulfo-NHS method therelmedgss antibody immobilized on the
membrane compared to the other methods due tk afgmtential binding sites. There is also
the potential for the orientation of the immobilizentibodies on the membrane surface to not be
optimal for analyte capture. Taking this into ddesation, the method for antibody
immobilization on the conductive polymer coated wowen fibers that shows the most promise
is covalent binding using glutaraldehyde. Whenrteed to produce the most cost effective
sensor is considered, it is determined that aftady concentration of 10 pg/ml is required to

see a fluorescent change from samples with no@hipresent.
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5.3.3 Blocking agent selection

In order to determine the effects of the use dbaking agent, such as BSA or goat serum,
samples treated with each of the two blocking exyesetre compared to one another as well as to
samples that had no blocking agent treatment. réigut shows the average RFU output for
samples with either no blocking agent added, a Bl®&k added, or a goat serum block added.
These blocks were tested against target samplesdhtained either no cellg, coliO157:H7,

or S.Enteritidis.

600
©
C
3 500 1 ™ no block
S 400 -
2 E 300 - = BSA
sk block
'L 200 -
& goat
o 100 - .I. I serum
< 0 I e, block
no cells E.coli S. Enteritidis
0157:H7
Applied Target Sample

Figure 5-4. Average fluorescence for electrotexilbers with 10 pg/mL of antibody
attached using glutaraldehyde and varying blockneghods with either no cells added,
PicoGreen staineH. coliO157:H7 added, or PicoGreen staitse&nteritidis cells adde
and 1 wash performed. Error bars show the rangegofl of each data set.

As can be seen in Figure 5-4, there is very mininaakground noise (signal generated when no
cells are added) for all of the blocking methodsghwall three reporting an average output of less
than 20 RFUs. All of the samples that ladcoliO157:H7 applied generated larger signals than

the other samples, this was expected since thieaaltitarget for the fibers was coli O157:H7.
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The average signal whén coli O157:H7 cells are applied ranges from 183.FRIR (BSA
block) to 412.67 RFUs (no block). The largest algmas expected to be found at thesoli
sample with no blocking becauBecoli O157:H7 is the target pathogen and should bintbeo
antibodies, with no blocking being performed ieipected that non-specific binding to the
fibers is also occurring, adding to the signal. tii&f samples that were expose®&t&nteritidis,
the non-specific pathogen, the highest RFU out@asd fnom the unblocked sample with an
average value of 101 RFUs. The RFU signal frormthre-specific binding of th& Enteritidis
is much smaller than any of the signals resultmognfthe binding of the targ&t coliindicating

that blocking reduces non-specific binding on tbers.

Figures 5-5 and 5-6 show how the fluorescent outpthieE. coliO157:H7 and. Enteritidis

exposed samples changed for each blocking methotheswashes were applied, respectively.

Aver age Fluorescent Signal (RFU)
= N w iy a1 (e}
o o o o o o
© o &6 ©& © o o

m 0 washes
=1 wash
TN 3 washes
o o
= o

no block BSA block goat serum block

Blocking Treatment

Figure 5-5. Average fluorescence for electroteXibers functionalized with ank- coli
0157:H7 antibodies with different blocking treatrteeaver multiple washes with
PicoGreen stainel. coliO157:H7 cells as the fluorescent reporter. Ereoslshows th
range of signal of each data set.
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The highest signal is seen from the sample witblooking, but after 1 wash the signal,
increased. An increase in signal after 1 washatsmbe seen in the sample blocked with goat
serum. The lowest signal comes from the samplekklb using goat serum, but with 0 washes.
At 0 washes all of the outputs signals are witHirRFUs of each other. After 3 washes both of
the blocked samples have higher values than thelsaimat was not blocked. This shows that
the addition of a blocking agent to the fibers doeshinder the binding between the target and
antibodies. The variability between replicategath data set was analyzed. The average
variability between points when no blocking wasdugas found to be 215.67 RFUs. The
average variability between data sets when theditvere blocked with BSA or goat serum were
found to be 72.33 RFUs and 140.67 RFUs, respegtivihe addition of the blocking agent
reduces the variance within samples. A possibigagration for the variability in each treatment
set as washes are added is that the antibody ayet teacteria are not strongly bound. The
additional wash steps are then not just removimgspecifically bound cells, but also cells that

were captured to the target antibody.

Figure 5-6, the fluorescent output of tBdnteritidis exposed samples for each blocking netho

as more washes were applied, provides a betterstadding of the effect of each blocking

method on non-specific binding.
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Figure 5-6. Average fluorescence for electroteXilers functionalized with ank- coli

0157:H7 antibodies with different blocking treatrteeaver multiple washes with

PicoGreen stainefl Enteritidis cells as the fluorescent reporterroEbars show the

range of signal of each data set.
Figure 5-6 shows that all three blocking treatmeatiiced significantly after one wash,
implying that there was not a high amount of noaegc binding occurring on the fibers
regardless of blocking method if at least 1 wasp stas used. The average RFU output of the
samples blocked using goat serum with 0 washes ivadlie of 286 RFUs. A value 173.33
RFUs less than the samples that had no blockimgnient and 330 RFUs less than the samples
blocked with BSA. After each wash step the sambplesked with goat serum had the lowest
average RFU output of all of the blocking treatnseending with an output of only 34 RFUs
after 3 washes as compared to 52 RFUs for the ssmpth no blocking treatment and 100.67
RFUs for the samples blocked using BSA. By lookah¢he range of the data points within each

sample set it can also be seen that the additiorash steps reduced variability. The addition of

a single wash step reduced the range in data goingsamples with no blocking from 451 RFUs
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to 49 RFUs. With BSA as the blocking agent thegeawent from 702 RFUs to 41 RFUs and

with goat serum blocking 56 RFUs to 26 RFUs.

Based on these results it was found that it is ssa0g to block and wash the electrotextile fibers
in order to prevent or remove non-specific bindi85A and goat serum were both shown to
block non-specific binding on the fibers while mahibiting target binding, however the goat
serum performs better because it results in loniéal non-specific binding as well as lower
variability in samples. The use of 1 wash stepeid of 3 was also found to be beneficial. The
use of 1 wash reduced the non-specific bindingherfibers significantly and also did not appear
to reduce signal when the target pathogen wasexpfuithe fibers. Additional wash steps may

remove captured target bacteria that are weaklpdoo the immobilized antibodies.

5.4 Conclusions

The initial results from this study show that antlies can be attached to conductive polymer
coated non-woven fibers. Passive adsorption, eovdlinding using glutaraldehyde, or EDC
and sulfo-NHS are all effective immobilization medls, with glutaraldehyde demonstrating the
best antibody attachment. These results inditetethe best nonwoven sensor construction will
utilize glutaraldehyde attachment of 10 pg/mL ditzody with BSA blocking. This is

confirmed by challenging the sensor with PicoGretamed cells and fluorescent detection.
Non-specific binding does occur on the fiber suslatowever the addition of a blocking agent,
such as goat serum, and a wash step can redue#febts of non-specific binding, aiding in the
specificity of the sensor. This technology wasdusethe capture and detection of liZecoli

0157:H7 cells in Chapter 6.
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Chapter 6 A resistance based biosensor that utilizes candgumicrofibers for microbial

pathogen detection

This chapter is adapted from our recently publisiveck in Open Journal of Applied Biosensor:
McGraw, Shannon K.; Alocilja, Evangelyn; Senecaiskand Senecal, Andre. A Resistance
Based Biosensor That Utilizes Conductive Microfsofar Microbial Pathogen Detection. Open

Journal of Applied Biosensor. 2012. 1(3):36-43. D1.4236/0jab.2012.13005.

6.1 Introduction

Although food and waterborne pathogens do not bav&gnificant an effect on U.S. military
operations as they have in the past, enteric patiegre still one of the top causes of non-
combat related injuries in the field and are them@ne of the primary military medical
concerns for deployed troops [1]. Gastroentewas the leading cause of illness among troops
during Operations Desert Shield (1990 — 1991) aeselt Storm (1991) [2]. Thisis a
significant issue for the military to address bessaan outbreak of diarrheal disease in the field
has the ability to rapidly affect a large numbewnaifighters. During Operation Restore Hope
(1992 - 1993), it was shown that 16 % of all haapidmissions were for diarrheal illness [3].
Of these admissions, 16 % could be traced baé@lstherichia col(E. coli). Various studies on
diarrheal illness in deployed troops have listecany of enteric pathogens as the source with
the most commonly occurring ones beirghigellg E. coli, SalmonellaandCampylobacter
species [2-4, 173]. The ability to rapidly and @etely detect enteric pathogens with low

infective doses, such &s coliO157:H7, in the field has significant importance.
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Biosensors are one technology being developeddardo improve pathogen detection and
reduce response times. Immunobiosensors utilitegan specific antibodies coupled to a
transducer as the biological recognition element&tection [75]. The use of antibodies in the
design of a biosensor is beneficial because, adlaeof clinical immunoassays has shown, the
benefits of the antibody-antigen reaction includghibinding efficiency and specificity for
detection. In addition, antibodies can be gendratminst nearly any bacterial pathogen. The
faster speed and lower cost of inmunobiosensosigestandard detection methods and
biosensors using other biorecognition techniquaesh s DNA, have made them especially
marketable for use in food matrices [149-151] amnelectrochemical biosensor, the biological
recognition element is immobilized on an electradeich then converts the biological
recognition event (i.e. antibody — antigen bindimdp a measurable electrical signal [75].
Electrochemical biosensors are generally less estpethan optical detection methods and are
easier to use with turbid samples. Electrochemimpkdance / resistance based sensing also
does not require enzyme labels or redox mediatoiacilitate detection the way optical based
sensing does [127]. Instead, a measurable systgpomse is created when the biological
recognition event disrupts the flow of either therent or the potential at the working electrode
while the reference electrode maintains a congtatgntial [75]. In order for biosensor
technology to advance and surpass common pathageatidn techniques, such as polymerase
chain reaction (PCR) and culture / colony countthg,current drawbacks of biosensors must be
addressed. These include high cost, low durapditack of environmental robustness for in
field testing, detection limits that do not reabbge of traditional techniques, and a necessity for

extra extraction methods to be performed beforenseh adds to the total detection time.
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One approach for addressing some of the drawbdakg@nt biosensor technology is through
the development / use of nonwoven fibers to crédeztrotextiles”. High-surface area
nonwoven electrotextile membranes are versatil@nadsg that can be developed into “smart
membranes” designed for use with all forms of sesgmal transduction. Research is scarce,
however, regarding the integration of electrotextiiological, and electrical technology to
create novel biosensor systems for applications asdood protection and environmental
sampling. Previous work has been done to devdemprizally active non-metallic textile
coatings made of doped polypyrrole (PPy) polymér 21, 122, 144]. By producing a
conductive polymer coating on nonwoven microfibars electrochemical biosensor electrode
can be created that is less expensive than itaphastal counterpart [12]. The overlapping fiber
layers also have more available surface area tlaanaipelectrodes, resulting in more potential
target attachment sites. In addition, these alettile electrodes can be engineered to be
durable, disposable, lightweight, and require madiattachment chemistry. These qualities
make them ideal for in field use. The chemical position of nonwoven fibers and their
coatings can also be easily changed or adjustestimstheir intended use. Small changes to
the processing parameters can change the fiberetkanmesh size, porosity, texture, or weave
pattern. This processing flexibility makes theweay versatile material for sensor development.
They can be designed to be used with many diffearalytes and experimental conditions and
can be designed to have high chemical stability. [8%e ability to use antibody functionalized
fibers for the capture and concentration of taegetlytes has been previously demonstrated with
electrospun nanofibers and a carboxyl functionaugr(-COOH) [19, 145]. With the attachment

of biological recognition elements to the electkbite surface, these electrodes have the capacity
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to perform pathogen capture, concentration, anelctien. This would simplify a food pathogen

biosensor, resulting in a significantly smaller digtiter detection system.

A nonwoven polypropylene (PP) electrotextile coatdth a pyrrole and 3-thiopheneacetic acid
(3TAA) conductive copolymer has been developed p#a3) [18]. Studies were conducted to
look at the effects of the inclusion of differenbnomers, reaction solvents, and a dopant.
Analysis was also done to determine the best carateam of oxidant and functionalizing
monomer to use. The successful attachment ofadiéb to the coated fibers for the capture of
bacterial cells using this electrotextile has bpeviously reported [19]. Bhattacharyya et al.
have shown that a nylon electrotextile coated wi8)4-ethylenedioxythiophene (EDOT) and 3-
thiopheneethanol (3-TE) copolymer functionalizethvavidin can be used to detect biotin in
solution [13]. They observed that the textile semnce increased as the concentration of biotin
protein in the solution increased and that thestasce of each sample also increased over time.
These increases in resistance were theorized tteehesult of the surface bound avidin on the
electrotextile reacting with the biotin in solutiand that the attachment of the biotin to the
surface altered the electrical environment clogbecelectrode layer. This same theory can be
applied to our sensor, the average resistanceafdr eacterial sample increases as the bacterial
cells impede the flow of electricity through the&trode. This response becomes larger and

more significant as the concentration of cellsaluson increases.

There were three objectives to this study in otdezstablish a proof of concept for our sensor:
first, to determine the resistance of the elecxtdeeEmembrane in the electrochemical cell;

second, to determine what effect the rest of tiséesy has on the total resistance and if that
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effect is significant; and third, to determinehgtelectrotextile electrode can differentiate
between small changes in the conductivity of atsmudue to the addition of target bacterial
pathogens. In order to achieve these objectivgmranents were conducted using serial
dilutions ofE. coliO157:H7. First, resistances were measured isytiiem with and without
the conductive electrotextile in order to deterntime baseline resistances for the system
components and how much they contribute to thé ma¢é@sured sensor resistance. Next,
multiple measurements were conducted over a lanyger of bacterial concentrations and
evaluated to determine if the detected changeddt @ancentration was significantly different
from the blank (no bacteria) values. We have shthaha rapid, novel electrochemical
biosensor based on the use of polypropylene mhmofnembranes coated with a conductive
polypyrrole and antibody functionalized can be usedhe detection dE. coliO157:H7. To
our knowledge, this is the first time a functiomalil conductive copolymer coated nonwoven
electrotextile has been used with immobilized adibs as an electrode for the successful

electrical detection of bacterial cells.

6.2 Materials and methods
6.2.1 Materials

Nonwoven PP microfibers were obtained from Nortiholiaa State Nonwovens Cooperative
Research Institute. For the polymer synthesisitbromer used was a 10% pyrrole solution

that was copolymerized with carboxylic acid funoab3TAA. The oxidant was iron (I11)

chloride (FeC}). The polymer was doped using 5-sulfosalicylidld8SSA). All of the

polymerization chemicals were obtained from Sigmdrigh (St. Louis, MO). Covalent
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attachment of KPL (Gaithersburg, MD) BacTrace adipgoat antk. coliO157 was
performed using glutaraldehyde (Sigma-Aldrich) argdkactivating buffer (0.2 M Tris, 10 mM
sodium cyanoborohydride (Sigma-Aldrich)) and blatkéth 5% (w/v) bovine serum albumin

(BSA) (Sigma-Aldrich).

6.2.2 Electrotextile synthesis

Electrotextile synthesis was conducted accordingeéeiously published techniques [19].
Briefly, an aqueous deposition process of condaeaind functional polymer coatings upon a PP
fiber matrix was used, as described below. A &xd@cm PP microfiber mat was submerged in
a 10% pyrrole and 3TAA (10 mg/mL) solution, cregtanfunctionalized monomer that was

absorbed onto the fiber mat. The wet fiber samale then removed from the solution and laid

flat in a glass reaction vessel for polymerizatiégieCh (0.1 M, 30 mL) was added to the sample

to initiate the chemical reaction while a dopa@SA (0.1 M, 3 mL), was simultaneously added.
The fibers in solution were incubated at room terapge for 30 minutes with constant agitation,
thereby ensuring that polymerization occurred oth Isades of the mat. The nonwoven fiber
sample was removed from the solution, gently wasimedoth sides with deionized (DI) water,

and dried at room temperature overnight.

6.2.3 Antibody Immobilization

Covalent attachment of the afti-coli O157 antibodies onto the electrotextile fiber aoefwas
conducted following a previously published techei9]. Briefly, the conductive nonwoven

fiber mats were cut into 2 cm x 2 cm squares. Titer squares were washed with 0.01 M
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phosphate-buffered saline (PBS), pH 7.4, and daedO minutes. After drying, a volume of 3
mL of 2.5 mM glutaraldehyde was applied to eacls disd incubated for 1 hour at 4°C. After
incubation, the discs were washed with 0.01 M PB&dried for 10 minutes. A volume of 4
mL of antibody (10 pg/mL in PBS) was then applie@ach disc and incubated for 15 minutes
at 37°C. The discs were washed with 0.01 M PBi@ddor 10 minutes, and then 3 mL of
deactivating buffer was applied and allowed to r@a87°C for 15 minutes. A 5% BSA block
was added and reacted at room temperature forrl Adwe discs were washed twice with PBS,

and then once with PBS containing 0.1 % Tween-E5(P.

6.2.4 Cell culture preparation and enumeration

E. coliO157:H7 Sakai strain was obtained from the Michi§#ate University Food Safety and

Toxicology Center. It was selected as the targéiqgen after testing positive against the KPL

antibody using a Western blot. Cell cultures wgnavn to a concentration of roughly810

colony forming units (CFU)/mL based on a straincsfiegrowth curve [170] in tryptic soy

broth (TSB) at 37°C. A 10 mL volume of cell cukuvas removed and centrifuged for 5
minutes at 5,000 rpm. The pelleted cells were edsith Butterfield’s phosphate buffer
(BPB), pH 7.2. This wash procedure was performediplicate. The cells were resuspended
(10 mL) and then serially diluted using BPB. Awmwle of 100 uL of the 5th, 6th, 7th, and 8th
dilutions as well as the blank control sample,i@PB, was plated in triplicate onto
MacConkey-sorbitol (SMAC) agar and incubated owgnhat 37°C. Sample concentration
estimates were calculated using standard estimatethods based on the average plate counts

[174, 175].
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6.2.5 Resistance measurements and electrical theory

Resistance values were obtained by connectingléc@textile electrodes to a potentiostat with

two stainless steel alligator clip. The experinagésetup can be seen in Figures 6-1and 6-2.

Computer potentiostat to —
measure resistance —

— || =

Conductive polymer coated polypropylene fibers

Figure 6-1. Schematic of the system design. Téwretextile fibers are connected
to the computer / potentiostat for resistance nreasents.
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Alligator
clips

Conductive
. polymer
electrotextile

Figure 6-2. Experimental set-up that measureslthage in resistance of the antibody
bound electrotextile electrode when bacteria adeddo the buffer solution. Alligator
clips connect the conductive polymer electrotexin the computer / potentiostat where
the measured current of the system is recorded.

Briefly, the antibody bound 2 cm x 2 cm electrotiexsquares were completely submerged in a
beaker containing 0.1 M phosphate buffer (18 mL,7p4) while attached to the potentiostat in
order to establish a baseline resistance for thedi After 30 minutes, a 2 mL sample from the
E. coliO157:H7 serial dilutions was added, bringing titaltsolution volume to 20 mL.
Constant potential amperometry (0.5 V), where ataot potential is applied and the current is
measured, was used and the current values wenaleecat fixed time intervals over 15 minutes.

Previous studies have demonstrated that a potefittaP V to 0.8 V is a preferable input signal
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when dealing with whole cells or other biologickdmeents [176-179]. Based on this

information, the potential of 0.5 V was arbitrardglected.

6.2.5.1 Screening for ohmic behavior

Because a direct current (DC) power source was wghd constant potential, the measured
currents at each time point could be used to calleuhe total resistance of the system based on
Ohm'’s law, Equation 6-1. Ohm’s law states thatdlwieent flowing through a conductor, at a
constant temperature, is directly proportionahte potential difference across the points of
applied voltage.

V=IR (6-1)
Where V is the potential across, | is the currbmuigh, and R is the resistance of the system.
The ratio of V / | indicates the resistance valtuthat point in time. To validate the use of this
equation, a linear sweep was performed on theretegtile. A linear sweep is a voltammetric
method where the applied potential to the electisdieearly varied in time. A material that
produces a linear response to a linear sweep @sided as an ohmic material, a material that

exhibits ohmic behavior

6.2.5.2 Circuit with two resistors in parallel

The complete system setup can be viewed as a samplet with two resistors in parallel, as can

be seen in Figure 6-3.
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Bacterial cell in
sample solution

Immobilized
antibody layer

Electrotextile fibers
Figure 6-3. Circuit model of the antibody immobdd fibers with bacteria present. The
system acts as a circuit with two resistors in graR; is the resistance at the
electrotextile surface. Hs the resistance in the buffer solution.

The resistance caused by interactions at the ctnduiber electrode surface would be

considered resistor 1 {lRand any resistance occurring due to interactomt&een the buffer

solution and the rest of the system componentsavoeliconsidered resistor 24R Based on

the theory of parallel resistors, these two resta combine to form the total resistance of the

system (R) as seen in Equation 6-2.

1/Rr=1/R +1/R (6-2)

R> can be determined by measuring the resistandeeafytstem when the conductive fiber

electrode is not present. Once measured valudgrfand B have been obtainedjRan be

calculated. In order to determine if the effecRefis significant in the system, it is important to
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look at how much it contributes torR Equation 6-3 was used to determine what pergeraé
the total system resistancey,Rvas due to R

R2 % contribution to R = AR/ Ry x 100 (6-3)
Equation 6-3 calculates the contribution tp fRom Ry as a percentage, whex® is equal to the

difference between-Rand R, or the difference in the total system resistatheeto R.

6.2.6 Determining system resistances

In order to address objective 1, squares (2 cnemRof the electrotextile fabric were attached to

the potentiostat in phosphate buffer (PB) and taeiperometric response to the additiot: of

. ] . 0 ]]((5) 5 8
coli O157:H7 samples at calculated concentrations of 1@, 10, and 10 (log O, 3, 5, and 8,
respectively) CFU/mL as well as a control (BPB,BUZ mL) at fixed time points over 15

minutes was recorded. Using Equation 6-f vRs calculated.

6.2.7 Determining the system’s component contrdnsi

In order to address objective 2, the procedurerdestin Section 6.2.6 was performed using 2

cm X 2 cm squares of non-coated, non-functionalR@dibers. Using Equation 6-1, these

values were designated as. RJsing Equation 6-2, the value of Bt each time point was

calculated. Once the values of, R and R- were established, Equation 6-3 was used to
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determine the percent contribution tg Rat was due to the resistance from Rignificance

was tested by using a Student’s t-test (2 ¢a#,0.05).

6.2.8 Using the electrotextile as a resistancedasasor

To address objective 3, squares (2 cm x 2 cm)eoetlctrotextile fabric were attached to the
potentiostat in PB and multiple measurements wiesetbken using the electrotextile electrodes
and constant potential amperometry with a pure B&lBtion over several days to establish the
range of the initial baseline values for the systéimplicate measurements were taken using the

electrotextile electrode and constant potentialenmmetry to establish the resistance values for

a control sample (BPB, 0 CFU/mL) akdcoli O157:H7 at concentrations of]l(104, 106, and

9 . . . .
10" CFU/mL. The resistances for each concentraticgaeh time point were averaged to

determine an average resistance value for eaclentaton. The resistance of the sensor at
each bacterial concentration was tested againstaflies of the control using a Student’s t-test
(2 tail, a = 0.05) to determine significance. The measuresimsor resistances were normalized

using Equation 3-1 to determine the system respgRise[13].

Rp(%)=((Ri-Ro)/Rg )x100 (3-1)
Where R is the resistance of the biosensor after the ipedilacteria sample has been addegl. R

is the resistance of the biosensor that has nat &geosed to bacteria (blank). This was done in
order to pool and analyze multiple experiments witle another to determine if the biosensor

results were reproducible.
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6.3 Results and discussion

The purpose of this study was to determine: tbstance of the membrane in the
electrochemical cell; what effect the buffer saathas on the total resistance of the system and
if that effect is significant; and if the electretde electrode can differentiate between small
changes in the conductivity of a solution due ®akdition of target bacterial pathogens. As a
result of this study a functionalized conductiv@alymer coated nonwoven electrotextile was
successfully used as an electrode with immobilereiibodies on the surface for the successful
electrical detection of bacterial cells for thesfitime. This technology has the potential to be
used in the development of light-weight, flexiblegexpensive, and disposable field based
systems for the rapid detection of various targgh@gens. Supplemental data and calculations

can be found in Appendix B.4.

6.3.1 Screening for ohmic behavior

Data showing ohmic behavior of the electrotexslshown in Figure 6-4.
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Figure 6-4. The average linear sweep of the alemttile fibers over the potential range
of interest, -1.0 to 1.0 V. The vertical axis isasured current output in micro amps.
The solid line shows the linear best fit of theadabints with an equation of y=2756.4x-

112.49 and has amRalue of 0.9949.

The electrotextile exhibits ohmic behavior acritespotential range of interest, meaning that it
obeys Ohm’s law, as the potential increases, thesared current increases proportionally. The

electrotextile can therefore be used as an elezfi@mdhis study.

6.3.2 Determining system resistances

Using the method described in Section 6.2.6, anmpenac responses to the additiontofcoli

0O157:H7 samples at calculated concentrations G‘TB.BOO, 103, 105, and 18 CFU/mL as well

as a control (BPB, 0 CFU/mL) at fixed time point&o15 minutes were recorded. Using

Equation 6-1, R was calculated, achieving objective 1. Theselt®san be seen in Figure 6-5.
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Figure 6-5. Total system resistancegRver 15 minutes at varied bacterial cell

concentrations. As the concentration of bacteedk increases, so does the measured
system resistances.

The average total system resistance)(Rnged from 5.8 to 7.XXk with the resistance

increasing as the concentration of bacterial ¢elsolution increased. The cytoplasm of live

bacterial cells has been previously reported tetzakesistivity of 18(2 / sz, which explains

this phenomenon [180, 181]. The measurements eggbéasettle at a near constant resistance

after roughly 2-3 minutes had passed and the systshmeached equilibrium.

6.3.2 Determining the system’s component contrdngi

In order to complete objective 2 the method descriln Section 6.2.7 was performed. The
difference between the methods described in Sexc6dh6 and 6.2.7 is that in Section 6.2.7 2

cm x 2 cm squares of non-coated, non-functionalRBdibers were used. Using Equation 6-1,
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these values were designated asWBsing Equation 6-2, the value of Rt each time point was

calculated. The results of this experiment casd®n in Figure 6-6.
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= 200000 - ¥ —e—Blank (0
2 CFU/mL)
<
o i
x 150000 ——8.37E+00
8 CFU/mL
C
& 100000
2 8.37E+03
ke CFU/mL

50000 -
—o—8.37E+05
2 CFU/mL
0
0123456 7 8 91011121314 -—*8.37E+08
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Figure 6-6. Resistance of the buffer solution)(®Rithout the electrotextile present over
15 minutes at varied bacterial cell concentrations.

The average resistance of the system without tateddibers (R) ranged from 10.5 K2 to 21.5
MQ, a 103 magnitude difference from the values af RThe values of Rfor each cell

concentration exhibited the same general trenéeas with the values of{R but were more

variable with random fluctuations occurring as latel0 minutes into the measurement. As can
be seen in Figure 6-6, at 2 different points dutheyexperiment the measured resistance peaked
to a value of roughly 200,00@X% This is most likely due to the fact that at shajh resistance,

and therefore low current levels, the measuredegalvere near the limit of sensitivity for the

potentiostat and difficult to separate from theulagsystem noise. The values of &so had
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larger standard deviations, ranging from 7.8 t@3Q, as compared to 1.2 to 1.8Kor the

values of R.

With the values of R Ry and R- established, Equation 6-3 was used to determateathts

maximum point, the contributed resistance fropwrs calculated to be 2.8% of the total system

resistance. After 2 minutespRontributed at maximum only 0.73% to the totaksys

resistance, with the average percentagetodlii®e to B being 0.09%. A Student’s t-test (2 tail,

= 0.05) was performed and found no significantettéghce between{Rand R at any of the

tested concentrations. With; Rontributing over 97% of the value offRRt and R were

determined to be essentially equivalent. All fetugported resistances and analysis for the

sensor are based on the value ¢f R

6.3.3 Using the electrotextile as a resistancedsasasor

Multiple measurements were taken using the elemttibé electrodes and constant potential
amperometry with a pure BPB solution to establifiaseline range for the system. Within the
experimental lot the sensor was found to have iialinesistance range of 5.&ko 13.0 K2

with an average value of 9.8k(standard deviation = 3.XR. This range can be attributed to
variability in the polymer synthesis and depositwacess as well as the potential for
inconsistencies of the amount and orientations@tbiound antibodies and blocking proteins

between the fiber membranes.
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Triplicate measurements were taken using the electiile electrode and constant potential

amperometry to establish the resistance valuea éontrol sample (BPB, 0 CFU/mL) akd

. , . 11 4 .6 8 .
coli O157:H7 at concentrations of 140, 10, and 10 (log 1, 4, 6, and 9, respectively)
CFU/mL. A time of 3 minutes was determined to beeassary to reach system equilibrium. The

resistances for each concentration at each tinre p@re averaged and the value after the initial

3 minute equilibrium time can be seen in Figure 6-7
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3 4 5 6 7 8 9 10 11 12 13 14 15 CFUmL
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Figure 6-7 Average resistances over a period of 12 minfaksr a 3 minute equilibriu
time) for the triplicate runs of the electrotextili®msensor with varying bacterial cell
concentrations, fibers from experiment A. Thes®sices increase as the concentration
of cells increases. A visible difference in respwoan be observed between all of the
samples and the control.

At each concentration, the change in the resistaaktees between 3 and 15 minutes was less
than 2k, the resulting relatively smooth stacked linesdach of the samples indicate that the
resistance of the sensor at each concentratioot isignificantly changing over the 12 minute

period. The resistance for each sample increasteeaconcentration of cells increases. This
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trend can also be seen in Figure 6-8, where theithdhl resistance values at each time point
after 3 minutes for each sample concentration \areeeaged together to determine an average

resistance for each sample.
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Figure 6-8. Average resistances for varying baateell concentrations, fibers from
experiment A. Resistances taken after 3 minutasgilequm time for each cell
concentration were averaged to provide a singisteexe value. Error bars show the
standard deviations of the experimental data.

In Figure 6-8, it can be seen that the change énaaye resistance values is smaller between the
high concentrations than the changes observed betthe lower half of the concentrations.

This is most likely due to the fibers reaching ie#fold for attachment on the surface, so that
the increase of cells in the sample is no longaegding a proportional increase on the system
resistance. The surface attachment capabilitiekldme improved by decreasing the size of the
fibers, allowing more fibers per square centimatat therefore increasing the surface area of the
fiber mats. It can also be improved by attachirayerantibodies to the fibers and decreasing the

amount of blocking agent being used.
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The resistance of the sensor at each bacteriabotration was tested against the values of the
control using a Student’s t-test (2 tail= 0.05) to determine significance. The resistatasach
concentration oE. coliO157:H7 tested was determined to be significashfferent from the
blank. The Student’s t-test was also used to aeter that, after 3 minutes, the resistances

measured at each concentration were significanffigrdnt than at every other tested

concentration with two exceptions: between 1.39)‘15<CFU/mL and 1.39 x 1%CFU/mL and

between 1.39 x 160CFU/mL and 1.39 x 1%CFU/mL. Within each individual run of the

triplicate, the electrotextile electrode was capaifldifferentiating between each of the samples,
with resistance at each concentration found tadprafecantly different than the resistance at
every other tested concentration. This showsttieaelectrotextile electrode is capable of
differentiating between a positive and negative@anbut cannot be used for quantitative
analysis. Due to manufacturing variations resgltmdifferent initial resistances for the sensor
when no bacteria are present, it is important &mheexperiment to have a blank control run with
fibers from the same lot and for the data to benadzed in order to accurately determine

positive / negative results.

6.3.4 Sensor reproducibility

The experiment conducted in Section 6.3.3 was tedeéamore times in order to test for
reproducibility of the results. Each individuahrwas tested in triplicate. In order to
compensate for the variability in the initial réaisce values between sensors, the data was
normalized into a percent response using Equatibn Bhe responses for each dilution at each

time point across the triplicates were averagedtttay to provide an average performance of the
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sensor for each experiment set. The results skthdditional experiments can be seen in

Figures 6-9, 6-10, and 6-11.
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Figure 6-9. Average response over a period of ifRites (after a 3 minute equilibrium

time) for the electrotextile biosensor with varyipgcterial cell concentrations, fibers
from experiment B.
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Figure 6-10. Average response over a period of itiit@s (after a 3 minute equilibrium

time) for the electrotextile biosensor with varying ta@l cell concentrations, fibers fr
experiment C.
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Figure 6-11. Average response over a period of ib2ites (after a 3 minute equilibrium
time) for the electrotextile biosensor with varyibgcterial cell concentrations, fibers
from experiment D.

When all 4 experimental sets conducted in tripaaere pooled together, the average resistance
of the blank study (no bacteria) had a wide vasiatf 10.9 K2 to 225.2 K2 with an average

value of 119.5 K (standard deviation = 88.9¥. This range can be attributed to variability in
the manufacturing processes (polymer synthesislapdsition), the potential for inconsistencies
of the amount and orientations of the bound antdmédnd blocking proteins between the fiber
membranes, and variability in the biosensor conoestbetween runs. Because the range in the
initial baseline for the system between lots igédaiit is necessary to evaluate the system based
on the response of the sensor and the averagevetgeends across multiple sensors.
Normalizing the data using the signal to noiseorailook at the sensor response can help

minimize the effect caused by that variability.
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All of the experiments were shown to follow the satrend, horizontal lines vertically stacked

for each of the samples, with the samples with entrations in the 1OOCFU/mL range having

the lowest response and the samples with conciemtsan the 18 CFU/mL range having the

highest response. The sensor response increages@mcentration of bacterial cells in the
samples increases. Using a Student’s t-test I&-tiex 0.05) showed the in each experiment the
sensor response for each positive concentratiorsigadicantly different than the blank sample.

Lots A, B, and C could not significantly differeate between the samples with concentrations in

the range of 1%CFU/mL and 18 CFU/mL. Lot B could also not significantly difeemtiate

between the samples with concentrations of 9.100>CFU/mL and 9.10 x 130CFU/mL.

A total of 18 runs over 8 experiments conducted oveltiple days were pooled together. The

cumulative average response can be seen in Figlize 6

141



——10"0 CFU/mL
—=-10"1 CFU/mL
—4—10"3 CFU/mL
——10" CFU/mL
=105 CFU/mL
—o—-10"6 CFU/mL

1078 CFU/mL
0 1079 CFU/mL

3 45 6 7 8 9 10 11 12 13 14 15
Time (minutes)

Aver age Response (%)

Figure 6-12. Cumulative average response at eahgoint of pooled multiple day
data over a period of 12 minutes (after a 3 mireggalibrium time) for the
electrotextile biosensor with varying bacteriall ceincentrations.

In Figure 6-12, it can be seen that the originalegal trend of vertically stacked horizontal lines,
with the response increasing as the concentraticneases is still observed. There is overlap,
however, between samples with close concentratiblséng a Student’s t-test (2 taits= 0.05)
each sample was found to be significantly diffefemin the blank. The t-test also showed that

the sensor cannot significantly differentiate betweositive samples, especially samples that are

close in concentration (e.g.%ﬁnd 16 CFU/mL, 1(53 and 18 CFU/mL). Within each of the

experiments, a Student’s t-test showed that theorese of the sensor at each of the tested

positive concentrations was significantly differéman the blank. The lowest tested

concentration was 3.23 X (10:FU/mL. The highest tested concentration was 1.2899

CFU/mL.
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Based on the data, the trends in the biosensditsegere found to be reproducible, however due
to the variations between lots and the difficuttydifferentiating between concentrations, the
biosensor is not yet capable of being used as @atitpia/e detection system. The biosensor does

work as a yes / no screening system. The redubts ghat the biosensor has an experimental

lower limit of detection of 3.23 x f(CFU/mL for the detection d&. coliO157:H7 in pure

culture.

6.4 Conclusions

A high surface area electrotextile based biosenasihbeen developed by the aqueous depaosition
of a functionalized conductive copolymer onto awowen polypropylene microfiber mat.
Pathogen specific antibodies were covalently addahb the fibers using glutaraldehyde. The
proof of concept for the system was establishethbgsuring the resistance response of the
fibers when they were exposed to a target pathogsolution over 15 minutes. By evaluating
the system as a circuit with two resistors in gatalt was found that the resistance of the system
not associated with the electrotextile fibers abuitied to only 2.8% of the total system
resistance, and was determined not to be a significontribution. The biosensor was shown to

be able to differentiate between changes in comdtyctiue to the presence of a target pathogen

in a solution over a sensitivity range 019}0109 CFU/mL. By normalizing the resistance data
using the signal to noise ratio to calculate tlesénsor response, the reproducibility of the
biosensor results was analyzed. It was foundttieatrends in the biosensor results were

reproducible, however due to the variations betwetnand the difficulty in differentiating

between samples of different concentrations, thedsisor is not yet capable of being used as a
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guantitative detection system. The ability of h@sensor to detect significant differences
between samples that do and do not contain bacéerishown using a Student’s t-test, indicates

that the biosensor can work as a yes / no screaystgm. The initial results show that the

biosensor has an experimental lower limit of dedecof 3.23 x 18 CFU/mL for the detection

of E. coliO157:H7 in pure culture. This technology haspgbeential for application in the
development of a light-weight, flexible, inexpereiand disposable field based system for the

rapid detection of various target pathogens.

144



Chapter 7. Discussion and conclusions

The combined research presented in Chapters 3efiloeshe development of an
electrochemical biosensor based on the use of neemwmicrofiber membranes coated with a
conductive polymer and functionalized with antikesdfor the biological capture and detection
of Escherichia coli0O157:H7, one of the U.S. military’s top pathogehsterest for the
development of rapid diagnostic systeris.coliO157:H7 can cause severe gastroenteritis and
is often spread through the consumption of contateshfood and water, which would rapidly
render a large number of warfighters ineffectiv@énforming their duties. Current standard
detection technologies can be cumbersome and eegeirerous quantities of chemicals and time
to operate. The current FDA gold standard for fifieation of this pathogen from food matrices
takes up to 3 days to generate a confirmed re3tié research in this dissertation presents a
rapid, novel, and inexpensive approach to the tleteof E. coliO157:H7. The developed
biosensor uses pathogen specific antibodies atiacheonductive polymer coated nonwoven

fibers for identification in 15 minutes.

The fabrication of electrically conductive fabrissnot a new concept. Previously, this type of
material has been created by blending or mixingredactive powder such as carbon black or
silver particles with a polymer melt that is thetreded to form fibers [182]. The disadvantage
of this method is that in order to achieve conduitsti the concentration of conductive powder
must be high enough that the particles touch e#wdr n order to conduct electricity [121].

This can result in changes to the fibers’ physgicaperties that are unintended and undesired.

To address this Gregory, Kimbrell, and Kuhn havelighed on the creation of conductive
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fabrics by polymerizing pyrrole onto the surfaceewtile fibers (e.g. cotton, quartz,
polyethylene terephthalate) [14, 16, 122, 166]e Wost commonly used fiber material in these
works is nylon. Gregory, Kimbrell, and Kuhn alpmgted performing a slow (2 — 6 hours), low

concentration chemical oxidation onto the surfaoeyton fabrics by combining the monomer

(pyrrole) and oxidant (Feg) and allowing them to react and form a pre-polyspcies. This

pre-polymer was then epitaxially deposited ontodingace of the fibers where polymerization
was completed. The method detailed in this workHe fabrication of a conductive polymer
coated fabric differs from these works in threengigant ways. First, although the previous
works cited did not report any material deformatowioss of strength when using nylon as the
fiber platform, this was observed during the woekaded in Chapter 3. In this work, a

nonwoven polypropylene fiber platform was coated ronductive polypyrrole polymer coating

using FeC} as an oxidant, water as a solvent, and 5SSA apantl The polypropylene fibers

were found to better maintain their original madkstrength and durability post-polymerization.
The previously published methods may not have sedférom this post-polymerization
deformation because the solutions used were divadladilute concentrations and the order of
addition to the fibers differed from this work. Whthe previously cited works formed a pre-
polymer from the monomer and oxidant that was #ygplied to the fibers and allowed to react
over several hours, in this work a two stage preeess used where the monomer was adsorbed
into the fibers and then reacted with the oxidartie change in addition order, higher
concentrations, and additional doping using 5S3Allted of the fabrication of a black
polypyrrole coating (more heavily oxidized) on fiteer surfaces in far less time (30 minutes).
This change in the addition order of the reactimtbe fibers helped improve the conformal

nature of the coating at the higher concentratisesl. Additionally, a carboxyl functional
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group was added to the polymer via the additioBTe#RA as a co-monomer with the pyrrole in
order to provide potential binding sites for biargnition elements. The coated fibers were

found to be conductive while still maintaining sagé area and fiber durability.

In order for the conductive fibers to be used mesistance based biosensor, there must also be a
method available to bind biological molecules te slurface. One way of achieving this binding
is by building a functional group into the fiben Chapter 3, a carboxyl functional group was
added to the polymer by adding 3TAA as a co-monoaigr the pyrrole. The binding of
biological molecules such as antibodies to surfasestionalized with carboxyls is a well-
established process [157]. The use of 3TAA asdividual monomer or as a co-monomer with
pyrrole to create conductive polymer thin films lh@en previously published [15, 183-185],
however the combination of 3TAA and pyrrole for gyathesis of a functionalized conducting
polymer thin film to be used for biological attachm has only been published once using vapor
deposition [17]. Our approach however is liquid@ygtion onto the fibers. In Chapter 3, the
addition of a carboxyl functional group via 3TAA ago-monomer with the pyrrole was
analyzed using three-dimensional polypropyleneréilas the platform surface for the aqueous
polymerization reaction. It was found to resulthanges to the coating morphology, resistivity,
elemental sulfur presence, and available binditeg $or biorecognition elements, with each
increasing as the concentration of 3TAA increasBls result was consistent with previously
published work that found that increasing the rafipyrrole to 3TAA resulted in higher

polymer conductivities [15, 17] but less bindingeadial for biological attachment [17].

Because increasing the concentration of 3TAA inmftemomer solution resulted in increased
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binding sites for biorecognition elements but alscreased the conductivity of the fibers, a

concentration of 10 mg/mL was initially selected ise in developing the biosensor.

Biological attachment using avidin-biotin was aciei@ on the fibers and assessed optically and
electrochemically. The use of a functionalizedet#extile for the detection of the avidin-biotin
binding reaction was previously done by Bhattachamt al. [13] where an electrospun nylon
fiber mat was coated with the conducting copolyBérethylenedioxythiophene (EDOT) and 3-
thiopheneethanol (3-TE) using oxidative chemicgloradeposition in order to make the coating
conformal. This combination of reagents built @itoxyl group into the polymer coating that
was then used for avidin attachment. The avidumidibers were then assessed both optically
and electrochemically for the attachment of biotissing the same methodologies as
Bhattacharyya et al. for optical and electrochehdegection (confocal microscopy of FITC-
avidin and biotinylated quantum dots and a simf@eteochemical cell setup) the fiber
membranes developed in Chapter 3 were found tdlegt@ successfully detect biotin in
solutions of 0.5, 5, 50, and 500 uM when a carbéxyttional group was present in a

polypyrrole based electrotextile as a result of3MAA inclusion in the polymer.

Five factors were identified as significant in Syathesis of the conductive polypyrrole — 3TAA

co-polymer. They were: concentration of pyrrateoGomer), concentration of 3TAA
(monomer), concentration of Febxidant), concentration of 5SSA (dopant), and

polymerization time. These process conditions rbastarefully controlled in order to generate
a reproducible and effective polymer [121]. A eahtomposite experimental design varying

these factors was conducted in order to developlapie regression model of the
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polymerization reaction. The use of a central cositp design is a well-established method for
performing regression / optimization analyses imynigelds [165]. This includes the fields of
biosensor development and polymer synthesis. plaltegression modeling has been used to
optimize biosensor performance based on influeni@otprs, such as signal output, structural
parameters, electrical parameters and bacteri@ecarations [186-188]. The use of multiple
regression modeling is particularly useful for peéidg and optimizing polymer properties
which are often complex and non-linear and theeefmt easy to accurately predict [189]. The
effects of modifications to the polymerization pees are difficult to predict because of the
possibility of a large number of interactions betweeagents resulting in multiple changes to the
polymer. The use of multiple regression modeling aptimization has not been previously
used with electrotextile fibers for biosensor depehent. This model was used to find the
optimal conditions for each factor in order to gate the lowest experimentally possible

electrotextile resistance. The optimal conditiase: 58.79% volume of pyrrole, 0.03 g/mL of

3TAA, 0.11 M FeC4, 0.25M 5SSA, and 70 minutes of reaction time toggate an electrotextile

with a predicted resistance of 3521 These conditions were experimentally verified re
mathematical model was statistically validated.e Tise of a multiple regression model provided
a comprehensive means for not only optimizing & aharacterizing the polymerization

reaction.

In order for the fibers to be used as a biosertbertarget pathogen must be captured / attached
to the fibers.E. coliO157:H7 specific antibodies were selected as ibre@ognition element,
but the necessary concentration and the methotlamhenent still needed to be determined.

Antibody-antigen binding assays were then perforosedg standard attachment chemistry
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techniques to determine the capture capabilithefantibody-functionalized conductive
membranes [157]. Attachment and capture efficiemese determined through the use of
fluorescent labels and assessed using a fluororaeteconfocal microscopy. The effect of
blocking the fibers was also assessed. Passive@s, covalent binding using
glutaraldehyde, and cross-linking using EDC anébsMNHS were all found to be effective
immobilization methods, however glutaraldehyde destiated the best antibody attachment.
While each of the tested methodologies is wellldslaed, analysis had not previously been
done on comparing their effectiveness for attachrteealectrotextile surfaces. With their three-
dimensional, fibrous, porous structure, electrokesiare a more complex attachment surface
than planar metal electrodes, metallic or plastiads, or polystyrene plates. One of the biggest
issues that had to be assessed when performirodpaugst and capture on electrotextile surfaces
was non-specific binding which is a common issuiwiembranes and textiles [190, 191].
Blocking of the fibers using BSA or goat serum cameld with a wash step was found to reduce
non-specific binding on the fibers. The testechac® found to perform the best was using
glutaraldehyde to attach the antibodies at a cdratgon of 10 pg/mL with goat serum used to

block against nonspecific binding.

Granato et al. have previously shown that elecsa@delld be made from disposable electrospun
fibers that were coated with a conductive polypirmmlymer [12]. It was demonstrated that
these electrodes could function as part of anrelelsemical cell as a simple sensor system for
the detection of phosphate and carbonate orgaibosnBhattacharrya et al. has also
demonstrated that polymer coated fibers can fun@san electrode in a simple electrochemical

cell to perform sensing (avidin-biotin reactionB][1 Neither Granato or Bhattacharrya,
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however, have adapted their sensors to evaluatepgrformance as functioning biosensors for
the detection of pathogens. In Chapter 6, theldped antibody-functionalized conductively
coated nonwoven fibers were used as the electradsducer in the design of an electrochemical
biosensor for the detection Bf coliO157:H7. The proof of concept for the system was
established by measuring the resistance resportbe ibers when they were exposed to a target
pathogen in solution over 15 minutes. By evaluathre system as a circuit with two resistors in
parallel, it was found that the resistance of tysteam not associated with the electrotextile fibers
was calculated to contribute only 2.8% of the tetatem resistance and was determined not to
be a significant contribution. The biosensor wasw to be able to differentiate between small

changes in conductivity due to the presence ofatget pathogen in a solution over a

concentration range of 9(} 109 CFU/ mL. The sensor results were normalized éongarison

between experiments. The trends in the biosersoitts were reproducible, however due to the
variations between lots and the difficulty in dréatiating between positive samples, the
biosensor is not yet capable of being used as matitata/e detection system. The ability of the
biosensor to detect significant differences betwssnples that do and do not contain bacteria

indicates that the biosensor can work as a yestreening system. The results show that the

biosensor has an experimental lower limit of dedecof 3.23 x 18 CFU/mL for the detection

of E. coliO157:H7 in pure culture.

In summary, this research demonstrates the suct@ssigration of conductive polymer
synthesis, mathematical modeling and optimizatiothh@ polymerization process,
biorecognition element immobilization, and elechemistry for the development of an

electrotextile based biosensor. The successfubfuar electrotextile in the fabrication of an
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electrochemical biosensor for the detection of@dval pathogen has the potential to result in
the creation of a light-weight, flexible, inexpereiand disposable method for the detection of
various target pathogens. In Chapter 8 | will tyidiscuss the necessary steps to advance this

work for field readiness.
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Chapter 8 Future work

Future work is required to fully optimize the biaser detection system for real world use. In
order to improve the sensor for field readinessvér@bility of the sensor must be reduced
through the use of coating optimization, furthealgsis of antibody immobilization and
blocking techniques, and the development of araetitm method. After modifications to the
sensor and experimental procedures have been thadgensor system will still need to be
tested to establish its functioning parameters sisdmits of detection and specificities as well

as validated before any sort of field testing canrftroduced.

The optimization of the polymerization process lo@ monwoven fibers, described in Chapter 4,
and the blocking of the fibers using goat serurscdbed in Chapter 5, were the last
experiments to be completed and therefore the aeohfibers with goat serum block have not
been assessed in the biosensor yet. Optimizingdlyeerization parameters in Chapter 4
appeared to reduce the variability in the initiglcgrotextile conductivity as well as lowering the
overall electrotextile resistance when compareithi¢coriginal established coating from Chapter
3. Comparison experiments will need to be condltiedetermine if this is true and determine
if there are any other coating parameters in timéh®gis procedure that need to be optimized in
order to improve the base material. Because flialinncoated fibers are variable in thickness
and direction, it is essential to try to reduce\thgability between the coated fibers at every
other component and fabrication step in order telefunctional sensing material. Because the
fiber coating is heavier, has a different cheminakeup, and is more conductive than the

coating that was used for establishing the antikaithchment protocol (Chapter 5) and for
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establishing the initial biosensor sensitivity (pte 6), these tests will need to be repeated with
the optimized fibers to establish if they needecaliered for the new fibers. The increase in
concentration of 3TAA in the optimized fibers mayarove the capture efficiency when using
EDC / sulfo-NHS binding, resulting in the estabirgnt of a new antibody attachment method
for the sensor. Because the coating is heavi¢h®fibers, it may be necessary to add more
wash steps in order to remove any excess unbouwatthgar nonspecifically attached
pathogens. In addition, the fibers will need tadmsed with several different potential
electrolyte solutions in order to find one thabals the system to be conductive, but not reactive
with the coating. Finally, the effect of goat saras a blocking agent on the fiber conductivity
will also need to be analyzed. While it was shaw@hapter 5 that a blocking agent is
necessary, the concentration could potentiallyeloeiced if it is found to have a significant effect

on the electrotextile conductivity.

Although the current system has a low limit of d&tsn, successfully detectirigy coliO157:H7

at levels as low as EGCFU/ mL, this has only been done using pure cealthat is added directly

to the system. An extraction protocol must be ted for the biosensor in order for it to be
useful in real world situations. One possibilgyfor the antibody-functionalized electrotextile
membrane to be placed into diluted samples andvatldo react for 5 minutes. The bacteria
within the sample will be captured by the antibsdagtached to the surface and concentrated on
the membrane forming a bacterial layer. When teet®textile membrane is removed from the
sample it will be rinsed in order to remove any+specifically bound bacteria and inserted into
the electrochemical cell as the working electradeere the change in conductivity will indicate

the presence or absence of the pathogen of intetestther option would be to use
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immunomagnetic separation to extract the targdtquen from the sample and then apply the

extract directly to the electrotextile in the binser.

The use of an antibody coated bead for performisgparation step before the sample is added
to the biosensor could also help with improving biesensor specificity. Because only one type
of antibody is being used for detection the bioserssubject to the specificity of that antibody
and has the potential for cross-reactivity withesthon-target pathogens. Using a secondary
antibody on non-conductive nanoparticle beadsdhfgred from the antibody used on the fibers
would help reduce the potential for false positigdas to cross-reactivity. The non-conductive
nanoparticles would only be attached to the pathalgat bound to both the primary and
secondary antibodies and would create a seconddamge layer. This second impedance layer
could also be used to improve biosensor sensitbytgmplifying the measured resistance when

the target pathogen is bound to the electrotestiléace.

The sensitivity of the biosensor could also be wwpd through the incorporation of an
incubation step. At low bacterial concentratidhg, change in the resistance of the circuit may
be too low to differentiate from system noise.otder to increase system sensitivity at low
concentrations, a short (<6 hours) incubation pkciould be built into the system protocol. An
incubation of less than 6 hours allows for testmgtill be conducted and a result generated
within 1 work day shift. The use of an incubatpmeriod is already used in the gold standard

methods of real-time PCR or plate counting recondedrby the FDA [6].
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Following the validation of the biosensor for d¢it@e with pure samples, a sensitivity study will

need to be conducted for detectiorEofcoli O157:H7 in inoculated food samples, such as

vegetables and fruits. The food samples may bauiated with cell concentrations ofole 106

CFU/mL. Testing will then be conducted with anritieal procedure to the one used to
determine the sensitivity of the biosensor withepculture samples, as presented in Chapter 6.
To determine the specificity of the biosensor, prukure samples d&. coliO157:H7 may be
tested and compared to the results of samplesinorgather common food and waterborne
pathogens such as enterotoxigdascherichia col(ETEC) strainsSalmonella typhimurium
Shigella sonngiandCampylobacter jejuni Samples would be prepared, diluted, plated and

tested in an identical method to the one used terehne pure culture sensitivity.

In order to establish the robustness of the stutiEsdetermined the sensitivities, specificities,
and limits of detection established for the sensong varying food samples it will be necessary
to validate the sensor data by completing blindistuias well as across lab testing. This will
remove any potential experimenter’s bias from #silts. In addition, the sensor will need to be
tested against other established comparative methwch as ELISA or PCR in order to

determine if the sensor will actually be benefi¢talreal world use.

The goal of this work is to eventually develop adizeld reader for the electrotextile electrodes
so that the biosensor can be used as a snap ahgystam where the electrotextile is exposed to
the sample, removed, and inserted into the readse tead with minimal handling and steps in-
between. Once the sensor has been validatédddrsamples in the laboratory setting, the

handheld reader will have to be developed andykis will have to be revalidated with the
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new reader under actual in field conditions. Ideyrto complete a comprehensive validation, the
entire system will need to again be tested foriseig and specificity limits by using blind
studies, across lab testing, and comparative stwadjainst established detection methodologies
under in field conditions. This will establish tfeasibility and parameters for the successful use

of the biosensor for detection Bf coliO157:H7 in foods for military use.

In summary, this research demonstrates the suct@sgfgration of conductive polymer
synthesis, mathematical modeling and optimizatioth® polymerization process,
biorecognition element immobilization, and electremistry for the development of an
electrotextile based biosensor. More work is ndederder to create a biosensor that is viable
for being used in the field. This work includeduetion in material variability via optimization
and improvement of the electrotextile synthesicpdures, development of an extraction
protocol for measuring samples, establishing sertgind specificity limits for the sensor with
pure culture and food samples both in the lab aedteally in the field, and validating those
procedures and limits by using blind studies andtiffab testing to prevent experimenter’'s bias

in the results.
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APPENDIX A: STANDARD OPERATING PROCEDURES
A.1 FIBER SYNTHESIS PROTOCOL

Project: Conductive Polymer Coated Non-Woven Fibesed Biosensor

Protocol: Polymerization of Doped Polypyrrole adbdfs

PPE: BSL-1; standard lab coat and latex or nigiteres, long pants, close-toed shoes, protective
eye wear

Materials:

l. Chemicals

a. Ferric Chloride (Fe@)

b. Pyrrole (GHsN)

C. 3-Thiopheneacetic Acid, 3TAA #Eg02S)

d. 5-Sulfosalicylic Acid Hydrate, 5SSA (H§3CgH3-2-(OH)COHexH»0)

e. Reagent Grade Water
Il. Equipment

a. Glass staining box

b. Scissors

C. Pipettors

d. 10mL and 1mL Pipette Tips

e. Forceps
f. Oscillator or Rocker
g. Punch and hammer
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Procedure:

1.

8.

9.

Measure and cut fiber sheet to dimensions of 6 @&wcm so it can lay flat in reaction
container.

Soak fiber sample in pyrrole-3TAA solution (10% wale pyrrole to water with 10
mg/mL 3TAA) for 1 minute.

Lay wet sheet flat on bottom of glass staining box.

Add 30mL of 0.1 M FeQ in water solution to box.

Add 3mL of 0.1M 5SSA in water solution to box.

Secure lid and place on oscillator or rocker on $&atting so liquid is moving over and
under fiber sample, but not washing it againstside of the box. Let to react for 30 min.
Remove sample and rinse both sides with water. flaayo dry.

If in chemical hood, flip after 15 min.

If on benchtop, flip after 1 hr.

10. Cut sample using punch and mallet for resistancasoréng and testing.
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A.2 OPTIMIZED FIBER SYNTHESIS PROTOCOL

Project: Conductive Polymer Coated Non-Woven Fibesed Biosensor

Protocol: Optimized Polymerization of Doped Polyple on Fibers

PPE: BSL-1; standard lab coat and latex or nigiteres, long pants, close-toed shoes, protective
eye wear

Materials:

l. Chemicals

a. Ferric Chloride (Fe@)

b. Pyrrole (GHsN)

C. 3-Thiopheneacetic Acid, 3TAA #Eg02S)

d. 5-Sulfosalicylic Acid Hydrate, 5SSA (H§3CgH3-2-(OH)COHexH»0)

e. Reagent Grade Water
Il. Equipment

a. Glass staining box

b. Scissors

C. 10mL and 1mL Pipette Tips

d. Pipettors

e. Forceps
f. Oscillator or Rocker
g. Punch and hammer
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Procedure:
1. Measure and cut fiber sheet to dimensions of 6 @&wem so it can lay flat in reaction
container.
2. Soak fiber sample in pyrrole-3TAA solution (58.7%#ume pyrrole to water with 0.03
g/mL 3TAA) for 1 minute.

3. Lay wet sheet flat on bottom of glass staining box.

4. Add 30mL of 0.11 M FeQGlin water solution to box.

5. Add 3mL of 0.25 M 5SSA in water solution to box.

6. Secure lid and place on oscillator or rocker on $&iting so liquid is moving over and
under fiber sample, but not washing it againstsibde of the box. Let to react for 70 min.

7. Remove sample and rinse both sides with water. flaayo dry.

8. If in chemical hood, flip after 15 min.

9. If on benchtop, flip after 1 hr.

10. Cut sample using punch and mallet for resistancasoréng and testing.

162



A.3 ANTIBODY PASSIVE ADSORPTION PROTOCOL

Project: Conductive Polymer Coated Non-Woven Fibesed Biosensor
Protocol: Antibody Immobilization, Passive Adsaopt (96 well size)
PPE: BSL-1; standard lab coat and latex or nigiteres, long pants, close-toed shoes, protective
eye wear
Materials:
l. Chemicals
a. Sterile Distilled Water
b. KPL Bactrace ® Goat Ant.coli O157:H7 diluted to desired concentration in 1x
PBS
C. Blocking Agent (5% w/v Bovine Serum Albumin or 5%°K Normal Goat Serum)
d. Phosphate Buffered Saline (1x PBS)

e. Phosphate Buffered Saline with 0.1% Tween-20 (PBST)

Il. Equipment
a. Conductive Fiber Electrotextile
b. Scissors
C. Punch and Hammer

d. 96 well plate

e. Pipette Tips, 1mL and 100 pL

f. Pipettors

g. Forceps

h. Oscillator or Rocker
I. Refrigerator
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Procedure:
1. Cut nonwoven fibers into 96 well size discs usinggh and hammer.
2. Put 1 disc into each well of a 96 well plate.
3. Wash nonwoven fiber discs with sterile water andfdr 10 minutes.
4. Add 250 pL of antibody at desired concentratioedoh disc.
5. Incubate fiber discs with antibody for 1 hr at roemperature with gentle agitation.
6. Remove antibody solution and apply 50 uL of blogkagent solution.
7. Allow fibers and blocking agent to react at roommperature with gentle agitation for 1
hour.
8. Wash fibers twice with PBS.

9. Wash fibers once with PBST and refrigerate un#. us
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A.4 ANTIBODY GLUTARALDEHYDE PROTOCOL (96 WELL PLATE

Project: Conductive Polymer Coated Non-Woven Fibesed Biosensor
Protocol: Antibody Immobilization, Glutaraldehy6 well size)
PPE: BSL-1; standard lab coat and latex or nigiteres, long pants, close-toed shoes, protective
eye wear
Materials:
l. Chemicals
a. Sterile Distilled Water
b. Glutaraldehyde
C. KPL Bactrace ® Goat Ant.coli O157:H7 diluted to desired concentration in 1x
PBS
d. Deactivating Buffer (0.2 M Tris, 10 mM Sodium Cytaoohydride)
e. Blocking Agent (5% w/v Bovine Serum Albumin or 5%°K Normal Goat Serum)
f. Phosphate Buffered Saline (1x PBS)

g. Phosphate Buffered Saline with 0.1% Tween-20 (PBST)

Il. Equipment
a. Conductive Fiber Electrotextile
b. Scissors
C. Punch and Hammer

d. 96 well plate
e. Pipette Tips, 1mL and 100 pL
f. Pipettors

g. Forceps
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h. Oscillator or Rocker
i. Incubator

J- Refrigerator

Procedure:
1. Cut nonwoven fibers into 96 well size discs usinggh and hammer.
2. Put 1 disc into each well of a 96 well plate.
3. Wash nonwoven fiber discs with sterile water andfdr 10 min.
4. Add 25 uL of 2.5 mM glutaraldehyde to each disc modbate for 1 hr at 4°C.
5. Wash fibers with distilled water and dry for 10 min
6. Add 250 pL of antibody at desired concentratioedoh disc.
7. Incubate fiber discs with antibody for 15 min atG7
8. Wash fibers with distilled water and dry for 10 min
9. Add 50 pL of deactivating buffer and incubate férriin at 37°C.
10.Wash fibers with distilled fibers and dry for 10mmi
11.Apply 50 pL of blocking agent solution.
12. Allow fibers and blocking agent to react at roommperature with gentle agitation for 1
hr.
13.Wash fibers twice with PBS.

14.Wash fibers once with PBST and refrigerate un#. us
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A.5 ANTIBODY GLUTARALDEHYDE PROTOCOL (2 CM X 2 CM QUARE)

Project: Conductive Polymer Coated Non-Woven Fibesed Biosensor
Protocol: Antibody Immobilization, Glutaraldehyf#cm x 2 cm squares)
PPE: BSL-1; standard lab coat and latex or nigiteres, long pants, close-toed shoes, protective
eye wear
Materials:
l. Chemicals
a. Glutaraldehyde
b. KPL Bactrace ® Goat Ant.coli O157:H7 (10 pg/mL in 1x PBS)
C. Deactivating Buffer (0.2 M Tris, 10 mM Sodium Cytaoohydride)
d. Blocking Agent (5% w/v Bovine Serum Albumin or 5%°K Normal Goat Serum)

e. Phosphate Buffered Saline (1x PBS)

f. Phosphate Buffered Saline with 0.1% Tween-20 (PBST)
Il. Equipment

a. Conductive Fiber Electrotextile

b. Scissors

C. 6 well plate

d. Pipette Tips, 1mL and 100 pL

e. Pipettors

f. Forceps

g. Oscillator or Rocker
h. Incubator

I. Refrigerator
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Procedure:
1. Cut nonwoven fibers into 2 cm x 2cm squares.
2. Put 1 square into each well of a 6 well plate.
3. Wash nonwoven fiber squares with 0.01 M PBS andalr{0 min.
4. Add 3 mL of 2.5 mM glutaraldehyde to each well amclbate for 1 hr at 4°C.
5. Wash fibers with 0.01 M PBS and dry for 10 min.
6. Add 4 mL of antibody to each square.
7. Incubate fiber squares with antibody for 15 mii3atC.
8. Wash fibers with 0.01 M PBS and dry for 10 min.
9. Add 3 mL of deactivating buffer and incubate forrhbh at 37°C.
10.Wash fibers with 0.01 M PBS and dry for 10 min.
11. Apply 3 mL of blocking agent solution.
12. Allow fibers and blocking agent to react at roommperature with gentle agitation for 1
hr.
13.Wash fibers twice with PBS.

14.Wash fibers once with PBST and refrigerate un#. us
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A.6 ANTIBODY EDC / SULFO-NHS PROTOCOL (96 WELL PLA)

Project: Conductive Polymer Coated Non-Woven Fibesed Biosensor
Protocol: Antibody Immobilization, EDC / Sulfo-NHS6 well size)
PPE: BSL-1; standard lab coat and latex or nigiteres, long pants, close-toed shoes, protective
eye wear
Materials:
l. Chemicals
a. Sterile Distilled Water
b. N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide Hyalchloride (EDC)
C. N-hydroxysulfosuccinimide (Sulfo-NHS)
d. 2-(N-morpholino)ethanesulfonic Acid Buffer (MES)Y) \nM
e. KPL Bactrace ® Goat Ant=.coli O157:H7 diluted to desired concentration in 1x
PBS
f. Blocking Agent (5% w/v Bovine Serum Albumin or 5%°K Normal Goat Serum)
g. Phosphate Buffered Saline (1x PBS)

h. Phosphate Buffered Saline with 0.1% Tween-20 (PBST)

Il. Equipment
a. Conductive Fiber Electrotextile
b. Scissors
C. Punch and Hammer

d. 96 well plate
e. Pipette Tips, 1mL and 100 pL

f. Pipettors
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g. Forceps
h. Oscillator or Rocker

I. Refrigerator

Procedure:

1. Cut nonwoven fibers into 96 well size discs usinggh and hammer.

2. Put 1 disc into each well of a 96 well plate.

3. Wash nonwoven fiber discs with sterile water andfdr 10 min.

4. Add 200 pL of EDC and Sulfo-NHS in MES buffer atmaéacturer’'s recommended
concentrations to fibers and react with gentleadigih at room temperature for 15
minutes.

5. Wash fibers twice with MES buffer.

6. Add 250 pL of antibody at desired concentratioerdoh disc.

7. Incubate fiber discs with antibody with gentle agdn for 4 hrs at room temperature.

8. Wash fibers with MES buffer.

9. Apply 50 pL of blocking agent solution.

10. Allow fibers and blocking agent to react at roommperature with gentle agitation for 1
hr.

11.Wash fibers twice with PBS.

12.Wash fibers once with PBST and refrigerate un#. us
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A.7 PICOGREEN STAINING OF CELLS

Project: Conductive Polymer Coated Non-Woven Fibesed Biosensor
Protocol: PicoGreen Staining of Bacterial Cells
PPE: BSL-1; standard lab coat and latex or nigiteres, long pants, close-toed shoes, protective
eye wear
Materials:
l. Reagents
a. Full Grown Bacterial Culture in Growth Medium Broth
b. PicoGreen dsDNA stain
C. Sterile Distilled Water
Il. Equipment
a. 2 mL Centrifuge Tubes
b. Pipette Tips, 10 mL, 1 mL and 10 pL
C. Pipettors

d. Centrifuge

e. Vortex
f. Oscillator
Procedure:

1. Remove 1 mL of cell culture and pellet in centrégugr 3 min at 5,000 x g.
2. Remove supernatant and resuspend pellet in 5 pdGPéen and 500 pL water, vortex.
3. Place sample in rotating oscillator and rotatesfonin at room temperature with no light

while stain cross-links with cells.
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4. Pellet stained cells in centrifuge for 3 min at®& g.
5. Remove supernatant and resuspend pellet with 1fmlater, vortex.

6. Dilute stained cells to necessary volume / conegiotn with water.
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A.8 FLUORESCENT MEASUREMENT OF CAPTURED STAINED CES&

Project: Conductive Polymer Coated Non-Woven Fibesed Biosensor

Protocol: Measuring Fluorescence of Captured G@8swell plate)

PPE: BSL-1; standard lab coat and latex or nigiteres, long pants, close-toed shoes, protective
eye wear

Materials:

l. Reagents

a. PicoGreen Stained Bacteria Cells (approximate aunaton of 18 CFU/mL)

b. Phosphate Buffered Saline (1x PBS)
Il. Equipment
a. Conductive electrotextile fibers (96 well plateegizvith immobilized antibodies

b. 96 well plate (black)
C. Pipette Tips, 1 mL
d. Pipettors

e. Victor3 MuliLabel Counter

Procedure:
1. Place antibody functionalized fibers into wells9éfwell plate.
2. Add 200 pL of PicoGreen stained cells to each well.
3. Incubate fibers with cells for 15 min at 37°C.
4. Wash fibers 3 times with PBS.
5. Pipette all excess liquid off of each fiber, makeesfibers are lying flat in the bottom of
each well.
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6. Place plate with fibers into Victor.
7. Read fluorescence output of plate using FITC progexcitation of 490 nm and

emission of 535 nm.
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A.9 ELECTROCHEMICAL MEASUREMENT USING BIOSENSOR

Project: Conductive Polymer Coated Non-Woven Fibesed Biosensor
Protocol: Measuring Resistance Across Fibers as@&asor
PPE: BSL-1; standard lab coat and latex or nigiteres, long pants, close-toed shoes, protective
eye wear
Materials:
l. Reagents
a. Sterile Distilled Water
b. Bacterial Serial Dilutions (Cells Washed Using Ciémge and Resuspended in
Butterfield’s Phosphate Buffer)
C. Butterfield’s Phosphate Buffer (Blank)

d. Phosphate Buffer (0.1 M PB)

e. Bleach
f. Ethanol
Il. Equipment
a. Conductive electrotextile fibers (2 cm x 2 cm) withmobilized antibodies
b. Glass beaker
C. Pipettors

d. Pipette Tips, 10 mL and 1 mL
e. Alligator Clip Leads

f. Potentiostat
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Procedure:

1. Turn on potentiostat and attach alligator clip kad

2. Place leads into beaker with 20 mL of distilled evaand secure leads to opposing sides
of beaker.

3. Run potentiostat for constant potential amperomettly a constant voltage of 0.5 V for
30 min — 2 hr to warm up system, taking a measunéexery minute.

4. If result at end of warm up is a horizontal lingstem is ready for use.

5. Empty beaker.

6. Attach electrotextile fibers to alligator clip legdvith each lead attached at opposing

sides, facing each other, going into the fibertheodepth of therg tooth.

7. Insert fibers with alligator clip leads into gldssaker.

8. Attach alligator clip leads to the potentiostat.

9. Secure wires to opposing sides of beaker so féersying flat on bottom of the beaker
and pulled taut, but not being strained.

10. Submerge fibers in 18 mL of PB.

11.Add 2 mL of sample and stir gently with pipette tigpmix sample with solution.

12.Run potentiostat using constant potential ampengnagta constant voltage of 0.5 V for
15 min taking a measurement every 30 s.

13.Record measured current over time.

14.Clean glassware, alligator clip leads, and fordegigveen different bacterial
concentration samples.

15.Repeat for each sample.
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A.10 BACTERIAL CULTURE TRANSFER AND GROWTH

Project: Conductive Polymer Coated Non-Woven Fibesed Biosensor

Protocol: Transfer dE. coliO157:H7 Sakai Strain Cultures and Growth

PPE: BSL-1; standard lab coat and latex or nigiteres, long pants, close-toed shoes, protective
eye wear

Materials:

l. Reagents

a. Trypticase Soy Broth (TSB)

b. CHROMagar 0157 plate witl. coliO157:H7 Sakai Strain Culture
Il. Equipment

a. Biosafety cabinet

b. Vortex

C. 15 ml Sterile Tubes

d. Inoculating Loop

e. 1000yl pipette

f. 1000yl pipette tips with filter (sterile)

Procedure (all in biosafety cabinet):
1. Remove CHROMAGAR 0157 plate with bacterial culttne@m refrigerator and remove
one colony from plate using inoculating loop.
2. Transfer colony to 9 mL of sterile TSB.
3. Incubate at 37°C for 48 hrs to bring culture to maxm concentration.

4. Vortex 48 hr microbial culture.
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5. Transfer 1 mL of the culture into 9 mL of steril&B.

6. Vortex

7. Incubate the new culture tube for 4 hrs at 37°C.
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APPENDIX B: DATA

B.1 CHAPTER 3 DATA

Figure B- 1.SEM image of Nylon 6fibers with-COOH andpyrrole polymer coating
acetonitrile solvent, 18 hour reaction tinrScale bar equal to 100 pm, magnification at 5I
EHT of 30 kV and working distance of 6.0 nn
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Figure B- 2 SEM image of Nylor-6 fibers with 3COOH and pyrrole polymer coatin
acetonitrile solvent, 18 hour reaction tinScale bar equal to 2 um, magnification of 30,0(
EHT of 30 kV and working distance of 6.0 nn

180



fa

Figure B- 3. SEM image dflylon-6 fibers with 3TAA and pyrrole polymer coating, tudtrile
solvent, 18 hour reaction tim&cale bar equal to 100 pm, magnification of 15T ©f 30 kV
and working distance of 6.0 m
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Figure B- 4. SEMmage of Nylor-6 fibers with 3TAA and pyrrole polymer coating, tagtrile
solvent, 18 hour reaction timeScale bar equal to 2 um, magnification of 20Q@HT of 30
kV and working distance of 61&m.
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Figure B- 5 SEM image of Nylo-6 fibers with 3TAA and pyrrole polymer coating, maiol
solvent, 5SSA dopant, 30 minute reaction tirScale bar equal to 100 pm, magnificatior
200x, EHT of 30 kV and working distance of 6.0 r
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Figure B- 6 SEM image of Nylo-6 fibers with 3TAA and pyrrole polymer coating, wa
solvent, 5SSA dopant, 30 minute reaction tirScale bar equal to 20 pm, magnificatior
500x, EHT of 30 kV and working distance of 8.0 r
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Figure B- 7 SEM image of Nylo-6 fibers with 3TAA and pyrrole polymer coating, we
solvent, 5SSA dopant, 30 minute reaction time.riNse. Scale bar equal to 2 pi
magnification of 10,000x, EHT of 30 kV and workidgstane of 6.0 mm.
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Figure B- 8 SEM image of Nylo-6 fibers with 3TAA and pyrrole polymer coating, we
solvent, 5SSA dopant, 30 minute reaction time.wBler rinse.Scale bar equal to 10 I
magnification of 5,000xHT of 30 kV and working distance of 6.0 n
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Figure B- 9.SEM image of Nylo-6 fibers with 3TAA and pyrrole polymer coating, we
solvent, 5SSA dopant, 30 minute reaction time.wBler rinse and sonicatioiScae bar equal
to 2 um, magnification of 10,000x, EHT of 30 kV andrking distance of 6.0mi

187



Figure B- 10 SEM image of Nylo-6 fibers with 3TAA and pyrrole polymer coating, @B
solvent, 5SSA dopant, 30 minwreaction time. DI water rinseéScale bar equal to 100 p
magnification of 500x, EHT of 30 kV and working @iace of 6.0 mn
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Figure B- 11 SEM image of polypropylene fibers with 3TAA angrole polymer coating
water solvent, 5SSA dopant, 30 minute reaction tildeéwater rinse.Scale bar equal to 1(
pm, magnification of 500x, EHT of 30 kV and workidgtance of 6.0 mr
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Figure B- 12 SEM image of fibers with polym«oating containing 0 mg/mL 3TA/Scale bar
equal to 10 um, magnification of 5,000x, EHT oflk30and working distance of 6.0 m
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Figure B- 13 SEM image of fibers with polymer coating contami0 mg/mL 3TAA.Scale bar
equal to 200 um, magnification of 100x, EHT of 304&nd working distance of 6.0 m
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Figure B- 14 SEM image of fibers with polymer coating contami0.1 mg/mL 3TAAScale bar
equal to 10 um, magnification 5,000x, EHT of 30 kV and working distance of 6.0
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Figure B- 15 SEM image of fibers with polymer coating conta@0.1 mg/mL 3TAA.Scale
bar equal to 200 um, magnification of 100x, EHT30fkV and working dicance of 6.0 mn
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Figure B- 16 SEM image of fibers with polymer coating containthghg/mL 3TAA.Scale bar
equal to 10 um, magnification of 5,000x, EHT oflk80and working distance of 6.0 m
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Figure B- 17 SEM image of fibers with polymer coating contampil mg/mL 3TAA.Scale bar
equal to 200 um, magnification of 100x, EHT of 304&nd working distance of 6.0 m
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Figure B- 18. SEMmage of fibers with polymer coating containingrbh@/mL 3TAA. Scale bar
equal to 200 um, magnification of 100x, EHT of 304&nd working distance of 6.0 m
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Figure B- 19 SEM image of fibers with polymer coatingntaining 100 mg/mL 3TAAScale
bar equal to 200 um, magnification of 100x, EHT30fkV and working distance of 6.0 ir
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Table B- 1. Data for Figure 3-7.

3TAA Resistivity
Concentration
(mg/mL) Run 1 Run2 Run3 | Run4 Run 5
0.0 5.19 5.95 5.44 3.8 3.58
0.1 3.13 3.65 4.32 4.46 8.67
1.0 3.6 3.45 3.7 3.01 3.32
10.0 6.51 6.55 6.6 4.77 5.31
20.0 8.22 7.73 7.17 7.69 6.23
50.0 10.38 | 10.67 12.44 8.56 11.09
100.0 2519.13 76.9 769.32 1530.63 610.98
3TAA Resistivity
Concentration
(mg/mL) Run 6 Run7| Run8| Run9
0.0 6.19 3.37 4.04 3.41
0.1 5.79 3.84 3.71 3.61
1.0 3.01 3.78 3.25 3.75
10.0 511 7.04 7.37 7.38
20.0 7.04 8.5 7.86 12.79
50.0 8.14 7.21 8.88 7.62
100.0 1229.93 693.67| 2784.62| 4071.96
3TAA
Concentration | Average | Standard
(mg/mL) Resistivity | Deviation
0.0 4.552222| 1.1350583
0.1 4.575556| 1.7134383
1.0 3.43 0.300915
10.0 6.293333| 0.986927
20.0 8.136667| 1.871042
50.0 9.443333| 1.774197
100.0 1587.449 1289.793
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Table B- 2. Data for Figure 3-8.

3TAA Sulfur Weight
Concentration Percent at 100 x
(mg/mL) magnification (%)
0.0 0.93
0.1 0.78
1.0 0.55
10.0 1.3
20.0 1.54
50.0 2.24
100.0 3.83
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Table B- 3. Data for Figure 3-9.

3TAA Fluorescent Output (RFU Average
Concentration Fluorescent | Standard
(mg/mL) Runl| Run2| Run3 Output Deviation

0.0 1.015 1.002 1.069 1.0287 0.035529
0.1 1.092 1.09 1.103 1.0950 0.007
1.0 1.432 1.135 1.594 1.3870 0.2327185
10.0 1.102 1.66 1.669 1.4770 0.324791
20.0 1.102 1.233 1.468 1.2677 0.185446
50.0 1.235 1.632 2.069 1.6453 0.41716

100.0 6.683 2.845 2.359 3.9623 2.368664
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Table B- 4. Student’s T-Test of Resistivities (&stax = 0.05)

Sample 1] Sample 2| P valug Significant Difference
0.0 0.1
mg/mL mg/mL 0.973 No
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Table B- 5. Data for Figure 3-12, resistances.

Resistance(®)

Time Biotin Concentration

(min) Blank 0.5 uM S uM 50 uM 500 uM
180.3 71355.76 62752.13) 118946.49 86580.07| 111731.84
210.3 73035.53 62625.81| 113119.89 88133.45| 122860.90
240.3 73915.68 62596.41| 120872.01] 85937.01| 125910.6R2
270.4 73895.19 62708.56| 114552.23 85005.61| 124036.48
300.4 73597.06 64128.99 112130.07 86433.08| 124593.95
330.4 73556.4% 65166.29 112848.63 87412.59| 121601.66
360.4 73356.03 66550.99 115193.39 87672.60| 119535.49
390.5 73202.61 66907.21| 116932.37| 89694.71| 119750.76
420.5 74298.1% 68382.75| 117037.28 93057.26| 124257.2P
450.5 76065.2% 68302.68 116354.86 95037.67| 126885.13
480.6 77368.64 68936.65/ 115400.63 96068.07| 129810.52
510.6 77747.06 69473.73 115001.72 97137.89| 131352.09
540.6 77461.47 70873.51) 115031.78 99065.95| 129413.3R2
570.6 76126.06 70871.72| 116047.86 100250.63 128504.38
600.7 75211.7(0 71190.66| 116260.22 101567.04{ 128820.63
630.7 75331.14 71776.46| 116255.55 101298.79 127323.72
660.7 75986.29 73261.98) 115356.41 102448.14{ 124668.16
690.8 76878.72 74064.76| 114550.00 102808.88 125975.81]
720.8 78480.28 74300.11] 113534.98 102189.41] 131283.59
750.8 79675.6() 73929.83) 113353.44 109339.11] 136365.86
780.8 80121.32 73675.00, 112855.89 124431.16| 137767.99
810.9 81496.03 73371.89| 111544.90 137392.27| 137297.31]
840.9 82290.01 72000.25| 112182.63 136066.97| 138735.78
870.9 81383.52 70546.73) 116026.11] 134273.25 140795.49
901.0 84210.53 72727.27| 118500.96 136565.38 139664.80
180.3 58079.23 55522.51| 54448.49| 56145.98 52434.46
210.3 57767.6955801.90 54836.38| 56044.83 53359.00
240.3 58403.91 55744.69 54412.52| 56186.26 53784.09
270.4 59585.88 55991.04| 54054.05| 56457.30 53685.93
300.4 58460.00 56198.94| 53724.49| 57007.61 53750.79
330.4 57427.6% 56063.91 53745.90| 57450.03 53850.36
360.4 58061.17 55913.89 53621.36| 57582.04 53899.79
390.5 58295.6956150.48 53535.75| 57464.1§ 53985.59
420.5 58369.81 56207.97| 53445.31| 57601.31 54105.69
450.5 57937.42 55932.88 54260.94| 57627.69 54188.00
480.6 58162.48 55734.43| 54502.27| 57625.09 54244.64
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Table B-5 (cont'd).

510.6 57770.07) 55902.38 54417.80 57564.60 54298.01
540.6 58062.37] 56186.10 54120.85 5754902 54323.84
570.6 58259.29 1 56236.1D0 54355.21 57772,38 54648.06
600.7 58141.95 56182.58 54363.833 58150\56 5472).05
630.7 57019.51 56321.76 54388.Y3 5867552 55007.66
660.7 55799.120 56603.96 54519.19 58763\67 55279.43
690.8 55105.90 56959.64 54777.10 59064/25 55599.68
720.8 55022.460 57154.90 55021.17 59790,73 55386.38
750.8 55112.68 57187.20 55243.99 6095968 55271.25
780.8 54830.39 57081.6D 55641.11 6065988 55308.98
810.9 54690.70 57014.86 55953.00 59886\64 55306.18
840.9 55189.47] 56953.98 56090.80 60216/35 55536.61
870.9 56022.41 56777.8b 55983.20 6187162 55904.96
901.0 56219.26 56377.72 55401.66 61208/87 55594.16
180.3 181971.77506329.11] 434108.42 534351.14 546875.01
210.3 160256.41 425693.50 386206.85 459581.63 479452.12
240.3 170161.04 435036.06 416976.97] 479780.61] 506924.95
270.4 172498.73426374.14 376141.78 438527.63 486956.39
300.4 173826.64 403095.13 344742.71 389158.97] 430272.60
330.4 174939.56 374231.61] 321137.80 361944.04 387061.01
360.4 176436.24 359008.93 326682.94 372093.02 374456.66
390.5 174883.02 352430.61] 328304.15 375798.57] 382336.07
420.5 173334.02346080.40 333086.85 376582.02 376000.35
450.5 170306.98 346500.35 332044.78 372464.17 371402.04
480.6 167230.51345331.29 330594.25 370870.63 367097.49
510.6 163293.89347442.03 329933.91] 369895.81] 372761.84
540.6 162691.36 346394.72 329830.10 370059.52 377506.07
570.6 160963.00345110.58 330359.66 366242.95 384673.38
600.7 161019.50344717.51] 329696.78 364112.23 388069.50
630.7 160987.30347542.01] 335106.04 361521.14 384546.76
660.7 163394.8% 348518.03 333244.02 360769.62 376015.62
690.8 165539.67 345995.86 333835.64 360176.05 367894.58
720.8 168561.98 340045.14 331914.73 360885.76 368139.99
750.8 168714.58 338453.92 341359.37| 363418.05 375441.90
780.8 168672.63338173.73 341018.29 365924.52 384911.47
810.9 167475.12335607.86 343769.25 367776.32 387813.05
840.9 164890.14 332258.59 346470.33 372179.44 383877.16
870.9 160998.19335429.77 351957.77 377180.58 377358.49
901.0 161812.30346320.35 336275.75 371574.55 378787.88
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Table B- 6. Data for Figure 3-12, responses.

Response (%)

NI OO O O 00— OO 10 (O O =19 00

U O O N UT Ui OO

Time Biotin Concentration

(min) | 0.5uM| 5uM | 50 uM| 500 pM
180.3 | -12.06| 66.70 21.34 56.5¢
210.3 | -14.25| 54.88 20.67 68.21
240.3 | -15.31| 6353 16.26 70.34
270.4 | -15.14| 55.02 15.04 67.8"
300.4 | -12.86| 52.36 17.44 69.2¢
330.4 | -11.41| 53.42 18.84 65.3}
360.4 -9.28 57.03 19.52 62.9"
390.5 -8.60 59.74) 22.53 63.5¢
420.5 -7.96 57.52] 25.2% 67.24
450.5 | -10.21| 52.97] 24.94 66.8]
480.6 | -10.90| 49.16 24.17 67.7¢
510.6 | -10.64| 47.92 24.94 68.9"
540.6 -8.50 | 4850 27.89 67.07
570.6 -6.90 52.44) 31.69 68.8(
600.7 -5.35 5458  35.04 71.28
630.7 -4.72 54.33 34.47 69.07
660.7 -3.59 51.81 34.82 64.07
690.8 -3.66 | 49.00 33.73 63.86
720.8 -5.33 | 44.67, 30.21 67.28
750.8 -7.21 42.27 37.23 71.1%
780.8 -8.05 | 40.86] 55.30 71.9%
810.9 -9.97 36.87| 68.59 68.41
840.9 | -12.50| 36.33 65.3% 68.5¢
870.9 | -13.32| 4257 64.99 73.0(
901.0 | -13.64| 40.72 62.17 65.8"
180.3 -4.40 -6.25 -3.33 -9.72
210.3 -3.40 -5.07 -2.98 -7.63
240.3 -4.55 -6.83 -3.80 -7.91
270.4 -6.03 -9.28 -5.25 -9.90
300.4 -3.87 -8.10| -2.48 -8.06
330.4 -2.37 -6.41 0.04 -6.23
360.4 -3.70 -7.65 -0.83 -7.17
390.5 -3.68 -8.17 -1.43 -7.39
420.5 -3.70 -8.44| -1.32 -7.31
450.5 -3.46 -6.35 -0.53 -6.47
480.6 -4.17 -6.29 -0.92 -6.74
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Table B-6 (cont’d).

510.6 -3.23 -5.80] -0.36 -6.01
540.6 -3.23 -6.79| -0.88 -6.44
570.6 -3.47 -6.70| -0.84 -6.20
600.7 -3.37 -6.50 0.01 -5.87
630.7 -1.22 -4.61 2.90 -3.53
660.7 1.44 -2.29 5.31 -0.93
690.8 3.36 -0.60 7.18 0.90
720.8 3.88 0.00 8.67 0.66
750.8 3.76 0.24 10.61 0.29
780.8 411 1.48 10.63 0.87
810.9 4.25 2.31 9.50 1.13
840.9 3.20 1.63 9.11 0.63
870.9 1.35 -0.07| 10.44 -0.21;
901.0 0.28 -1.45 8.88 -1.11
180.3 | 178.25] 138.56 193.65 200.%3
210.3 | 165.63] 140.99 186.48 199.18
240.3 | 155.66) 145.0p 181.96 197.91
270.4 | 147.18] 118.0p 154.22 182.30
300.4 | 131.89] 98.33 123.88 147.33
330.4 | 11392 83.57 106.90 121.25
360.4 | 103.48] 85.16 110.89 112.23
390.5 | 101.52] 87.73 114.89 118.62
420.5 | 99.66| 92.16 117.26 116.92
450.5 | 103.46] 94.97 118.10 118.08
480.6 | 106.50, 97.69 121.77 119.52
510.6 | 112.77] 102.0p 126.52 128.28
540.6 | 112.92] 102.78 127.46 132.04
570.6 | 114.40, 105.24 127.33 138.98
600.7 | 114.08 104.7¢ 126.13 141.01
630.7 | 115.88] 108.16 124.56 138.87
660.7 | 113.300 103.99 120.80 130.13
690.8 | 109.01] 101.6y 117.38 122.24
720.8 | 101.73 96.91 114.10 118.40
750.8 | 100.61] 102.38 11540 122.%3
780.8 | 100.49 102.18 116.94 128.20
810.9 | 100.39 105.2y 119.60 131.%6
840.9 | 101.50, 110.12 125.41 132.81
870.9 | 108.34 118.61 134.28 134.39
901.0 | 114.03] 107.82 129.63 134.09
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Table B- 7. Data for Figure 3-12, average response

Average Response (%)

Time Biotin Concentration

(min) | 0.5uM | 5uM| 50 uM| 500 uM
180.3 53.93| 66.33 70.5% 82.46
210.3 49.33| 63.60 68.16 86.59
240.3 4526 | 67.25 64.81 86.78
270.4 42.00 | 54.60 54.67 80.08
300.4 38.39| 4753 46.28 69.59
330.4 33.38| 4353 41.92 60.11
360.4 30.17 | 44.8% 43.20 56.01
390.5 29.75| 46.43 45.33 58.27
420.5 29.33| 47.08 47.06 58.95
450.5 29.93 | 47.20 47.70 59.47
480.6 30.48 | 46.8% 48.34 60.19
510.6 3297 | 48.0% 50.37 63.74
540.6 33.73 | 48.1% 51.49 64.22
570.6 34.68| 50.33 52.80 67.2(
600.7 35.12 | 50.94 53.73 68.8(
630.7 36.65| 52.62 53.98 68.12
660.7 37.05| 51.16 53.64 64.42
690.8 36.24 | 50.02 52.83 62.33
720.8 33.43| 47.19 50.99 62.11
750.8 32.39 | 4828 54.41 64.66
780.8 32.18 | 48.17 60.96 67.01
810.9 31.56| 48.1% 65.90 67.0%
840.9 30.73| 49.36 66.72 67.34
870.9 32.13 | 53.70 69.90 69.06
901.0 33.56| 49.03 66.89 66.28
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Table B- 8. Student’s T-Test of Biotin Sensor Resgo(2 tailsp = 0.05)

Significant

Sample 1| Sample?2 P value Difference
Blank 0.5uM | 2.174E-06 Yes
Blank 5uM 2.328E-14 Yes
Blank 50 uM | 2.785E-12 Yes
Blank 500 uM | 1.382E-14 Yes
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B.2 CHAPTER 4 DATA

Table B- 9. Data for Table 4-2 and Table 4-3.

Experimental Factors Response
Pyrrole 3TAA FeCI3 | 5SSA Time R for
(%) (9/mL) (M) (M) (min) regression | Resistance

Run* Cl C2 C3 C4 C5 y (Q)

1 32.5 0.0125 0.075 0.15 97.5 0 53.8
2 32.5 0.0125 0.075 0.35 52.5 1 36.5
3 32.5 0.0125 0.125 0.15 52.5 1 23.3
4 32.5 0.0125 0.125 0.35 97.5 1 40.2
5 32.5 0.0375 0.075 0.15 52.5 0 82.6
6 32.5 0.0375 0.075 0.35 97.5 1 49.8
7 32.5 0.0375 0.125 0.15 97.5 0 53.2
8 32.5 0.0375 0.125 0.35 52.5 0 96.8
9 77.5 0.0125 0.075 0.15 52.5 0 267
10 77.5 0.0125 0.075 0.35 97.5 1 32.2
11 77.5 0.0125 0.125 0.15 97.5 0 65.6
12 77.5 0.0125 0.125 0.35 52.5 0 50.8
13 77.5 0.0375 0.075 0.15 97.5 0 55.8
14 77.5 0.0375 0.075 0.35 52.5 1 29.5
15 77.5 0.0375 0.125 0.15 52.5 1 34.1
16 77.5 0.0375 0.125 0.35 97.5 1 27.1
17 10 0.025 0.1 0.25 75 0 84.8
18 100 0.025 0.1 0.25 75 1 42.6
19 55 0 0.1 0.25 75 1 30
20 55 0.05 0.1 0.25 75 0 92.4
21 55 0.025 0.05 0.25 75 0 81.8
22 55 0.025 0.15 0.25 75 0 62.2
23 55 0.025 0.1 0.05 75 0 92.8
24 55 0.025 0.1 0.45 75 0 56.1
25 55 0.025 0.1 0.25 30 0 84.6
26 55 0.025 0.1 0.25 120 1 47
27 55 0.025 0.1 0.25 75 1 44.5
28 55 0.025 0.1 0.25 75 0 85.2
29 55 0.025 0.1 0.25 75 0 52.7
30 55 0.025 0.1 0.25 75 1 37
31 32.5 0.0125 0.075 0.15 97.5 0 75.2
32 32.5 0.0125 0.075 0.35 52.5 0 107
33 32.5 0.0125 0.125 0.15 52.5 1 25.9
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Table B-9 (cont'd).

34 32.5 0.0125 0.125 0.35 97.5 1 43.6
35 32.5 0.0375 0.075 0.15 52.5 0 71.2
36 32.5 0.0375 0.075 0.35 97.5 0 117.6
37 32.5 0.0375 0.125 0.15 97.5 0 66.2
38 32.5 0.0375 0.125 0.35 52.5 1 49.3
39 77.5 0.0125 0.075 0.15 52.5 0 339
40 77.5 0.0125 0.075 0.35 97.5 0 82.3
41 77.5 0.0125 0.125 0.15 97.5 0 59.5
42 77.5 0.0125 0.125 0.35 52.5 1 31.6
43 77.5 0.0375 0.075 0.15 97.5 1 40.6
44 77.5 0.0375 0.075 0.35 52.5 0 51.6
45 77.5 0.0375 0.125 0.15 52.5 1 48
46 77.5 0.0375 0.125 0.35 97.5 1 26.4
47 10 0.025 0.1 0.25 75 1 48.7
48 100 0.025 0.1 0.25 75 1 30.4
49 55 0 0.1 0.25 75 0 86.2
50 55 0.05 0.1 0.25 75 0 71.1
51 55 0.025 0.05 0.25 75 0 134.9
52 55 0.025 0.15 0.25 75 1 45.4
53 55 0.025 0.1 0.05 75 0 115.9
54 55 0.025 0.1 0.45 75 0 73.4
55 55 0.025 0.1 0.25 30 1 42
56 55 0.025 0.1 0.25 120 1 31.5
57 55 0.025 0.1 0.25 75 1 38.6
58 55 0.025 0.1 0.25 75 0 61.4
59 55 0.025 0.1 0.25 75 1 49.1
60 55 0.025 0.1 0.25 75 1 44.4
61 32.5 0.0125 0.075 0.15 97.5 0 112.9
62 32.5 0.0125 0.075 0.35 52.5 0 75.4
63 32.5 0.0125 0.125 0.15 52.5 1 36.5
64 32.5 0.0125 0.125 0.35 97.5 1 20.1
65 32.5 0.0375 0.075 0.15 52.5 0 181
66 32.5 0.0375 0.075 0.35 97.5 0 101.7
67 32.5 0.0375 0.125 0.15 97.5 0 86.1
68 32.5 0.0375 0.125 0.35 52.5 0 59.2
69 77.5 0.0125 0.075 0.15 52.5 0 331
70 77.5 0.0125 0.075 0.35 97.5 1 49.6
71 77.5 0.0125 0.125 0.15 97.5 0 54.9
72 77.5 0.0125 0.125 0.35 52.5 1 39.9
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Table B-9 (cont'd).

73 77.5 0.0375 0.075 0.15 97.5 0 68.6
74 77.5 0.0375 0.075 0.35 52.5 1 39.9
75 77.5 0.0375 0.125 0.15 52.5 1 49.6
76 77.5 0.0375 0.125 0.35 97.5 1 38.6
77 10 0.025 0.1 0.25 75 0 84.1
78 100 0.025 0.1 0.25 75 0 52.2
79 55 0 0.1 0.25 75 1 36.1
80 55 0.05 0.1 0.25 75 0 87.8
81 55 0.025 0.05 0.25 75 0 82.5
82 55 0.025 0.15 0.25 75 1 28.8
83 55 0.025 0.1 0.05 75 0 102.8
84 55 0.025 0.1 0.45 75 0 72.2
85 55 0.025 0.1 0.25 30 0 68.4
86 55 0.025 0.1 0.25 120 0 51.8
87 55 0.025 0.1 0.25 75 1 42.5
88 55 0.025 0.1 0.25 75 0 52.6
89 55 0.025 0.1 0.25 75 0 54.5
90 55 0.025 0.1 0.25 75 0 62.5
91 32.5 0.0125 0.075 0.15 97.5 1 46.6
92 32.5 0.0125 0.075 0.35 52.5 0 71.3
93 32.5 0.0125 0.125 0.15 52.5 0 67.8
94 32.5 0.0125 0.125 0.35 97.5 0 58.9
95 32.5 0.0375 0.075 0.15 52.5 1 32.4
96 32.5 0.0375 0.075 0.35 97.5 0 72.5
97 32.5 0.0375 0.125 0.15 97.5 0 99.8
98 32.5 0.0375 0.125 0.35 52.5 0 64.4
99 77.5 0.0125 0.075 0.15 52.5 0 226
100 77.5 0.0125 0.075 0.35 97.5 0 59.5
101 77.5 0.0125 0.125 0.15 97.5 0 62.2
102 77.5 0.0125 0.125 0.35 52.5 1 46.3
103 77.5 0.0375 0.075 0.15 97.5 1 41.4
104 77.5 0.0375 0.075 0.35 52.5 0 51.5
105 77.5 0.0375 0.125 0.15 52.5 1 45.7
106 77.5 0.0375 0.125 0.35 97.5 1 31.1
107 10 0.025 0.1 0.25 75 1 47.8
108 100 0.025 0.1 0.25 75 0 99.7
109 55 0 0.1 0.25 75 0 63.4
110 55 0.05 0.1 0.25 75 0 90.6
111 55 0.025 0.05 0.25 75 0 58.4
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Table B-9 (cont'd).

112 55 0.025 0.15 0.25 75 1 27.6
113 55 0.025 0.1 0.05 75 1 47.2
114 55 0.025 0.1 0.45 75 1 29.5
115 55 0.025 0.1 0.25 30 1 26.8
116 55 0.025 0.1 0.25 120 1 40.9
117 55 0.025 0.1 0.25 75 0 80.6
118 55 0.025 0.1 0.25 75 1 39
119 55 0.025 0.1 0.25 75 1 37.1
120 55 0.025 0.1 0.25 75 1 42.9
121 32.5 0.0125 0.075 0.15 97.5 0 66.5
122 32.5 0.0125 0.075 0.35 52.5 0 62.7
123 32.5 0.0125 0.125 0.15 52.5 1 26.2
124 32.5 0.0125 0.125 0.35 97.5 1 46.7
125 32.5 0.0375 0.075 0.15 52.5 0 93.1
126 32.5 0.0375 0.075 0.35 97.5 0 116.9
127 32.5 0.0375 0.125 0.15 97.5 0 72.1
128 32.5 0.0375 0.125 0.35 52.5 0 52.9
129 77.5 0.0125 0.075 0.15 52.5 0 235
130 77.5 0.0125 0.075 0.35 97.5 0 78.4
131 77.5 0.0125 0.125 0.15 97.5 1 28.8
132 77.5 0.0125 0.125 0.35 52.5 0 70.4
133 77.5 0.0375 0.075 0.15 97.5 1 44.3
134 77.5 0.0375 0.075 0.35 52.5 0 52.1
135 77.5 0.0375 0.125 0.15 52.5 1 49.8
136 77.5 0.0375 0.125 0.35 97.5 1 29.3
137 10 0.025 0.1 0.25 75 0 60.6
138 100 0.025 0.1 0.25 75 1 37.4
139 55 0 0.1 0.25 75 0 62.6
140 55 0.05 0.1 0.25 75 0 51.2
141 55 0.025 0.05 0.25 75 0 102.6
142 55 0.025 0.15 0.25 75 0 55.5
143 55 0.025 0.1 0.05 75 0 93.8
144 55 0.025 0.1 0.45 75 0 59.5
145 55 0.025 0.1 0.25 30 0 58.6
146 55 0.025 0.1 0.25 120 0 51.2
147 55 0.025 0.1 0.25 75 0 76.1
148 55 0.025 0.1 0.25 75 1 28.7
149 55 0.025 0.1 0.25 75 1 31.5
150 55 0.025 0.1 0.25 75 0 54.7
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Table B-9 (cont'd).

151 32.5 0.0125 0.075 0.15 97.5 1 39.9
152 32.5 0.0125 0.075 0.35 52.5 0 65.3
153 32.5 0.0125 0.125 0.15 52.5 1 27.2
154 32.5 0.0125 0.125 0.35 97.5 1 20.9
155 32.5 0.0375 0.075 0.15 52.5 0 120.6
156 32.5 0.0375 0.075 0.35 97.5 0 109.5
157 32.5 0.0375 0.125 0.15 97.5 0 65.2
158 32.5 0.0375 0.125 0.35 52.5 0 80.3
159 77.5 0.0125 0.075 0.15 52.5 0 136
160 77.5 0.0125 0.075 0.35 97.5 0 102.6
161 77.5 0.0125 0.125 0.15 97.5 0 83.6
162 77.5 0.0125 0.125 0.35 52.5 1 24.1
163 77.5 0.0375 0.075 0.15 97.5 0 53.5
164 77.5 0.0375 0.075 0.35 52.5 0 67.8
165 77.5 0.0375 0.125 0.15 52.5 1 38.5
166 77.5 0.0375 0.125 0.35 97.5 1 26.2
167 10 0.025 0.1 0.25 75 0 77.8
168 100 0.025 0.1 0.25 75 0 79.8
169 55 0 0.1 0.25 75 0 57.1
170 55 0.05 0.1 0.25 75 0 61.9
171 55 0.025 0.05 0.25 75 0 102.9
172 55 0.025 0.15 0.25 75 1 45.9
173 55 0.025 0.1 0.05 75 1 47.9
174 55 0.025 0.1 0.45 75 1 48.9
175 55 0.025 0.1 0.25 30 0 67.7
176 55 0.025 0.1 0.25 120 1 39.7
177 55 0.025 0.1 0.25 75 0 54.2
178 55 0.025 0.1 0.25 75 1 36.6
179 55 0.025 0.1 0.25 75 1 39.6
180 55 0.025 0.1 0.25 75 1 36.4
181 32.5 0.0125 0.075 0.15 97.5 0 123.2
182 32.5 0.0125 0.075 0.35 52.5 1 48.2
183 32.5 0.0125 0.125 0.15 52.5 0 68.3
184 32.5 0.0125 0.125 0.35 97.5 1 38.6
185 32.5 0.0375 0.075 0.15 52.5 0 73.4
186 32.5 0.0375 0.075 0.35 97.5 0 118.2
187 32.5 0.0375 0.125 0.15 97.5 0 53.5
188 32.5 0.0375 0.125 0.35 52.5 0 71.5
189 77.5 0.0125 0.075 0.15 52.5 0 181.8
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Table B-9 (cont'd).

190 77.5 0.0125 0.075 0.35 97.5 0 58.6
191 77.5 0.0125 0.125 0.15 97.5 1 28.9
192 77.5 0.0125 0.125 0.35 52.5 0 60.2
193 77.5 0.0375 0.075 0.15 97.5 1 31.1
194 77.5 0.0375 0.075 0.35 52.5 1 37.8
195 77.5 0.0375 0.125 0.15 52.5 1 29.4
196 77.5 0.0375 0.125 0.35 97.5 1 33.9
197 10 0.025 0.1 0.25 75 0 87.7
198 100 0.025 0.1 0.25 75 1 32.2
199 55 0 0.1 0.25 75 0 78.1
200 55 0.05 0.1 0.25 75 1 48.9
201 55 0.025 0.05 0.25 75 0 94.7
202 55 0.025 0.15 0.25 75 1 28.9
203 55 0.025 0.1 0.05 75 1 41.2
204 55 0.025 0.1 0.45 75 1 32.1
205 55 0.025 0.1 0.25 30 0 92.5
206 55 0.025 0.1 0.25 120 0 63.2
207 55 0.025 0.1 0.25 75 1 38.1
208 55 0.025 0.1 0.25 75 1 46.6
209 55 0.025 0.1 0.25 75 1 35.2
210 55 0.025 0.1 0.25 75 1 36.4
211 32.5 0.0125 0.075 0.15 97.5 0 52.9
212 32.5 0.0125 0.075 0.35 52.5 0 86.6
213 32.5 0.0125 0.125 0.15 52.5 0 51.6
214 32.5 0.0125 0.125 0.35 97.5 1 42.9
215 32.5 0.0375 0.075 0.15 52.5 0 123.5
216 32.5 0.0375 0.075 0.35 97.5 0 132.7
217 32.5 0.0375 0.125 0.15 97.5 0 86.9
218 32.5 0.0375 0.125 0.35 52.5 0 54.6
219 77.5 0.0125 0.075 0.15 52.5 0 177.8
220 77.5 0.0125 0.075 0.35 97.5 0 107.2
221 77.5 0.0125 0.125 0.15 97.5 0 71.1
222 77.5 0.0125 0.125 0.35 52.5 1 40.4
223 77.5 0.0375 0.075 0.15 97.5 1 47.6
224 77.5 0.0375 0.075 0.35 52.5 0 79.6
225 77.5 0.0375 0.125 0.15 52.5 0 57.4
226 77.5 0.0375 0.125 0.35 97.5 1 48.4
227 10 0.025 0.1 0.25 75 0 80.6
228 100 0.025 0.1 0.25 75 0 52.9
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Table B-9 (cont'd).

229 55 0 0.1 0.25 75 1 42.4
230 55 0.05 0.1 0.25 75 1 40.2
231 55 0.025 0.05 0.25 75 0 105.4
232 55 0.025 0.15 0.25 75 1 31.8
233 55 0.025 0.1 0.05 75 0 78.6
234 55 0.025 0.1 0.45 75 1 40.5
235 55 0.025 0.1 0.25 30 1 48.2
236 55 0.025 0.1 0.25 120 0 50.6
237 55 0.025 0.1 0.25 75 1 46.8
238 55 0.025 0.1 0.25 75 1 25.5
239 55 0.025 0.1 0.25 75 1 40.8
240 55 0.025 0.1 0.25 75 1 32
241 32.5 0.0125 0.075 0.15 97.5 0 93.2
242 32.5 0.0125 0.075 0.35 52.5 0 95.3
243 32.5 0.0125 0.125 0.15 52.5 0 82.8
244 32.5 0.0125 0.125 0.35 97.5 1 38.1
245 32.5 0.0375 0.075 0.15 52.5 0 141.7
246 32.5 0.0375 0.075 0.35 97.5 0 175.7
247 32.5 0.0375 0.125 0.15 97.5 0 60.4
248 32.5 0.0375 0.125 0.35 52.5 0 72.9
249 77.5 0.0125 0.075 0.15 52.5 0 148.8
250 77.5 0.0125 0.075 0.35 97.5 0 122.6
251 77.5 0.0125 0.125 0.15 97.5 1 42.2
252 77.5 0.0125 0.125 0.35 52.5 1 33.8
253 77.5 0.0375 0.075 0.15 97.5 1 25.5
254 77.5 0.0375 0.075 0.35 52.5 0 63.7
255 77.5 0.0375 0.125 0.15 52.5 1 27.9
256 77.5 0.0375 0.125 0.35 97.5 1 43.9
257 10 0.025 0.1 0.25 75 0 117.6
258 100 0.025 0.1 0.25 75 1 38.8
259 55 0 0.1 0.25 75 1 41.3
260 55 0.05 0.1 0.25 75 0 76.2
261 55 0.025 0.05 0.25 75 0 94.6
262 55 0.025 0.15 0.25 75 1 36.1
263 55 0.025 0.1 0.05 75 0 57.9
264 55 0.025 0.1 0.45 75 0 92.6
265 55 0.025 0.1 0.25 30 0 72.6
266 55 0.025 0.1 0.25 120 1 45.7
267 55 0.025 0.1 0.25 75 1 42.5
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Table B-9 (cont'd).

268 55 0.025 0.1 0.25 75 1 34.9
269 55 0.025 0.1 0.25 75 1 36.5
270 55 0.025 0.1 0.25 75 1 49.8
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Table B- 10. T-Test for model verification.

Hypothesis: 35.41 = 38.00

df 9

n 10

O 38

M 35.41
S 6.01
o= s/sqrt(n) 1.90
t calc =(1-p)/6 1.36
ttab @ =0.025, df =9)| 2.26

tcalc <ttab

do not reject hypothesis
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B.3 CHAPTER 5 DATA
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Figure B- 20. Western blot 1, where 1: laddene&qative foiE.coli
0157:H19GT164; 3: negative f&coli O157:H7GT126; 4: negative f&r.coli
0157:H7GT125; 5: positive fdE.coliO157:H7 Sakai strain; 6: negative ticoli
0157:H7 AEEC strain; 7: negative frcoli 0O26:H11; 8: negative fdE.coli
O55:H7; 9: positive foE.coli O157:H7 Spinach pGFPuv; and 10: negative for
Shigella boydii
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Figure B- 21. Western blot 2, where 1: ladder;&jative forE.coli
0157:H38 Roe 1A164; 3: positive farcoli 0157:H45 166; 4: negative for
E.coli Mastitis 1368; 5: negative f@acillus cereus6: negative for
Bacillus anthraci Sterne Strain; 7: positive f@itrobacter freundii
GT4885; 8: negativeor Bacillus thuringiensis9: negative for Bedmark
genericE.coli K12; 10: negative foEnterobacter agglomerarGT1611.
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Figure B- 22. Western blot 3, where 1: laddempdsitive for SNP 1°E.coli
0157:H7; 3: positive for SNP 1B.coli O157:H7, 4: positive for SNP 19
E.coliO157:H7, 5: positive for SNP Zb.coli O157:H7, 6: positive for
EHEC1 #1E.coli O157:H7, 7: positive for EHEC1 #coli O157:H7; 8:
positive for EHEC1 #E.coli O157:H7; 9: positive for EHEC1 #.coli
0157:H7, and 10: positive for EHEC1 &5coli O157:H7.
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Figure B- 23. Western blot 4, where 1: ladder;&jative forPseudomonas
aeruginosa 3: positive forEscherichia hermannié: negative foStaphylococcus
aureus12600; 5: negative f@taphylococcus aurelnt AT #4; 6: positive for
Enterococcus fecal ATCC 19433; 7: negative f@taphylococcus auredsTCC
25923; 8: positive fo€itrobacter freundilATCC 8090; 9: positive for EHEC1 #8
E.coliO157:H7; 10: positive fdE.coli O157:H7 Spinach TW 14359.
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Figure B- 24. Western blot 5, where 1: ladder; dsifive for EHEC1 #€&.coli O157:NM;
3: positive for EHEC1 #E.coli O157:NM; 4: positive foE.coli0157:H7 Ao317; 5:
negative forShigella flexneti6: negative foE.coli O26:H11 BSL 326; 7: positive for
Citrobacter freundiiATCC 8090; 8: negative fdalmonella enteriti§yphimurium 0648
10/12; 9: negative fdKlebsiella pneumoniaé-21; 10: negative fdklebsiella
pneumonia ATCC 13883.
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Figure B- 25. Western blot 6, where 1: ladder;dsipve forE.coliO157:H43 GT
4316; 3: negative fdE.coli0157:H19 GT164; 4: negative fRnterobacter
agglomerang$sT1611; 5: positive foE.coli O157:H7 GT632; 6: negative for
E.coliO157:H7 GT126; 7: negative far.coliO157:H7 GT125; 8: positive for
E.coliO157:NM GT4141,; 9: positive fdE.coliO157:H7 A110; 10: positive for
Citrobacter freundii(CF3) GT5142.
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Figure B- 26. Western blot 7, where 1: ladder;&ipve for SNPZE.coli
0157:H7; 3: positive for SNPB.coli O157:H7; 4: positive for SNP&.coli
0157:H7; 5: positive for SNPB.coli O157:H7; 6: positive for SNPB.coli
0157:H7; 7: positive for SNPE.coli O157:H7; 8: positive for SNPB.coli
0157:H7; 9: positive for SNPR.coli O157:H7; 10: positive for SNPI.coli
0157:H7.
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Figure B- 27. Western blot 8, where 1: ladder;dsifive for SNP1E.coli
0157:H7; 3: positive for SNP1R.coli O157:H7; 4: positive for SNP1B.coli
0157:H7; 5: positive for SNP1R.coli 0157:H7; 6: positive for SNP15.coli
0157:H7; 7: positive for SNP1B.coli O157:H7; 8: negative for 4-22-10 (BSL
#1); 9: positive for BSL #2 Bio Systems; 10: pagtforE. coliATCC
43895(107).
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Figure B- 28. Western blot 9, where 1: ladder,dsifive forCitrobacter freundiiCF3GT5742;
3: negative foEnterobacter agglomeranST1611; 4: positive foE.coliO0157:H43 GT 4136; &
negative forE.coli O157:H19 164; 6: positive fdt.coliO157:H7 GT632; 7: negative f&.coli
0157:H7 GT127; 8: positive fdt.coli O157:H7 A110; 9: negative fd&.coli O157:H7 125; 10:
positive forE.coliO157:NM GT4141.
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Figure B- 29. Western blot 10, where 1: laddepdxsitive forE.coliO157:H16 GT4137
3: positive forE.coli0157:H38 GT4138; 4: negative fiar aerogene§&T47; 5: negative
for E. cloacaeGT50; 6: negative fo€. freundiiGT9173; 7: positive foE.coli O157:H7
GT4135; 8: positive foE.coli O157:H7 GT4132; 9: positive fét.coli O157:H45; 10:
negative forC. freundiiGT 4885.
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Table B- 11. Data for Figures 5-1 and 5-2, pasadsorption.

Average

Fluorescent Standard
Controls Fluorescent Output (RFU) Output (RFU) | Deviation
Neg (blank) 54.00 27.00 25.00 35.33 16.20
No antibody
with
PicoGreen
cells 64.00 | 134.00 153.00 117.00 46.87
FITC
1 ug/mi 45.00 60.00 58.00 54.33 8.14
10 ug/ml 93.00| 147.00 188.00 142.67 47.6b
100 ug/ml 185.00 239.00 403.90 275.67 113.53
PicoGreen Cells
1 ug/mi 55.00| 103.00 91.0( 83.00 24.98
10 ug/mi 207.000 243.00 188.00 212.67 27.93
100 ug/ml 965.00 285.00 217.90 489.00 413.63
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Table B- 12. Data for Figures 5-1 and 5-2, glu@ehlyde immobilization.

Average

Fluorescent Output Standard
Controls Fluorescent Output (RFU) (RFU) Deviation
Neg (blank) 38.00f 157.00 18.00 71.00 75.1
No antibody
with
PicoGreen
cells 271.00] 144.00 136.00 183.67 75.7
FITC
1 ug/ml 31 61 36 42.67 16.07
10 ug/ml 129 81 60 90.00 35.37
100 ug/ml 100 146 134 126.67 23.86
PicoGreen Cells
1 ug/ml 123 94 183 133.33 45.39
10 ug/ml 267 471 255 331.00 121.39
100 ug/ml 361 925 286 524.00 349.30
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Table B- 13. Data for Figures 5-1 and 5-2, EDGIfcsNHS immobilization.

Average

Fluorescent Output Standard
Controls Fluorescent Output (RFU) (RFU) Deviation
Neg (blank) 61.00f 31.00 128.00 73.33 49.6
No antibody
with
PicoGreen
cells 65.00 | 59.00 98.00 74.00 21.0(
FITC
1 ug/ml 78 52 91 73.67 19.86
10 ug/ml 272 186 248 235.33 44.38
100 ug/ml 458 168 170 265.33 166.86
PicoGreen Cells
1 ug/ml 67 53 63 61.00 7.21
10 ug/ml 159 171 202 177.33 22.19
100 ug/ml 213 152 195 186.67 31.34
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Table B- 14. Data for Figures 5-5, and 5-6 (0 vea$h

Average
0 Fluorescent Standard
Washes| Fluorescent Output (RFU) Output (RFU) Deviation
No Cells
No
Block 21 10 15 15.33 5.507570547
BSA
Block 20 15 17 17.33 2.5166114Y8
Goat
Block 17 8 19 14.67 5.859465277
E. coliO157:H7
No
Block 205 123 249 192.33 63.9478954p6
BSA
Block 143 251 273 222.33 69.5796905p
Goat
Block 84 179 192 151.67 58.9604387(L
SalmonellaEnteritidis
No
Block 286 355 737 459.33 242.928658P
BSA
Block 1052 350 446 616.00 380.625800b6
Goat
Block 296 309 253 286.00 29.30870178
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Table B- 15. Data for Figures 5-4, 5-5, and 5-@véh). Outlier removed from No Cells, Goat
Block using Dixon’s Q-test.

Average
Fluorescent Standard
1 Wash | Fluorescent Output (RFU) Output (RFU) Deviation
No Cells
No
Block 17 7 15 13.00 5.29150262P2
BSA
Block 3 22 10 11.67 9.60902353Y
Goat
Block 18 18 18.00 0
E. coliO157:H7
No
Block 385 541 312 412.67 116.9800553
BSA
Block 134 196 220 183.33 44.37717131
Goat
Block 338 280 482 366.67 104.006410[L
SalmonellaEnteritidis
No
Block 126 77 100 101.00 24.51530134
BSA
Block 113 72 83 89.33 21.22105872
Goat
Block 66 58 84 69.33 13.31665624
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Table B- 16. Data for Figures 5-5 and 5-6 (3 wagh®utliers removed frof. coliO157:H7,
BSA Block andSalmonelleEnteritidis, Goat Block using Dixon’s Q-test.

Average

3 Fluorescent Standard
Washes| Fluorescent Output (RFU) Output (RFU) Deviation
No Cells

No

Block 18 13 12 14.33 3.214550254

BSA

Block 24 60 14 32.67 24.19366308

Goat

Block 25 19 22 22.00 3
E. coliO157:H7

No

Block 58 112 350 173.33 155.361943

BSA

Block 198 199 198.50 0.707106781L

Goat

Block 237 277 165 226.33 56.75679108
SalmonellaEnteritidis

No

Block 48 52 56 52.00 4

BSA

Block 77 121 104 100.67 22.1885856p

Goat

Block 34 34 34.00 0
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B.4 CHAPTER 6 DATA

Table B- 17. Data for Figure 6-4.

Voltage Average Current
(V) Current (LA) (LA)
-1.0 -2444.66| -3362.9 -3706.54 -3171.39
-0.9 -2093.41| -2952.5P-3299.89 -2781.96
-0.8 -1787.00| -2557.86-2888.70 -2411.18
-0.7 -1496.54| -2178.6p -2495.20 -2056.80
-0.6 -1222.04| -1808.8p -2115.82 -1715.56
-0.5 -964.66 | -1457.71 -1746.82 -1389.73
-0.4 -730.54 | -1128.21 -1383.73 -1080.83
-0.3 -518.18 -817.14 -1028.7|7 -788.03
-0.2 -329.61 -523.07 -680.64 -511.11
-0.1 -159.68 -250.84  -337.93 -249.48
0.0 -0.36 0.75 0.86 0.41
0.1 160.33 239.27 339.79 246.46
0.2 330.09 472.28 679.25 493.87
0.3 514.78 698.13 1021.98 744.95
0.4 718.40 906.79 1366.0Y 997.09
0.5 945.44 1100.89 1715.50 1253.94
0.6 1188.38 | 1291.3% 2066.0F 1515.27
0.7 1440.76 | 1463.18 2421.98 1775.31
0.8 1684.90 | 1605.70 2780.211 2023.60
0.9 1921.66 | 1713.68 3137.7P 2257.67
1.0 2160.11 | 1808.86 3486.52 2485.16
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Table B- 18. Data for Figures 6-5 and 6-6.

Sample| Plate Counts

Blank 0 0 0
D5 TNC TNC TNC
D6 97 74 80
D7 12 15 5
D8 0 0 0

SPC=ED6)/(n*107-7)

SPC= 8.4 x10"8 cfu/mL
Concentration

Sample (CFU/mL)
Blank 0.00E+00
DO 8.37E+08
D3 8.37E+05
D5 8.37E+03
D8 8.37E+00
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Table B- 19.

Data for Figure 6-5;R

Resistance @)

Time

(min) Blank D8 D5 D3 DO
0.0 1.130 1.083 1.250 1.406 1.547
0.5 2.293 2.225 2.519 2.775 3.068
1.0 8.597 9.085 9.327 9.566 10.440
1.5 5.726 6.063 6.332 6.924 7.264
2.0 5.765 6.177 6.302 6.964 7.286
2.5 5.784 6.111 6.319 6.878 7.297
3.0 5.780 6.032 6.331 6.796 7.327
3.5 5.786 6.073 6.345 6.884 7.354
4.0 5.790 6.031 6.368 6.919 7.390
4.5 5.828 5.994 6.394 6.948 7.426
5.0 5.839 5.973 6.429 6.979 7.475
5.5 5.896 5.963 6.468 7.027 7.522
6.0 5.920 5.960 6.514 7.056 7.542
6.5 5.936 5.959 6.550 7.069 7.541
7.0 5.936 5.987 6.580 7.099 7.550
7.5 5.966 6.018 6.586 7.125 7.556
8.0 5.969 6.036 6.590 7.134 7.559
8.5 5.979 6.056 6.587 7.143 7.590
9.0 5.975 6.056 6.609 7.169 7.619
9.5 5.989 6.057 6.636 7.165 7.610
10.0 6.041 6.061 6.660 7.188 7.583
10.5 6.070 6.129 6.660 7.221 7.583
11.0 6.045 6.169 6.666 7.265 7.583
11.5 6.045 6.187 6.677 7.260 7.584
12.0 6.054 6.180 6.697 7.257 7.598
12.5 6.075 6.213 6.706 7.275 7.647
13.0 6.079 6.241 6.733 7.318 7.678
13.5 6.112 6.272 6.757 7.349 7.690
14.0 6.107 6.294 6.768 7.346 7.685
14.5 6.102 6.260 6.762 7.360 7.648
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Table B- 20. Data for Figure 6-6pR

Resistance @)

Time (min) Blank D8 D5 D3 DO
0.0 61.538 100.000 400.000 80.000 200.000
0.5 247.814 400.029| 13970.664297.906 1272.988
1.0 314.607 442.513 636.364 411.765 560.000
1.5 806.916 858.896 771.882 742.706 742.706
2.0 1040.892| 1445.161 866.873 1040.892 1040.892
2.5 2413.793| 3636.364 1341.317 2413.193 2413.793
3.0 35000.011 7417.219 | 3414.633 35000.01135000.011
3.5 8000.000, 5957.447  8549.619 8000.000  8000.000
4.0 7531.943| 7671.233 8247.423 7593.220 7624.234
4.5 9180.329| 13023.255 9003.215 9003.215 8917.197
5.0 26987.946 67469.882| 22857.14320180.177, 17919.997
5.5 25454.542 13088.700| 42424.25857142.857 200000.000
6.0 15336.163 17041.349| 22489.96327654.317 37966.110
6.5 14997.324 16036.656| 28806.58932825.329 36842.101
7.0 13262.283 13757.100| 22012.57425431.419 24496.943
7.5 11049.724 11904.762| 15730.33417857.143 17623.916
8.0 10949.262 11879.193| 13371.53/715611.062 15642.456
8.5 10538.201 11970.927| 14470.28515948.963 16149.965
9.0 11342.001 11377.949| 15256.35915938.068 15952.144
9.5 10930.668 206871.356 15397.516 15727.687, 16009.606
10.0 10000.714 2337.678 | 15506.07816711.431 17018.693
10.5 9818.015] 1826.146 15512.46¥5258.854 16986.171
11.0 11083.403 1948.755 | 14762.33515295.530 18036.009
11.5 13634.86(0 8596.374 | 14352.09(115242.573 18919.557
12.0 8833.476| 6395.541 14294.5857498.493 20053.141
12.5 8188.271] 20203.661 15247.4316923.234 18673.857
13.0 8224.408| 13930.34F 15156.10B7398.463 18390.561
13.5 10439.093 13402.257| 15437.24516903.925 17990.666
14.0 10012.516 13559.322| 16220.60016981.533 17590.150
14.5 10767.160 12578.616| 15255.53019846.192 17901.096
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Table B- 21. Calculated values of.R

Resistance @)

Time
(min) Blank D8 D5 D3 DO
0.0 1.151 1.094| 1.254 1.431 1.559
0.5 2.314| 2.238) 2519 2.801 3.075
1.0 8.838| 9.275 9.466 9.794  10.638
1.5 5767 | 6.106] 6.384 6.989 7.336
2.0 5.797| 6.203] 6.348 7.011 7.337
2.5 5798 | 6.121] 6.349 6.89) 7.319
3.0 5.781| 6.037| 6.343 6.797 7.328
3.5 5.790| 6.080, 6.349 6.890 7.361
4.0 5.794| 6.035| 6.373 6.92p 7.398
4.5 5.832| 5.996] 6.399 6.954 7.432
5.0 5841 | 5.974| 6.431 6.98] 7.478
5.5 5.808| 5.965 6.469 7.028 7.522
6.0 5,922 | 5.962| 6.516 7.058 7.543
6.5 5.938| 5.962] 6.551 7.07D 7.542
7.0 5.938| 5.990| 6.582 7.101 7.553
7.5 5970 | 6.021] 6.588 7.128 7.560
8.0 5.973| 6.039] 6.594 7.13f 7.562
8.5 5982 | 6.059] 6.590 7.146 7.594
9.0 5.979| 6.059] 6.611 7.178 7.628
9.5 5.993| 6.057| 6.638 7.168 7.613
10.0 6.044| 6.077] 6.663 7.191 7.586
10.5 6.074| 6.150, 6.663 7.224 7.586
11.0 6.048| 6.188 6.669 7.268 7.58Y
11.5 6.048| 6.192] 6.680 7.264 7.588
12.0 6.058| 6.186] 6.700 7.260 7.601
12.5 6.079| 6.215 6.709 7.278 7.650
13.0 6.083| 6.244| 6.736 7.321 7.681
13.5 6.115| 6.275 6.760  7.352 7.6938
14.0 6.111| 6.297] 6.771 7.349 7.688
14.5 6.106| 6.263 6.76% 7.362 7.6501
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Table B- 22. Calculated values AiR.

Change in R due to R2R (Q)
Time
(min) Blank D8 D5 D3 DO
0.0 21.136| 11.847 3.918§ 25.152 12.065
0.5 21.406| 12.448 0.454 26.089 7.411
1.0 241.516 190.429| 138.740| 227.526| 198.328
1.5 40.924| 43.109 52.370 65.161 71.752
2.0 32.107| 26.512 46.158 46.905 51.357
2.5 13.893| 10.287 29.900 19.653 22.128
3.0 0.955 4.909| 11.759 1.320 1.534
3.5 4.187 6.198 4.712 5.929 6.766
4.0 4.454 4.745 4.920 6.311 7.171
4.5 3.703 2.760 4.545 5.367 6.189
5.0 1.264 0.529 1.809 2.414 3.119
5.5 1.366 2.717 0.986 0.864 0.283
6.0 2.286 2.085 1.887 1.801 1.498
6.5 2.350 2.215 1.490 1.522 1.544
7.0 2.658 2.607 1.968 1.982 2.328
7.5 3.223 3.043 2.758 2.844 3.241
8.0 3.256 3.068 3.250 3.262 3.654
8.5 3.394 3.065 3.000 3.201 3.569
9.0 3.150 3.225 2.864 3.226 3.641
9.5 3.284 0.177 2.861 3.266 3.619
10.0 3.651| 15.755 2.867 3.098 3.380
10.5 3.755| 20.639 2.86( 3.418 3.387
11.0 3.298 | 19.590 3.017 3.45P 3.190
11.5 2.681 4.456 3.107 3.460 3.042
12.0 4.152 5.977 3.139 3.011 2.880
12.5 4.510 1.911 2.951 3.128 3.132
13.0 4.496 2.797 2.992 3.079 3.207
13.5 3.580 2.937 2.959 3.197 3.289
14.0 3.727 2.923 2.825 3.179 3.359
14.5 3.460 3.117 2.999 2.730 3.269
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Table B- 23. Percent change due to R

Change Due to R2 (%)

Time
(min) B D8 D5 D3 DO
0.0 1.871 1.094| 0.313 1.789  0.780
0.5 0.934| 0.559| 0.018 0.940 0.242
1.0 2.809 | 2.096 1.487 2.378 1.900
15 0.715 0.711 0.827 0.941 0.988
2.0 0.557 | 0.429| 0.732 0.674  0.705
2.5 0.240| 0.168| 0.473 0.286  0.303
3.0 0.017| 0.081] 0.186 0.019 0.021
3.5 0.072| 0.102| 0.074 0.086 0.092
4.0 0.077 | 0.079| 0.077 0.091 0.097
4.5 0.064 | 0.046/ 0.071 0.07Y  0.083
5.0 0.022 | 0.009| 0.028 0.035 0.042
5.5 0.023| 0.046/ 0.015 0.012  0.004
6.0 0.039| 0.035| 0.029 0.026  0.020
6.5 0.040| 0.037| 0.023 0.022  0.020
7.0 0.045| 0.044| 0.030 0.028 0.031
7.5 0.054 | 0.051] 0.042 0.040 0.043
8.0 0.055| 0.051| 0.049 0.046  0.048
8.5 0.057 | 0.051| 0.046 0.045  0.047
9.0 0.053| 0.053] 0.043 0.045 0.048
9.5 0.055| 0.003] 0.043 0.046  0.048
10.0 0.060| 0.260{ 0.043 0.043  0.045
10.5 0.062| 0.337| 0.043 0.04f  0.045
11.0 0.055| 0.318] 0.045 0.048  0.042
11.5 0.044 | 0.072| 0.047 0.048  0.040
12.0 0.069| 0.097| 0.047 0.041  0.038
12.5 0.074| 0.031| 0.044 0.043 0.041
13.0 0.074 | 0.045| 0.044 0.042  0.042
13.5 0.059| 0.047| 0.044 0.043  0.043
14.0 0.061| 0.046| 0.042 0.043 0.044
14.5 0.057| 0.050{ 0.044 0.03f  0.043
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Table B- 24. Student’s T-Test comparing &d R (2 tails,a = 0.05).

P Significant

RT R1 Value Difference
Blank | Blank | 0.962 No
D8 D8 0.967 No
D5 D5 0.973 No
D3 D3 0.964 No
DO DO 0.969 No
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Table B- 25. Resistances of blank sample.

Time (S) Resistance))
0 1129.94f 1694.92| 2056.56 5128.20 1951.22
30 2292.51 3604.15| 4165.53 8004.71 4172.99
60 8596.87 17262.64) 15258.85| 14644.35| 20756.11
90 5726.09 10164.63 10151.09| 12864.69 11739.55
120 5764.99 10116.70] 10081.73| 12690.93 11091.30
150 5783.93 10069.23| 9831.03| 12575.2210576.41
180 5780.35 10011.44| 9620.34 | 12441.1310395.40
210 5785.72 10046.46| 9581.74 | 12544.8010431.41
240 5790.03 10072.67| 9648.52| 12591.1210403.43
270 5828.35 10134.68] 9657.09 | 12654.7910306.43
300 5839.29 10181.85 9663.90| 12671.4010204.68
330 5896.23 10265.75| 9657.17 | 12740.0Y10122.66
360 5919.79 10266.11) 9652.34| 12860.1410050.25
390 5935.72 10278.15| 9648.12| 13016.1Y 9903.86
420 5935.60 10268.71 9644.34 | 13085.2f 9752.12
450 5966.33 10276.64) 9647.46| 13134.99 9646.66
481 5969.26 10278.25| 9623.17 | 13171.08 9602.46
511 5978.82 10286.89 9543.61| 13329.46 9540.16
541 5975.50 10306.13| 9462.33| 13552.30 9533.73
571 5989.43 10338.28| 9439.37| 13669.34 9537.24
601 6040.6Q 10352.39 9453.39| 13676.68 9505.22
631 6070.20 10359.24| 9457.94 | 13708.76 9412.14
661 6044.51 10411.55] 9454.35| 13914.84 9367.68
691 6044.90 10466.20| 9450.28 | 14046.64 9336.90
721 6053.92 10487.10, 9443.19| 14088.48 9318.43
751 6074.94 10468.46| 9431.82| 14173.7y 9290.23
781 6078.63 10450.78| 9430.47 | 14333.84 9246.32
811 6111.80 10438.48 9438.41| 14495.28 9207.92
841 6106.87 10432.65| 9447.01| 14543.49 9187.57
871 6102.21 10426.17| 9445.10| 14582.57 9190.12
901 10427.53 9445.10| 14643.9Y 9241.08

Average | 5753.7810020.80| 9352.62 | 13018.66 9742.63
Total

Average 9602.53

Total

StDev 3102.71
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Table B- 26. Data for Figures 6-7, 6-8, and 6-2@2egiment A.

Sample| Plate Counts

Blank 0 0 0
D5 TNC TNC TNC
D6 134 152 130
D7 12 15 10
D8 0 0 0

SPC=ED6)/(n*107-7)
SPC = 1.39E+09 CFU/mL

Concentration
Sample (CFU/mL)
Blank 0.00E+00
DO 1.39E+09
D3 1.39E+06
D5 1.39E+04
D8 1.39E+01
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Table B- 27. Data for Figure 6-7, 6-8, and 6-1Ze¥xnent A resistance.

Resistance¥)

Time

(s) Blank D8 D5 D3 DO
180 9620.34| 10513.6/710729.61| 11316.08/ 11860.38
210 9581.74| 10546.1410728.38) 11425.10] 11922.50
240 9648.52| 10508.5410803.93| 11459.82| 11927.38
270 9657.09| 10469.4410822.63 11505.97| 11919.15
300 9663.90| 10533.2510916.22| 11474.05| 11850.70
330 9657.17| 10547.8110904.22| 11495.46| 11745.07
360 9652.34| 10543.9510917.87| 11470.10| 11718.86
390 9648.12| 10559.6210916.34| 11553.30| 11770.84
420 9644.34| 10572.3010942.58 11626.89 11848.83
450 9647.46| 10591.1810915.80, 11725.83| 11848.84
481 9623.17| 10642.5010908.68 11767.08 11870.28
511 9543.61| 10697.3510984.61| 11784.71 11860.95
541 9462.33| 10659.4/711096.67| 11788.26| 11885.48
571 9439.37| 10619.6611100.63 11769.40] 11841.59
601 9453.39| 10563.9911020.59 11786.62| 11786.59
631 9457.94| 10518.0510985.46| 11782.87| 11705.39
661 9454.35| 10512.3610979.47| 11784.83| 11686.92
691 9450.28| 10549.2010990.65| 11779.80| 11713.47
721 9443.19| 10590.7411002.01] 11769.11 11764.36
751 9431.82| 10644.0411002.80) 11755.57| 11796.03
781 9430.47| 10687.2311028.86| 11762.64| 11820.13
811 9438.41| 10669.2/710996.88 11776.58 11813.60
841 9447.01| 10608.8711006.67| 11781.35| 11834.82
871 9445.10| 10559.6611046.67| 11778.56| 11945.65
901 9445.10| 10554.0910966.42| 11787.24| 12208.15
180 | 12441.13 15973.53| 25132.40| 30663.94| 32149.25
210 | 12544.80 15961.69 25152.15| 31218.64| 32825.33
240 | 12591.12 16340.73 25640.55| 31361.21| 33023.53
270 | 12654.79 16612.58 26042.15| 31267.72| 32777.66
300 | 12671.40 16986.58 26218.70 31186.30| 32853.04
330 | 12740.07 17344.12| 26192.22| 31192.24| 32776.14
360 | 12860.14 17612.06) 26422.56| 31188.38| 33248.62
390 | 13016.17 17794.39 26479.29 31240.78 33706.51
420 | 13085.27 18002.73| 26465.78 31286.66| 33785.61
450 | 13134.99 18450.31| 26549.09 31333.48| 33797.65
481 | 13171.08 18911.76| 26945.62| 31281.42| 33825.77
511 | 13329.46 19177.68 27414.70] 31314.31| 33836.25
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Table B-27 (cont'd).

541 | 13552.30 19374.62| 27723.59| 31395.42) 33992.70
571 | 13669.34 19728.38| 27947.18| 31647.81] 33865.29
601 | 13676.68 20118.41] 28048.81| 31762.23 33998.90
631 | 13708.76 20542.55| 28203.35| 31914.74) 34368.16
661 | 13914.84 20527.10| 28401.89 32068.71| 34781.30
691 | 14046.64 21068.40] 28611.12 32251.88) 34381.68
721 | 14088.48 21427.69 28662.38| 32173.19 33970.69
751 | 14173.77 21901.34] 28484.23| 32004.34) 34142.28
781 | 14333.84 21786.15] 28411.96| 31850.74| 34714.46
811 | 14495.23 22083.41| 28443.72| 31802.06| 35156.01
841 | 14543.49 22243.41] 28965.71] 31867.43 35199.77
871 | 14582.51 22421.52| 29542.10] 31923.38| 35133.95
901 | 14643.97 22714.37| 28766.63] 31796.50 35026.27
180 | 10395.40 11234.15] 12247.40] 12731.70 13837.41
210 | 10431.41 11267.61] 12330.80] 12749.54) 13926.07
240 | 10403.43 11261.53| 12372.87| 12748.95 13907.24
270 | 10306.43 11125.06] 12431.01] 12711.42 13887.00
300 | 10204.68 10904.37| 12461.75| 12677.50 13885.22
330 | 10122.66 10846.44) 12475.21] 12681.91] 13916.70
360 | 10050.25 10863.87| 12486.12| 12705.98| 13938.17
390 9903.86] 10849.9412521.69 12742.85| 13978.28
420 9752.12| 10788.6112516.48| 12809.15| 14010.02
450 9646.66] 10686.5312502.01] 12917.75 14073.25
481 9602.46] 10467.0912498.27| 12931.83| 14111.05
511 9540.16] 10304.5412513.91] 12923.42) 14162.66
941 9533.73| 10129.4412512.73| 12967.52| 14191.80
571 9537.24| 10015.9512520.07| 13068.72 14243.85
601 9505.22| 9895.60 12512.293108.37| 14274.79
631 9412.14] 9854.92 12521.413200.57| 14315.59
661 9367.68] 9805.78 12494.483253.68| 14359.34
691 9336.90] 9746.2% 12488.833266.43 14386.90
721 9318.43] 9680.31 12494.8713270.52 14405.59
751 9290.23] 9647.12 12528.523321.60| 14442.48
781 9246.32] 9648.49 12555.133331.94| 14499.96
811 9207.92] 9654.21 12605.573349.80 14539.68
841 9187.57] 9661.71 12618.243424.56| 14588.58
871 9190.12] 9671.18 12588.513518.08) 14598.54
901 9241.08] 9716.99 12646.223603.13 14458.70
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Table B- 28. Data for Figure 6-7, experiment A.

Average Resistance(@

Time
(min) Blank D8 D5 D3 DO
3.0 10.82 12.57 16.04 18.24  19.2
3.5 10.85| 12.59| 16.07 1846 19.5
4.0 10.88 | 12.70| 16.27 18.52 19.6
4.5 10.87 12.74| 16.43 1850 19.5
5.0 10.85| 12.81| 16.53 18.45  19.5
5.5 10.84| 1291 16.52 1846 194
6.0 10.85| 13.01| 16.61 18.45  19.6
6.5 10.86 | 13.07 16.64 18.51  19.8
7.0 10.83 | 13.12 16.64 18.5Y 19.8
7.5 10.81 | 13.24| 16.66 18.66  19.9
8.0 10.80 | 13.34| 16.78 18.66 19.9
8.5 10.80 | 13.39| 16.97 18.6Y 19.9
9.0 10.85| 13.39] 17.11 18.72  20.0
9.5 10.88 | 13.45] 17.19 18.883 19.9
10.0 10.88| 13.53] 17.19 18.89  20.(¢
10.5 10.86| 13.64) 17.24 18.9F  20.1
11.0 1091| 13.62] 17.29 19.04  20.2
11.5 10.94 | 13.79] 17.36 19.10 20.1
12.0 10.95| 13.90] 17.39 19.0f  20.G
12.5 10.97| 14.06] 17.34 19.08 20.1
13.0 11.00| 14.04) 17.33 18.98  20.3
13.5 11.05| 14.14] 17.35 18.98  20.5
14.0 11.06 | 14.17) 17.53 19.02  20.5
14.5 11.07 | 14.22| 17.73 19.0f 20.5
15.0 11.11| 14.33) 17.46 19.06 20.5
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Table B- 29. Data for Figure 6-8, experiment A.

Blank D8 D5 D3 DO
Average Resistance
(kQ) 10.90 13.43 16.95 18.76 19.98
Standard Deviation
(kQ) 1.92 4.45 7.50 9.14 9.97

Table B- 30. Student’s T-Test of data, experiment A

Sample| Sample Significant
1 2 P Value Difference
1.71E-
Blank D8 05 Yes
1.73E-
Blank D5 09 Yes
1.95E-
Blank D3 10 Yes
2.69E-
Blank DO 11 Yes
D8 D5 0.001 Yes
1.49E-
D8 D3 05 Yes
1.06E-
D8 DO 06 Yes
D5 D3 0.187 No
D5 DO 0.037 Yes
D3 DO 0.436 No
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Table B- 31. Data for Figures 6-9 and 6-12, expentiB.

Sample | Plate Counts
Blank 0 0 0
D6 103 82 88
D7 14 5 8
D8 1 1 2
SPC=ED6)/(n*10"-7)
SPC = 9.10E+08 CFU/mL
Concentration

Sample (CFU/mL)
Blank 0.00E+00

DO 9.10E+08

D3 9.10E+05

D5 9.10E+03

D8 9.10E+00
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Table B- 32. Data for Figures 6-10 and 6-12, expent C.

Sample | Plate Counts

Blank 0 0 0
D5 TNC TNC 354
D6 74 92 78
D7 4 2 9
D8 0 2 0

SPC=ED6)/(n*107-7)
SPC=  7.30E+08 CFU/mL

Concentration
Sample (CFU/mL)
Blank 0.00E+00
DO 7.30E+08
D3 7.30E+05
D5 7.30E+03
D8 7.30E+00
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Table B- 33. Data for Figures 6-11 and 6-12, expent D.

Sample | Plate Counts

Blank 0 0 0
D5 TNC TNC TNC
D6 80 82 123
D7 4 6 4
D8 0 1 0

SPC=ED6)/(n*107-7)
SPC=  9.50E+08 CFU/mL

Concentration
Sample (CFU/mL)
Blank 0.00E+00
DO 9.50E+08
D3 9.50E+05
D5 9.50E+03
D8 9.50E+00
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Table B- 34. Data for Figure 6-12, experiment E.

Sample | Plate Counts

Blank 0 0 0
D5 TNC TNC TNC
D6 97 74 80
D7 12 15 5
D8 0 0 0

SPC=ED6)/(n*107-7)
SPC=  8.37E+08 CFU/mL

Concentration
Sample (CFU/mL)
Blank 0.00E+00
DO 8.37E+08
D3 8.37E+05
D5 8.37E+03
D8 8.37E+00
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Table B- 35. Data for Figure 6-12, experiment F.

Sample | Plate Counts

Blank 0 0 0
D5 TNC TNC 294
D6 30 37 30
D7 3 1 5
D8 0 0 0

SPC=ED6)/(n*107-7)
SPC=  3.23E+08 CFU/mL

Concentration
Sample (CFU/mL)
Blank 0.00E+00
DO 3.23E+08
D3 3.23E+05
D5 3.23E+03
D8 3.23E+00

251



Table B- 36. Data for Figure 6-12, experiment G.

Sample | Plate Counts

Blank 0 0 0
D5 TNC TNC TNC
D6 149 128 141
D7 10 13 19
D8 0 0 0

SPC=ED6)/(n*107-7)
SPC=  1.39E+09 CFU/mL

Concentration
Sample (CFU/mL)
Blank 0.00E+00
DO 1.39E+09
D3 1.39E+06
D5 1.39E+04
D8 1.39E+01
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Table B- 37. Data for Figure 6-12, experiment H.

Sample | Plate Counts

Blank 0 0 0
D5 TNC TNC TNC
D6 44 73 68
D7 1 19 17
D8 0 0 1

SPC=ED6)/(n*107-7)
SPC=  6.17E+08 CFU/mL

Concentration
Sample (CFU/mL)
Blank 0.00E+00
DO 6.17E+08
D3 6.17E+05
D5 6.17E+03
D8 6.17E+00
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Table B- 38. Data for Figure 6-12, experiment Apasse.

Response (%)

Time
(min) D8 D5 D3 DO
3.0 9.29 11.53 17.63 23.28

3.5 10.06| 11.97 19.24 24.43

4.0 8.91 11.97 18.77 23.62
4.5 8.41 12.07 19.15 23.42

5.0 9.00 12.96 18.73 22.63
5.5 9.22 12.91 19.04 21.62

6.0 9.24 13.11 18.83 21.41

6.5 9.45 13.14 19.75 22.0(

7.0 9.62 13.46 20.56 22.86

7.5 9.78 13.15 21.54 22.82

8.0 10.59| 13.36 22.28 23.3%

8.5 12.09| 15.10 23.48 24.2§

9.0 12.65| 17.27 24.58 25.6]

9.5 12.50| 17.60 24.68 25.4%

10.0 11.75| 16.58 24.68 24.64

10.5 11.21] 16.15 24.58 23.7¢

11.0 11.19| 16.13 24.65 23.6]

11.5 11.63] 16.30 24.69 23.91

12.0 12.15] 16.51 24.63 24.5§

12.5 12.85| 16.66 24.64 25.0]

13.0 13.33] 16.95 24.73 25.34

13.5 13.04| 16.51 24.77 25.1]

14.0 12.30] 16.51 24.7] 25.2§

14.5 11.80] 16.96 24.71 26.4]

Ul N W N == N WU~ U wWw vrhmrT— wWwo

15.0 11.74] 16.11 24.8(0 29.21

3.0 28.39| 102.01] 146.4y 158.41
3.5 27.24| 100.50 148.86 161.66
4.0 29.78| 103.64 149.0y 162.48
4.5 31.27) 105.79 147.08 159.01
5.0 34.05| 106.91] 146.12 159.47
5.5 36.14, 105.59 144.84 157.27
6.0 36.95| 10546 14252 158.54
6.5 36.71| 103.43 140.02 158.96
7.0 37.58| 102.26 139.10 158.20
7.5 40.47| 102.12 138,55 157.31
8.0 43.59| 104.58 137.50 156.82
8.5 43.87| 105.67, 134.98 153.85
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Table B-38 (cont'd).

9.0 42.96| 104.57 131.66 150.83
9.5 44.33| 104.45 131.52 147.15
10.0 47.10{ 105.08 132.24 148.39
10.5 49.85] 105.73 132.80 150.70
11.0 47.52| 104.117 130.46 149.96
11.5 49.99| 103.69 129.60 144.77
12.0 52.09] 10345 128.3F 141.12
12.5 54.52| 100.9 125.80 140.88
13.0 51.99] 98.22| 122.21 142.19
13.5 52.35] 96.23] 119.40 142.34
14.0 52.94| 99.17| 119.12 142.03
14.5 53.76/ 102.58§ 118.901 140.93
15.0 55.11] 96.44| 117.18 139.19
3.0 8.07 17.82 22.47 33.11
3.5 8.02 18.21 22.22 33.5(
4.0 8.25 18.93 22.55 33.68
4.5 7.94 20.61 23.33 34.74
5.0 6.86 22.12 24.23 36.07
5.5 7.15 23.24 25.28 37.48
6.0 8.10 24.24 26.42 38.68
6.5 9.55 26.43 28.67 41.14
7.0 10.63| 28.35 31.35 43.66
7.5 10.78| 29.60 33.91 45.89
8.0 9.00 30.16 34.67 46.9%
8.5 8.01 31.17 35.46 48.4%
9.0 6.25 31.25 36.02 48.86
9.5 5.02 31.28 37.03 49.3%
10.0 4.11 31.64 37.91 50.18
10.5 4.70 33.03 40.25 52.10
11.0 4.68 33.38 41.48 53.29
11.5 4.38 33.75 42.09 54.09
12.0 3.88 34.08 42.4]] 54.59
12.5 3.84 34.86 43.39 55.46
13.0 4.35 35.79 44.19 56.82
13.5 4.85 36.90 44.98 57.90
14.0 5.16 37.34 46.12 58.79
14.5 5.23 36.98 47.09 58.8%
15.0 5.15 36.85 47.20 56.46
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Table B- 39. Experiment A average response.

Average Response (%)

Time

(min) D8 D5 D3 DO
3.0 15.25 43.79 62.19 71.6(
3.5 15.11 43.56 63.44 73.2(
4.0 15.65 44.85 63.46 73.19
4.5 15.88 46.16 63.19 72.39
5.0 16.64 47.33 63.03 72.65
5.5 17.50 47.25 63.05 72.172
6.0 18.09 47.60 62.59 72.88
6.5 18.57 47.67 62.81 74.03
7.0 19.28 48.02 63.67 74.9(
7.5 20.34 48.29 64.67 75.34
8.0 21.06 49.37 64.82 75.71
8.5 21.33 50.65 64.62 75.53
9.0 20.62 51.03 64.09 75.1(
9.5 20.62 51.11 64.41 74.18
10.0 20.99 51.10 64.94 74.48
10.5 21.92 51.64 65.88 75.52
11.0 21.13 51.21 65.53 75.62
11.5 22.00 51.25 65.45 74.27
12.0 22.71 51.35 65.14 73.43
12.5 23.74 50.83 64.61 73.8(
13.0 23.22 50.32 63.71 74.78
13.5 23.41 49.88 63.05 75.2(
14.0 23.47 51.01 63.31 75.36
14.5 23.60 52.17 63.57 75.42
15.0 24.00 49.80 63.04 74.97
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Table B- 40. Data for Figures 6-9 and 6-12, expentB resistance.

Resistance(¥)
Time
(s) B D8 D5 D3 DO

180 56611.40) 63240.92 72077.86 72407/54 70493.45
210 60375.08) 63611.78 72141.70 73087/96 70818.84
240 62473.50] 64043.00 71946.37 72101|77 71583.32
270 61201.27| 64258.50 71461.38 71455|91 71758.47
300 60051.39| 64220.3y 71138.21 73763(80 71896.14
330 61097.35] 64171.61 70701.71 74274{49 71922.58
360 62218.70f 64369.02 68909.51 73857({19 72632.35
390 63783.48| 64474.16 67464.99 73763(80 7247%.49
421 65738.93] 65236.22 67655.73 74740/91 73258.52
451 67097.18] 65214.48 70311.13 74710(50 73239.00
481 67833.77) 65267.01 71837.23 74204({12 74349.44
511 68427.86] 6471295 72235.69 75315/38 74074.07
541 67760.51) 65617.94 70834.06 75180(40 73999.68
571 66166.08) 64467.11 69684.67 75402/59 73094.64
601 64076.15| 64152.183 69622.29 73898({12 73240.91
631 62058.45] 64279.15 70387.57 74185/94 73197.83
661 59242.96| 66539.92 71076.81 7476835 73089.39
691 58778.46/ 67556.16 71358.03 7593426 73437.80
721 59473.23] 67673.71 71545.37 75817|06 74664.18
751 61859.65| 67019.31 72338.80 75840{16 75522.59
781 62259.58) 67020.91 73026.96 76032|33 75977.01
811 62584.16| 67583.8Y 73465.75 7576167 75874.58
841 62277.58) 68736.96 72920.46 75153[29 76072.48
871 63593.00] 69930.06 72926.16 74557|32 75400.57
901 65897.85] 69204.15 71620.41 74005/55 727938.45
180 | 105144.58 89639.44| 97357.45 115408.5920911.15
210 | 110671.94 95076.39| 101486.04122132.06 125201.20
240 | 108573.44 112219.94 103907.68 120078.26 127278.51
270 | 106209.45111124.32 108208.39 117484.16 130861.00
300 | 106072.66111843.41] 111964.18 118645.95 130584.82
330 | 105668.3%110488.52 114815.26 121754.22| 127146.81]
360 | 105940.22 112300.95 114034.37 123738.30 124747.95
390 | 108315.96109982.91] 113663.10 122654.57 124944.99
421 111390.68 112871.81] 113614.70 123478.83 123874.35
451 | 111690.84 116784.17| 115095.73 126164.82 120152.68
481 111007.21 113784.59 114820.71 129732.61] 117571.65
511 | 109995.17108198.97 114710.37) 131311.83 117512.32
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Table B-40 (cont'd).

541 | 110195.17103484.08 114212.72 131053.63 119070.38
571 | 110068.64 104152.13 114426.50 129634.43 120897.44
601 | 107566.48 111013.32 115251.80 129134.30 121190.09
631 | 104327.74 115348.80 116191.93 128529.98 121960.65
661 | 103488.77114768.08 115998.65 127052.47] 120585.69
691 | 104113.11109922.46 115074.93 127213.61] 117920.55
721 | 105961.54 103181.58 114163.51 127729.65 119834.27
751 | 110043.83 98802.01| 113838.53130407.78 122970.98
781 | 111226.74 97721.85| 113527.51127849.80 127479.57
811 | 112196.55% 98420.00| 113282.79129403.34 127477.85
841 | 113616.07 97623.47| 113304.23126081.24 128018.12
871 | 115025.16 97276.26| 113010.3[1121506.68 123342.58
901 | 111888.11 93984.96| 111529.35127327.71] 120992.14
180 98039.22| 123261.12116424.11 173455.12] 143076.13
210 | 116959.06 126949.56| 125673.26 152061.28 158640.21
240 | 126748.46 128058.55 125532.38 157764.24 164790.69
270 | 123527.61 129425.91] 126559.40 157691.80 165172.24
300 | 118363.20 130162.91] 129557.64 156853.89 163300.98
330 | 114355.71131381.36 135235.47) 156772.15 163905.62
360 | 109430.5%131935.45 137083.54 156612.90 164858.61
390 | 103941.22 133590.33 136888.64 156179.48 167218.10
421 | 101190.42 137803.42 137085.04 154795.17| 168522.15
451 | 101415.09139981.80 140506.47 154094.93 167023.60
481 | 101935.59 143190.29 142830.37] 154306.08 159556.66
511 | 101898.9%142966.53 142045.78 156138.90 155078.24
541 | 103156.87 142429.12 142142.77 155491.64 156109.11
571 | 102375.10143763.72 148668.07] 157669.62 159567.00
601 | 102584.68 151032.94 154773.94 159376.37 158587.58
631 | 105004.21 156137.14 155832.61 160020.12 157411.35
661 | 108624.39 154908.35 154694.64 156727.73 155681.37
691 | 109310.95 154301.84 154340.57/ 153555.06 153924.11
721 | 109347.6% 153454.91) 154342.95 152233.69 152576.72
751 | 114339.37151789.89 153886.50 155829.99 153173.18
781 | 117676.21 148199.13 154703.88 157536.13 152382.48
811 | 115942.51145013.83 152378.26/ 158485.79 152198.52
841 | 112562.80 143342.01] 150248.92 158317.28 154281.04
871 | 109394.23 143292.14 148011.10 159140.64 159077.35
901 95192.77| 145586.90148478.10 157511.32 160610.32
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Table B- 41. Data for Figures 6-9 and 6-12, expentiB response.

Response (%)

Time

(min) D8 D5 D3 DO
3.0 11.71 27.32| 27.9C 24.5p
3.5 5.36 19.49| 21.08 17.30
4.0 2.51 15.16f 15.41 14.58
4.5 5.00 16.76| 16.76 17.24
5.0 6.94 18.46f 22.83 19.72
5.5 5.03 15.72| 2157 17.72
6.0 3.46 10.75| 18.71 16.74
6.5 1.08 5.77 15.65 13.63
7.0 -0.76 2.92 13.69 11.44
7.5 -2.81 4.79 11.35 9.15
8.0 -3.78 5.90 9.39 9.61
8.5 -5.43 5.56 10.07 8.25
9.0 -3.16 4.54 10.95 9.21
9.5 -2.57 5.32 13.96 10.4]

10.0 0.12 8.66 1533 143
10.5 3.58 13.42] 19.54 17.9

11.0 12.32 19.98] 26.21 23.3
115 14.93 21400 29.19 249

12.0 13.79 20.30] 27.48 255
125 8.34 16.94) 22.60 22.0
13.0 7.65 17.29] 2212 22.0

135 7.99 17.39] 21.086 21.2
14.0 10.37 17.09) 20.67 22.1
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145 9.97 14.68) 17.24 18.5
15.0 5.02 8.68 1230 104
3.0 -14.75 -7.41 9.76 15.0(
3.5 -14.09 -8.30] 10.36 13.1
4.0 3.36 -4.30| 10.60 17.2%
4.5 4.63 1.88 10.62  23.2]
5.0 5.44 5.55 11.8§ 23.11
5.5 4.56 8.66 15.22  20.3]
6.0 6.00 7.64 16.80 17.7!
6.5 1.54 4.94 13.24  15.3¢
7.0 1.33 2.00 10.85 11.2]
7.5 4.56 3.05 12.96 7.58
8.0 2.50 3.44 16.87 5.91
8.5 -1.63 4.29 19.38 6.83
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Table B-41 (cont'd).

9.0 -6.09 3.65 18.93 8.05

9.5 -5.38 3.96 17.78 9.84

10.0 3.20 7.14 20.03 12.67
10.5 10.56 11.37] 23.2( 16.90
11.0 10.90 12.09) 22.77 16.5
115 5.58 10.53] 22.19 13.26
12.0 -2.62 7.74 20.54 13.09
125 -10.22 3.45 18.51 11.7b
13.0 -12.14 2.07 14.95 14.61
13.5 -12.28 0.97 15.34 13.62
14.0 -14.08 -0.27| 10.97 12.68
14.5 -15.43 -1.75 5.63 7.23

15.0 -16.00 -0.32| 13.8d 8.14

3.0 25.73 18.75] 76.92 45.94
3.5 8.54 7.45 30.0] 35.64
4.0 1.03 -0.96| 24.47 30.01
4.5 4.77 2.45 2766 33.71
5.0 9.97 9.46 3252 37.97
5.5 14.89 18.26] 37.09 43.38
6.0 20.57 25.27| 43.12 50.6b
6.5 28.52 31.70, 50.26 60.88
7.0 36.18 35.47)] 52.9] 66.54
7.5 38.03 38.55| 51.94 64.69
8.0 40.47 40.12| 51.3§ 56.58
8.5 40.30 39.40] 53.23 52.19
9.0 38.07 37.79] 50.73 51.38
9.5 40.43 45.22| 54.01 55.8)
10.0 47.23 50.87] 55.36  54.59
10.5 48.70 48.41] 52.39 49.91
11.0 42.61 4241 4428 43.32
11.5 41.16 41.19] 40.48 40.81
12.0 40.34 41.15] 39.22 39.58
12.5 32.75 34.59] 36.29 33.96
13.0 25.94 31.47] 33.87 29.4p
135 25.07 3143 36.69 31.2¢7
14.0 27.34 33.48] 40.6% 37.0b
14.5 30.99 35.30] 45.47 45.4p
15.0 52.94 55.98| 65.47 68.7p
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Table B- 42. Data for Figure 6-9, experiment B agerresponse.

Average Response (%)

Time

(min) D8 D5 D3 DO
3.0 7.56 12.89 38.20 28.4¢
3.5 -0.06 6.21 20.47 22.07
4.0 2.30 3.30 16.83 20.61
4.5 4.80 7.03 18.34 24.77
5.0 7.45 11.16 22.40 26.9]
5.5 8.16 14.21 24.63 27.1}

6.0 10.01 14.55| 26.21] 28.3

6.5 10.38 14.14| 26.38 29.9

7.0 12.25 13.46] 25.84 29.7

7.5 13.26 15.46 25.42 27.14

8.0 13.06 16.49| 25.88 24.0

8.5 11.08 16.42 27.56 22.4

9.0 9.61 15.32] 26.87 22.8¢

9.5 10.83 18.17| 28.58 25.3

10.0 16.85| 22.22) 30.25 27.1

10.5 20.95| 24.40[ 31.71 28.2

11.0 21.94| 24.83] 31.09 27.7

N~ 0T O © OO NI & W Uroo o110

11.5 20.56| 24.37| 30.67 26.3

12.0 17.17| 23.06] 29.08 26.0

12.5 10.29 18.33] 25.8( 22.6

13.0 7.15 16.94| 23.65 22.0

13.5 6.93 16.59| 24.36 22.0

14.0 7.88 16.77| 24.1Q 23.9

14.5 8.51 16.08| 22.78 23.74

= &S O & Ooro o

15.0 13.99| 21.45] 30.57 29.1
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Table B- 43. Data for Figures 6-10 and 6-12, expent C resistance.

Resistance(¥)

Time

(s) B D8 D5 D3 DO
180 | 230234.80 288065.89 324825.93 514705.87| 322878.32
210 | 249465.4(0 249276.60 348085.43 451248.88 314421.31
240 | 253450.99 258350.27 344870.16 482259.60 321950.04
270 | 251188.62 267660.79 329994.01] 442897.65 319589.09
300 | 250682.61 280168.08 317784.56 379044.31] 312849.22
330 | 254014.32284466.05 312395.35 337874.59 312421.50
360 | 268430.58 287326.76 313725.49 338425.74f 308437.87
390 | 273029.49 287654.56 307709.16 350811.22 308856.46
421 | 267958.01 289384.68 300903.73 360188.77 305187.14
451 | 259901.74 285297.91 299587.05 366727.27 310067.14
481 | 255925.18 284645.32 309741.37 368703.56 314148.69
511 | 255685.55 285051.18 319671.22 369599.41 319711.29
541 | 255964.62 288565.31] 325570.01] 365778.90 315871.13
571 | 258535.28 292562.59 324739.43 361746.08 314677.37
601 | 259723.39296143.44 324224.15 359461.38 313598.97
631 | 259842.98 300360.73 313518.15 363273.88 315522.11
661 | 258892.04 303142.74 303152.48 363875.86 315802.50
691 | 258110.48 303606.79 299737.73 366319.96 312329.19
721 | 257991.81 304328.77 311964.59 362112.59 306760.70
751 | 256944.17 308038.26 326043.86 363579.78 305710.55
781 | 253808.91 309629.16/ 329075.97| 356293.10 310113.10
811 | 247581.87 309812.19 327217.42 342026.51 315164.12
841 | 243769.97 312996.10 317485.51] 334220.58 321137.80
871 | 239808.15 317965.02 311041.99 346921.08 324280.50
901 | 225035.16 303260.05 335289.19 342319.21] 321285.14
180 | 156774.90 276679.82 291666.62 288065.89 511883.01,
210 170212.77 245022.97, 255009.14 249944.14f 414354.22
240 | 170150.67 259499.50 268894.69 257122.55 404916.99
270 | 170212.77 256292.89 273838.61 258207.25 372389.83
300 | 171568.61 250738.80 277083.68 262448.73 357644.58
330 | 171442.54 247209.99 275863.74 262738.07| 347826.09
360 | 172159.35 248517.72 270492.22 265787.09 361205.12
390 | 174064.40248857.87| 264515.42 271396.64 359642.89
421 | 181729.70 248459.30 262613.32 278139.20 350467.45
451 | 184746.51 248948.57| 265397.57| 276629.31] 345543.46
481 | 183653.51 250677.08 266606.66 273826.16 353394.60
511 | 178732.16 251523.10 267415.57| 272111.51 353072.93
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Table B-43 (cont'd).

541 | 179340.03 252462.65 270452.57 270983.62 348158.87
571 | 185442.74 252642.00 273237.33 273170.31] 348822.69
601 | 188959.33 252111.43 279611.09 271944.27 364251.22
631 | 191859.7(0 254546.07| 280322.33 272734.31] 369515.01
661 | 193713.98 252807.94 281874.51 273020.99 370149.93
691 | 201567.88 255731.06/ 281291.10 276960.13 367623.00
721 | 204400.41 262646.29 283062.72 273399.59 369754.11
751 | 208130.49 268407.52 276313.93 275812.00 365211.15
781 | 209111.23 265197.12 275528.24 282696.86 358047.18
811 | 212180.70261873.75 280316.67] 305767.01) 350644.41
841 | 216585.79 256107.52 285839.73 315891.69 360133.25
871 | 222407.56 248601.62 283185.84 308522.95 372266.17
901 | 224466.89 259571.71) 272944.39 314341.85 354139.00
180 | 230263.11 230078.64 282258.00 237690.94 242005.12
210 | 250000.00 251004.27 247459.09 257352.96 263653.42
240 | 250284.9% 250514.43 258135.93 260368.25 267181.94
270 | 249203.17 251127.06 257566.00 263653.42 267713.53
300 | 247694.09 249669.81] 259091.39 266641.21 267865.70
330 | 245334.23 250040.26 256433.80 268456.38 267291.06
360 | 242893.31 248629.92 255777.89 272638.69 266514.72
390 | 241227.99 248902.71 261211.05 273715.54 266736.52
421 | 238319.03 248569.11 267599.48 271091.90 267659.79
451 | 234447.46¢ 248823.44 269837.95 268801.74 268775.88
481 | 230249.7% 248095.13 272143.94 265919.54 271817.87
511 | 228435.36 246346.19 275511.85 264218.24 277118.54
941 | 225635.23 244733.46 274957.93 260479.62 278302.38
571 | 224180.77 244163.04 270560.14 257753.35 273123.45
601 | 222734.81 245055.15 266437.60 256201.49 267668.53
631 | 222603.42 248119.13 263115.80 260029.74 272668.57
661 | 221130.62 250936.49 263920.63 262074.15 271823.48
691 | 218185.31 251628.79 264647.72 261474.55 270560.72
721 | 215114.92 249473.74 267220.20 260138.37| 271217.92
751 | 216994.96 249859.45 270375.35 261376.95 274919.53
781 | 220290.33 249440.38 271313.43 263765.25 270769.51
811 | 227462.87 254478.31] 269970.53 271123.36 268752.76
841 | 237123.37 256163.29 268293.1/ 273552.31 270900.52
871 | 244349.42 255183.41] 266577.81] 268817.20 272294.08
901 | 236266.98 264375.41] 265780.73 277777.78 271554.65
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Table B- 44. Data for Figures 6-10 and 6-12, expernt C response.

Response (%)

Time

(min) D8 D5 D3 DO
3.0 25.12| 41.08 123.56 40.24
3.5 -0.08 | 39.53 80.89 26.04

4.0 1.93 | 36.07] 90.28 27.03

4.5 6.56 | 31.37] 76.32 27.23

5.0 11.76| 26.77 51.20 24.8(

5.5 11.99| 2298 33.01 22.99

6.0 7.04 | 16.87 26.08 14.90

6.5 5.36 | 12.70] 28.49 13.17

7.0 8.00 | 12.30] 34.42 13.89

7.5 9.77 | 15.27] 41.10 19.30

8.0 11.22| 21.03 44.07 22.79

8.5 11.49| 25.03 44.55 25.04

9.0 12.74| 2719 42.90 23.4(

9.5 13.16| 25.61] 39.92 21.77

10.0 14.02| 24.83 38.40 20.74

10.5 15.59| 20.66 39.81 21.43

11.0 17.09| 17.10 40.55 21.98

11.5 17.63| 16.13 41.92 21.01

12.0 17.96/ 20.92  40.36 18.9(

12.5 19.89| 26.89 41.50 18.9¢

13.0 21.99| 29.66 40.38 22.18

13.5 25.14| 32.17 38.15 27.3(

14.0 28.40| 30.24 37.10 31.74

14.5 32.59| 29.70 44.67 35.24

NI O OO0 O

15.0 34.76| 48.99 52.12 42.71

3.0 76.48| 86.04 83.74 226.5

3.5 43.95| 49.82 46.84 143.4

4.0 52.51| 58.03 51.11 137.9

4.5 50.57| 60.8§ 51.70 118.7

5.0 46.14| 61.50 52.97 108.4

5.5 44.19| 60.91] 53.25 102.8

6.0 44.35| 57.12 54.38 109.8

00O 00O WEHEF

6.5 42.97| 5196 55.92 106.6

7.0 36.72| 4451 53.05 92.85

7.5 34.75| 43.65 49.73 87.04

8.0 36.49| 45.17 49.10 92.47

8.5 40.73| 49.620 52.25 97.54
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Table B-44 (cont'd).

9.0 40.77| 50.80 51.10 94.13
9.5 36.24| 47.34 47.31 88.1(

10.0 33.42| 47.97 43.92 92.77
10.5 32.67| 46.11 42.15 92.6(
11.0 30.51| 45.51 40.94 91.08

12.0 28.50| 38.48 33.76 80.9(

)
3
11.5 26.87| 39.55 37.40 82.38
)

12.5 28.96| 32.76 32.52 75.41
13.0 26.82| 31.76 35.19 71.22

13.5 23.42| 32.11 44.11 65.260

)
14.0 18.25| 31.98 45.85 66.28
14.5 11.78| 27.33 38.72 67.38

y

15.0 15.64| 21.60 40.04 S7.71

3.0 -0.08 | 22.58 3.23 5.10

3.5 040 | -1.02 2.94 5.46

4.0 0.09 3.14 4.03 6.75

4.5 0.77 3.36 5.80 7.43

5.0 0.80 4.60 7.65 8.14

5.5 1.92 4.52 9.42 8.95

6.0 2.36 5.30 12.25 9.73

6.5 3.18 8.28 13.47 10.57

7.0 430 | 12.29 13.75 12.31]

7.5 6.13 | 15.10 14.65 14.64

8.0 7.75 | 18.20 15.49 18.09

8.5 7.84 | 20.61 15.66 21.31]

9.0 8.46 | 21.86 15.44 23.34

9.5 891 | 20.69] 14.98 21.83

10.0 10.02| 19.62 15.03 20.17

10.5 11.46| 18.20 16.81 22.49

11.0 13.48| 19.35 18.52 22.92

11.5 15.33] 21.29 19.84 24.01

12.0 15.97| 24.22 20.93 26.08

12.5 15.15] 24.60 20.45 26.69

13.0 13.23| 23.16 19.74 22.91

13.5 11.88| 18.69 19.19 18.1%

14.0 8.03 | 13.14 15.36 14.24

14.5 4.43 9.10 10.01 11.44

15.0 11.90] 12.49 17.57 14.94
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Table B- 45. Data for Figure 6-10, experiment Crage response.

Average Response (%)

Time
(min) D8 D5 D3 DO
3.0 33.84 49.90 70.18 90.6

3.5 14.76 | 29.44| 43.56 58.3

4.0 18.18 | 32.41| 48.47 57.2
4.5 1930 | 31.87| 44.6] 51.1

5.0 19.57 | 30.96] 37.27 47.1
5.5 1937 | 29.47, 31.90 44.9;

6.0 17.92 | 26.43] 30.9C 44.8

6.5 17.17 24.32| 32.62 43.44

7.0 16.34 | 23.03] 33.74 39.6

7.5 16.88 24.67| 35.16 40.3

8.0 18.49 | 28.13] 36.27 44.4

8.5 20.02 | 31.75] 37.49 47.9

9.0 20.66 | 33.29| 36.48 46.9

9.5 19.44 | 31.21| 34.01 43.8

10.0 19.15| 30.81] 32.43 44.5

10.5 1991 | 28.32] 32.97 45.5

11.0 20.36 | 27.32| 33.34 45.3

115 19.94| 25.66] 33.06 42.4

12.0 20.81| 27.88] 31.68 41.9

125 21.33| 28.08] 31.4¢ 40.3

13.0 20.68| 28.19] 31.77 38.7

135 20.14| 27.66] 33.87 36.9

14.0 18.23| 25.12] 32.71 37.4

14.5 16.27 22.04| 31.13 38.0

O = 1NV O N 00 O O W= O WU~ W WU 4+ += W JUulrurr— 1y

15.0 20.77| 27.69] 36.58 38.4
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Table B- 46. Data for Figures 6-11 and 6-12, expent D resistance.

Resistance(¥)

Time

(s) B D8 D5 D3 DO

180 | 230263.11 237690.94 301724.11 307017.44 507246.37
210 | 250000.00 258189.38 264525.21] 334108.91] 417443.11
240 | 250738.80 257494.90 275130.11 331674.96 413528.33
270 | 249066.00 257177.17 277502.43 325108.94 372241.50
300 | 239952.01 258702.36 283659.13 317460.32 359827.69
330 | 231684.96 265096.59 292703.37 317154.64 344466.96
360 | 229819.02 269224.23 297086.94 315777.57| 351169.71]
390 | 233248.23 269146.98 296648.23 313188.62 349493.20
421 | 234867.82 266666.67| 295184.30 309837.34 347820.04
451 | 240141.82 267309.49 294884.00 313641.07| 348178.50
481 | 249472.12 267724.86/ 295233.63 321086.25 350047.64
511 | 251274.34 267324.78 300596.93 327479.53 351550.44
541 | 251114.32268964.41 300261.17 327034.00 347887.56
571 | 248204.98 273496.19 300948.29 324253.79 341983.46
601 | 250324.04 277485.96 297501.99 322567.53 337304.30
631 | 247732.7%277227.02) 297833.56 323098.02 335051.25
661 | 250929.82 275685.33 295358.67| 321784.07) 329764.62
691 | 250367.16 274540.49 297864.96 324289.34 325297.61
721 | 251671.86 275167.96 299911.95 320456.33 328027.60
751 | 256342.82 276228.75 303616.56 316243.33 339225.45
781 | 258119.27 276553.72 306246.07| 318087.81 347583.08
811 | 260664.57 273517.14 304463.50 320336.84 350433.56
841 | 260525.63 270849.60 304291.55 324923.87 356818.66
871 | 261780.10271831.46 312012.48 335008.38 365965.23
901 | 269632.63 277874.26) 319233.84| 332640.33 347222.22
180 68176.28) 81693.6Y 82171.67 95398|31 97582.22
210 67323.87| 82403.22 84058.83 98606/30 100000.00
240 66916.80] 81554.19 84500.24 97703/96 100034.83
270 66111.02| 79997.183 86148.54 95665/16 99978.58
300 67123.74) 78431.3Y 87502.72 94051{26 99356.84
330 68119.88| 77615.54 87456.27 93502{41 99083.48
360 68884.07| 78330.45 87089.03 93448(58 99582.99
390 68946.83] 79986.28 86775.95 93679/94 100150.23
421 68487.29| 81063.08 86483.81 93802(33 100086.68
451 68261.05/ 81081.8Y 86943.02 94349/15 100239.85
481 68744.34| 80309.76 87958.34 9452754 101069.35
511 69097.78] 80054.89 88397.79 94984/48 101852.43
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Table B-46 (cont'd).

541 69055.70] 80286.78 88548.05 95015/09 10209
571 69002.06] 80894.46 88835.30 95457{25 101985
601 69108.27] 81046.66 88978.58 95027/98 10170
631 69250.57] 82544.78 89090.40 95460(51 10130
661 69401.44| 85003.08 89109.%3 96715{13 10124
691 69329.23] 86719.51 89110.42 97073]92 10082
721 69181.92] 86518.54 89105.99 96359/00 10011
751 69456.50] 86024.14 89935.45 96765/27 10011
781 70598.32] 85973.95 89410.44 97796/09 10108
811 72181.68] 86951.12 89965.79 97683|49 10225
841 73101.32] 87170.38 90573.84 98022|05 10315
871 73193.05] 86299.89 91324.20 98887|52 10427
901 73800.74| 87145.9Y 91220.07 97323|60 10511
180 | 115798.18 149492.79 164997.06 150375.94 166865.29
210 | 126182.97131009.47 148128.53 163265.31] 177103.05
240 | 126446.52136181.78 160339.00 164299.93 176812.34
270 | 126915.0% 135830.00 152905.20 160375.72 17/8788.08
300 | 124951.18 137837.65 146344.02 154278.47 179360.68
330 | 123587.58 140042.02 140951.40 150634.81] 176202.57
360 | 123874.48 140585.17| 141614.38 151884.97| 175804.27
390 | 125513.98 140009.63 141960.48 151516.80 175912.5]]
421 | 126271.97 139969.18 142899.40 149459.27| 176585.97
451 | 126735.26 142521.73 143185.16 148619.94 177745.04
481 | 127310.01 143712.07 143413.96 150037.51] 180039.72
511 | 127878.2%143718.51] 143878.60 151366.90 180124.55
541 | 128486.58 143455.10 144177.52 152246.72 180111.12
571 | 128252.09 143570.61) 144232.75 152592.69 179617.57
601 | 128089.16¢ 142381.67] 144519.49 153196.32 179593.31
631 | 127788.70 141477.01 145440.84 153359.09 179135.19
661 | 127950.28 141209.11) 147157.38 153782.13 179539.79
691 | 127351.77140885.47 148133.14 153656.05 180210.70
721 | 126794.78 141299.62 149439.30 153565.20 180232.33
751 | 126946.31 143605.95 148990.84 153465.89 179699.30
781 | 129219.07 146148.45 149187.73 154025.58 179407.53
811 | 129847.23 147314.93 149892.14 154100.87 179335.78
841 | 130678.54 146854.44 150925.49 154218.98 180079.34
871 | 132868.29 146439.69 150375.94 154231.73 180750.11
901 | 133489.07 144822.59 151601.29 154469.97 179211.47
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Table B- 47. Data for Figures 6-11 and 6-12, expent D response.

Response (%

Time
(min) D8 D5 D3 DO

3.0 3.23 31.03] 33.33 120.29

3.5 3.28 5.81 33.64 66.98

4.0 2.69 9.73 32.28 64.92

4.5 3.26 11.42] 30.53 49.45

5.0 7.81 18.21| 32.3( 49.96

5.5 14.42| 26.34] 36.89 48.68

6.0 17.15| 29.27] 37.4( 52.80

6.5 15.39| 27.18] 34.27 49.84

7.0 13.54| 25.68] 31.92 48.09

7.5 11.31| 22.80] 30.61 44.99

8.0 7.32 18.34] 28.71] 40.32

8.5 6.39 19.63| 30.33 39.91

9.0 7.11 19.57| 30.23 38.54

9.5 10.19| 21.25] 30.64 37.78

10.5 1191 20.220 30.42 35.25

,

10.0 10.85| 18.85 28.86 34.75
D
:

11.0 9.87 17.71) 28.24 31.42

11.5 9.66 18.97| 29.53 29.93

12.0 9.34 19.17] 27.33 30.34

12.5 7.76 18.44| 23.37 32.33

13.0 7.14 18.65| 23.23 34.664

13.5 4.93 16.80] 22.89 34.44

14.0 3.96 16.80, 24.72 36.96

14.5 3.84 19.19] 27.97 39.80

15.0 3.06 18.40, 23.37 28.78

3.0 19.83| 20.53] 39.93 43.13

3.5 2240 | 24.86] 46.47 48.54

4.0 21.87| 26.28) 46.01 49.49

4.5 21.00| 30.31] 44.7( 51.23

5.0 16.85| 30.36] 40.12 48.02

5.5 13.94| 28.39] 37.26 45.45

6.0 13.71| 26.43] 35.664 44.57

6.5 16.01| 25.86] 35.87 45.26

7.0 18.36| 26.28] 36.96 46.14

7.5 18.78| 27.37] 38.22 46.85

8.0 16.82| 27.95 37.51 47.02

8.5 15.86| 27.93] 37.46 47.40
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Table B-47 (cont'd).

9.0 16.26| 28.23] 37.59 47.84
9.5 17.23| 28.74] 38.34 47.75
10.0 17.27| 28.75 37.51 47.17
10.5 19.20| 28.65 37.8% 46.29
11.0 22.48| 28.40 39.36 45.88§
11.5 25.08| 28.53 40.02 45.43
12.0 25.06| 28.80] 39.28 44.77
12.5 23.85| 29.48 39.32 44.14
13.0 21.78| 26.65 38.52 43.14
13.5 20.46| 24.64 35.33 41.66
14.0 19.25| 23.90 34.09 41.11
14.5 1791 24.77) 35.11 42.47
15.0 18.08| 23.60 31.87 42.43
3.0 29.10| 42.49 29.86 44.10
3.5 3.83 17.39] 29.39 40.35
4.0 7.70 26.80] 29.94 39.83
4.5 7.02 20.48| 26.36 40.87
5.0 10.31| 17.12] 23.47 43.54
5.5 13.31| 14.05] 21.89 42.57
6.0 13.49| 14.32] 22.61 41.92
6.5 11.55| 13.10] 20.72 40.15
7.0 10.85| 13.17] 18.36 39.85
7.5 12.46| 12.98] 17.27 40.25
8.0 12.88| 12.65] 17.8% 41.42
8.5 12.39| 12.51] 18.37 40.84
9.0 11.65| 12.21] 18.49 40.18
9.5 11.94| 12.46] 18.98 40.05
10.0 11.16| 12.83 19.60 40.21
10.5 10.71| 13.81] 20.01 40.18§
11.0 10.36| 15.01] 20.19 40.37
11.5 10.63| 16.32] 20.6% 41.5]
12.0 11.44| 17.86f 21.11 42.14
12.5 13.12| 17.37] 20.89 41.56
13.0 13.10| 15.45 19.20 38.84
13.5 13.45| 15.44 18.68 38.11
14.0 12.38| 15.49 18.01 37.80
14.5 10.21| 13.18 16.08 36.04
15.0 8.49 13.57] 15.72 34.25
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Table B- 48. Data for Figure 6-11, experiment Drage response.

Average Response (%)

Time

(min) D8 D5 D3 DO
3.0 17.38 31.35 34.37 69.1
3.5 9.83 16.02 36.50 51.9¢

4.0 10.76 | 20.94] 36.07 51.4
4.5 10.43 | 20.73] 33.87 47.1

5.0 11.66 | 21.90] 31.96 47.1
5.5 13.89 | 22.92| 32.0] 45.5

6.0 14.78 | 23.34] 31.89 46.4
6.5 14.32 | 22.05] 30.29 45.0
7.0 1425 | 21.71] 29.08 44.6

7.5 14.18 21.05 28.70 44.0

8.0 12.34 | 19.65| 28.07 42.9

8.5 11.54| 20.02 28.72 42.7

9.0 11.67 | 20.00] 28.77 42.1

9.5 13.12 | 20.82] 29.37 41.8

10.0 13.09| 20.14) 28.66 40.7

10.5 13.94| 20.90] 29.43 40.5

11.0 14.24 | 20.37) 29.26 39.2

11.5 15.12| 21.27] 30.071 38.9

12.0 1528 | 21.94) 29.24 39.0

12.5 14.91 21.76] 27.86 39.3

13.0 14.01| 20.25] 26.99 38.8

13.5 12.95| 18.96] 25.63 38.0

14.0 11.86| 18.73] 25.61 38.6

14.5 10.65| 19.05| 26.39 39.4

Or 0o V0 N 00O B N O NP O 0 oo WO 0o NN O 1IN0 U

15.0 9.88 18.52| 23.65 35.1
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Table B- 49. Student’s T-Tests of responses (8,w@# 0.05).

Experiment A

Sample| Sample Significant
1 2 P Value Difference
1.184E-
Blank D8 15 Yes
4.789E-
Blank D5 17 Yes
5.119E-
Blank D3 17 Yes
4.609E-
Blank DO 18 Yes
5.841E-
D8 D5 08 Yes
3.520E-
D8 D3 10 Yes
5.520E-
D8 DO 12 Yes
D5 D3 0.047 Yes
D5 DO 0.002 Yes
D3 DO 0.241 No
Experiment B
Sample| Sample Significant
1 2 P Value Difference
6.987E-
Blank D8 07 Yes
1.118E-
Blank D5 13 Yes
2.023E-
Blank D3 23 Yes
4.766E-
Blank DO 21 Yes
D8 D5 0.053 No
6.691E-
D8 D3 08 Yes
5.612E-
D8 DO 07 Yes
9.785E-
D5 D3 05 Yes
4.830E-
D5 DO 04 Yes
D3 DO 0.778 No
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Experiment C

Sample| Sample Significant
1 2 P Value Difference
Blank D8 5.356E-17| Yes
Blank D5 5.274E-24 Yes
Blank D3 1.184E-23 Yes
Blank DO 2.594E-14 Yes
D8 D5 4 .952E-04 Yes
D8 D3 1.624E-07 Yes
D8 DO 1.895E-06 Yes
D5 D3 0.019 Yes
D5 DO 0.002 Yes
D3 DO 0.086 No
Experiment D
Sample| Sample Significant
1 2 P Value Difference
Blank D8 6.389E-30 Yes
Blank D5 4.912E-40 Yes
Blank D3 8.101E-45 Yes
Blank DO 5.567E-47 Yes
D8 D5 3.020E-12 Yes
D8 D3 6.822E-29 Yes
D8 DO 5474E-41 Yes
D5 D3 3.800E-11 Yes
D5 DO 9.559E-30 Yes
D3 DO 6.303E-15 Yes
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Experiment E

[}

D

Sample| Sample
1 2 P Value | Significant Differenc
5.694E-
Blank D8 08 Yes
7.213E-
Blank D5 34 Yes
7.093E-
Blank D3 36 Yes
1.306E-
Blank DO 35 Yes
5.093E-
D8 D5 23 Yes
1.842E-
D8 D3 36 Yes
1.231E-
D8 DO 46 Yes
4.055E-
D5 D3 40 Yes
5.939E-
D5 DO 39 Yes
1.606E-
D3 DO 30 Yes
Experiment F
Sample| Sample
1 2 P Value | Significant Differenc
3.276E-
Blank D8 04 Yes
1.023E-
Blank D5 04 Yes
1.054E-
Blank D3 07 Yes
5.397E-
Blank DO 07 Yes
D8 D5 0.071 No
7.520E-
D8 D3 05 Yes
4.623E-
D8 DO 05 Yes
D5 D3 0.020 Yes
D5 DO 0.003 Yes
D3 DO 0.274 No
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Experiment G

Sample| Sample
1 2 P Value| Significant Difference
2.02E-
Blank D8 21 Yes
5.50E-
Blank D5 18 Yes
4.24E-
Blank D3 32 Yes
4.00E-
Blank DO 36 Yes
3.29E-
D8 D5 09 Yes
8.38E-
D8 D3 29 Yes
6.01E-
D8 DO 36 Yes
1.80E-
D5 D3 09 Yes
3.42E-
D5 DO 22 Yes
1.29E-
D3 DO 10 Yes
Experiment H
Sample| Sample Significant
1 2 P Value Difference
Blank D8 5.237E-19 Yes
Blank D5 2.111E-18 Yes
Blank D3 1.642E-19 Yes
Blank DO 1.085E-20 Yes
D8 D5 4.976E-13 Yes
D8 D3 2.299E-16 Yes
D8 DO 2.371E-18 Yes
D5 D3 4.851E-05 Yes
D5 DO 9.095E-07| Yes
D3 DO 0.363 No
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Table B- 50. Data for Figure 6-12, experiment Estasce.

Resistance(})

Time

(s) B D8 D5 D3 DO
180 | 5780.35 6032.01| 6330.76| 6795.79| 7326.77
210 | 5785.72 6073.49| 6344.57| 6884.00| 7353.91
240 | 5790.03 6030.58| 6367.62| 6919.39| 7390.40
270 | 5828.35 5993.53| 6394.30| 6948.41| 7425.68
300 | 5839.29 5973.33| 6429.32| 6978.89| 7475.04
330 | 5896.23 5962.52| 6468.16| 7026.70| 7521.62
360 | 5919.79 5960.24| 6514.05| 7056.27| 7541.53
390 | 5935.72 5959.35| 6549.71| 7068.56| 7540.87
421 | 5935.6Q 5987.13| 6580.18| 7099.21| 7550.48
451 | 5966.33 6017.66| 6585.64| 7125.41| 7556.34
481 | 5969.26 6035.52| 6590.41| 7133.94| 7558.63
511 | 5978.82 6056.18| 6586.88| 7143.22| 7590.34
541 | 5975.50 6055.63| 6608.61| 7169.38| 7619.05
571 | 5989.43 6056.71| 6635.58| 7164.97| 7609.73
601 | 6040.60 6060.87| 6660.32| 7187.78| 7582.63
631 | 6070.20 6128.93| 6659.85| 7220.59| 7582.94
661 | 6044.51 6168.89| 6666.15| 7264.61| 7583.45
691 | 6044.90 6187.16| 6676.52| 7260.09| 7584.48
721 | 6053.92 6179.92| 6696.76| 7256.71| 7598.27
751 | 6074.94 6213.38| 6706.27| 7274.62| 7646.62
781 | 6078.63 6241.08| 6732.51| 7317.58| 7678.18
811 | 6111.8Q 6272.12| 6756.59| 7349.27| 7690.09
841 | 6106.87 6294.26| 6768.19| 7346.19| 7684.92
871 | 6102.21 6259.78| 6762.47| 7359.71| 7648.18
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Table B- 51. Data for Figure 6-12, experiment kstasice.

Resistance(¥)

Time

(s) B D8 D5 D3 DO
180 | 10011.44 10574.42 12062.73 13818.97| 15603.23
210 | 10046.46 10641.53| 12232.95| 13904.75 15516.76
240 | 10072.67 10748.77| 12226.97| 13908.12| 15599.23
270 | 10134.68 10813.44| 12326.44| 13947.77| 15705.01
300 | 10181.85 10882.49 12441.35| 14039.52| 15608.88
330 | 10265.75 10892.99 12490.13| 14141.92| 15577.54
360 10266.11 10944.51] 12535.26| 14164.84| 15568.87
390 | 10278.15 10941.90 12614.20| 14200.42| 15633.72
421 | 10268.71 10966.72| 12718.25| 14182.46| 15715.33
451 10276.64 11046.28 12745.00] 14180.07| 15834.32
481 | 10278.25 11082.22| 12796.49 14167.53| 15884.59
511 | 10286.89 11133.33| 12789.59| 14250.81| 15887.70
541 | 10306.13 11156.27| 12805.09| 14352.35 15928.33
571 | 10338.28 11223.30| 12874.51| 14427.04 15891.03
601 | 10352.39 11212.87| 12974.13| 14461.17| 15900.28
631 | 10359.24 11272.50] 13050.33| 14506.27| 15995.24
661 | 10411.58 11296.38| 13142.70| 14558.31| 16165.35
691 | 10466.20 11388.55| 13229.14| 14594.96| 16211.59
721 | 10487.10 11443.89 13277.69 14679.28| 16233.67
751 | 10468.46 11539.59 13279.58| 14727.00 16227.93
781 | 10450.78 11612.18| 13338.67| 14800.64| 16256.48
811 | 10438.48 11733.99 13396.36| 14828.23| 16306.09
841 | 10432.65 11765.64| 13471.25| 14932.46| 16399.59
871 10426.17 11737.09 13531.80 15034.77| 16423.73
180 | 15924.47 16257.23| 15311.95 15110.22| 15476.46
210 | 15733.21 16117.10] 15091.90| 15392.23| 15371.10
240 | 15848.94 16110.19 15021.96| 15531.05 15205.86
270 | 15871.30 16071.36| 14862.55| 15536.35 15123.45
300 | 15938.16 16082.25 14886.91) 15730.51 15043.14
330 | 15886.89 16022.15| 14965.74| 15882.69| 14941.54
360 | 15952.24 15962.76| 15102.40 15925.01| 14963.74
390 | 16014.96 15933.26| 15236.85| 15948.46| 15000.00
421 | 16055.60 16042.97| 15293.36| 15944.33| 15007.73
451 | 16019.45 16098.15 15317.29 16052.37| 14966.36
481 | 15976.76 16128.36| 15291.94| 16012.90| 14958.01
511 | 15979.78 16111.30| 15256.94| 15937.98 15058.45
541 | 15982.42 16105.70] 15115.28| 15769.40 15047.28
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Table B-51 (cont'd).

571 | 16011.71 16061.57] 15047.29| 15597.45 15073.56
601 | 16050.58 16023.72| 14992.08| 15547.78| 15074.67
631 | 16108.71 15952.54 14950.48| 15647.47| 14983.04
661 | 16175.62 15889.70] 14926.87| 15665.69 14799.00
691 | 16219.85 15876.97| 14908.84] 15712.85| 14748.56
721 | 16243.56 15878.32| 14848.34] 15544.89) 14927.20
751 | 16329.96 15880.25] 14756.88| 15419.25| 15177.71
781 | 16441.38 15838.98 14752.68| 15320.81) 15458.77
811 | 16422.3§ 15813.41] 14856.55| 15463.89 15640.97
841 9893.75| 15762.3914946.32| 15481.59 15695.86
871 | 16447.37 15717.09] 14953.27| 15533.98 15710.92
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Table B- 52. Data for Figure 6-12, experiment Gstasice.

Resistance¥)

Time

(s) B D8 D5 D3 DO
180 | 26987.96 28498.73| 29595.96| 31624.11) 35193.57
210 | 27068.83 28928.61 29535.87| 31474.81| 35445.28
240 | 27351.76 29179.73| 29544.59| 31722.65| 36021.19
270 | 27897.89 29136.02| 29545.52| 32173.54| 35764.46
300 | 28000.98 29016.14| 29832.62| 32611.32| 35572.15
330 | 28049.36 29375.05| 30058.72| 32674.78| 35459.51
360 | 28210.88 29466.24) 30013.28 32594.93| 35506.85
390 | 28171.00 29707.90) 29874.31| 32590.64| 35496.26
421 | 28195.81 29731.25| 29875.02| 32825.44( 35465.92
451 | 28322.02 29918.05) 29982.76| 33035.42| 35451.41
481 | 28446.90 29811.02| 30064.88| 33068.98| 35448.87
511 | 28188.87 30091.35/ 30161.51] 33005.24| 35605.28
541 | 27892.34 30472.87| 30147.89| 32955.75 35592.61
571 | 27918.19 31046.51] 30240.77| 33073.20 35656.06
601 | 28030.13 30990.59 30141.89| 33233.65| 35504.61
631 | 28045.99 30652.15| 30080.91| 33512.58 35669.24
661 | 27898.86 30264.46| 30220.94| 34061.66| 35691.98
691 | 27709.60 30019.46| 30533.61| 34511.65 35863.40
721 | 27854.18 29600.27| 30614.82| 34609.24| 35723.85
751 | 28387.78 29383.88| 30639.17| 34572.36| 35617.51
781 | 28953.43 29735.36| 30625.86| 34694.25 35769.04
811 | 29037.81 30156.82| 30554.26| 35005.33| 36116.44
841 | 29108.15 30490.80| 30640.62 34837.14| 36406.19
871 | 29143.90 30698.39 30983.73 34379.03| 36613.27
901 | 28149.19 30429.82| 31043.85| 35211.27 37383.18
180 | 36377.82 38633.99 41925.10, 45441.45| 50197.20
210 | 35804.13 39695.20| 42195.98| 45964.42 49991.05
240 | 36189.87 40394.70| 42081.17| 45974.73| 50350.43
270 | 36191.60 40525.96| 42251.57| 46057.61| 50398.18
300 | 35952.81 40160.06| 42852.58| 46126.78| 50379.64
330 | 35708.22 40057.23 43707.13) 46107.43| 50375.28
360 | 36036.35 40122.94) 44287.80| 45929.25| 50101.99
390 | 35783.53 40065.84| 44392.32| 45958.12| 49647.55
421 | 35946.55 39859.06) 44329.03 46030.56| 49555.78
451 | 36432.00 39308.18| 44764.20 46395.45| 50011.61
481 | 37193.97 39292.45 45129.98 46789.62| 50542.66
511 | 36724.98 38881.88| 45305.98| 47010.64| 50811.16
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Table B-52 (cont'd).

541 | 36325.20 38021.25| 45264.97| 46748.46) 51330.23
571 | 36593.23 37457.20] 45276.69 46623.92| 51894.14
601 | 36246.69 37942.43| 45099.45| 46955.46) 52034.21
631 | 36220.23 38354.06| 45207.75| 47365.89 52086.24
661 | 36203.53 37972.02] 45362.09| 47639.65| 52193.04
691 | 36819.39 37810.24] 45307.42| 47647.41) 52334.50
721 | 36530.64 38073.22 45393.51] 47795.57| 51991.22
751 | 36417.85 38231.53 45111.09| 47521.24) 51706.24
781 | 36366.89 38321.90| 45020.02| 47599.96| 50951.71
811 | 36645.98 38313.65 45181.69 48191.10] 50210.42
841 | 36987.56 38706.79| 45154.72| 49267.15 48585.81
871 | 37243.95 39005.36| 44469.15| 49597.02 47365.30
901 | 36934.44 38186.16| 45325.78] 49291.44 49720.32
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Table B- 53. Data for Figure 6-12, experiment Htasice.

Resistance(¥)

Time

(s) B D8 D5 D3 DO
180 | 55456.53 72774.53| 103780.58116569.52 120249.08
210 | 55688.14 73413.73| 110182.0[1125000.00 125000.00
240 | 55843.64 72768.85| 107226.28125184.43 125058.62
270 | 56556.52 72799.12| 106082.70124533.00 124816.11]
300 | 57340.03 73356.03| 106601.69123147.28 124521.22
330 | 57760.54 75708.41| 109443.3P122205.08 124365.09
360 | 58118.41 76523.64| 111084.6[7121883.26 124285.79
390 | 57764.12 76946.33| 110348.3[1121460.81 124021.66
421 | 58158.25 78600.90| 109383.53121016.18 124243.82
451 58045.52 80114.44| 110431.86121501.40 124713.28
481 | 59863.59 80728.86| 110970.6p121548.86/ 124548.20
511 | 60235.78 79776.63| 108798.28121888.05 123860.67
541 | 61091.36 79974.86| 107566.53121488.23 123594.24
571 | 60971.62 81350.42| 109466.94121873.73 124175.63
601 | 62592.21 82046.46| 112511.25122948.30 125263.55
631 | 63091.47 83729.56| 112218.16123097.50 126286.54
661 | 63919.64 87697.31| 109661.58122188.18 127593.33
691 | 65095.08 94931.35| 108017.1P121271.42 127026.16
721 | 66835.34 100639.77 108632.81] 122391.65 126380.58
751 | 68209.49 100160.96/ 109572.30 121872.66 125420.50
781 | 68945.14 100589.15 109145.62 121472.03 125825.73
811 | 70170.16 102594.18 108814.76 121076.90 125529.58
841 | 71580.13 106890.62 107878.59 122292.09 125791.23
871 | 73193.05 106100.80 106951.87 123039.06 125845.52
901 | 74074.07 105263.16 109036.39 121784.14f 126043.80
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Table B- 54. Data for Figure 6-12, cumulative resg@experiments A-H.

Response (%)

Time
(min) D8 D5 D3 DO
Exp E 3.0 4.35 9.52 17.57 26.7

3.5 4.97 9.66 18.98 27.1(
4.0 4.15 9.98 19.51] 27.64
4.5 2.83 9.71 19.22 27.4]
5.0 2.30 10.10 19.52 28.0]
5.5 1.12 9.70 19.17 27.5]
6.0 0.68 10.04 19.20 27.4
6.5 0.40 10.34 19.09 27.04
7.0 0.87 10.86 19.60 27.2]
7.5 0.86 10.38 19.43 26.61
8.0 1.11 10.41 19.51 26.61
8.5 1.29 10.17 19.48 26.9}
9.0 1.34 10.60 19.98 27.5
9.5 1.12 10.79 19.63 27.04
10.0 0.34 10.26 18.99 25.5
10.5 0.97 9.71 18.95 24.91
11.0 2.06 10.28 20.19 25.4
11.5 2.35 10.45 20.1G 25.4
12.0 2.08 10.62 19.87 25.5
12.5 2.28 10.39 19.75 25.8
13.0 2.67 10.76 20.3§ 26.3
13.5 2.62 10.55 20.25 25.8
14.0 3.07 10.83 20.29 25.8
14.5 2.58 10.82 20.61 25.3
Exp F 3.0 5.62 20.49 38.03 55.8
3.5 5.92 21.76 38.40 54.4!
4.0 6.71 21.39 38.08 54.8]
4.5 6.70 21.63 37.62 54.9¢
5.0 6.88 22.19 37.89 53.3
5.5 6.11 21.67 37.76 51.71
6.0 6.61 22.10 37.98 51.64
6.5 6.46 22.73 38.16 52.1]
7.0 6.80 23.85 38.11 53.01
7.5 7.49 24.02 37.98 54.0
8.0 7.82 24.50 37.84 54.5!
8.5 8.23 24.33 38.53 54.41
9.0 8.25 24.25 39.26 54.5!
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Table B-54 (cont'd).

9.5 8.56 24.53 39.55 53.71
10.0 8.31 25.33 39.69 53.59
10.5 8.82 25.98 40.03 54.41
11.0 8.50 26.23 39.83 55.26
11.5 8.81 26.40 39.45 54.89
12.0 9.12 26.61 39.97 54.80
12.5 10.23] 26.85 40.64 55.0p
13.0 11.11] 27.63 41.67 55.5p
13.5 12.41| 28.34 42.09 56.211
14.0 12.78| 29.13 43.13 57.19
14.5 12.57| 29.79 44.2( 57.5P
3.0 2.09 -3.85 -5.11 -2.8]
3.5 2.44 -4.08 -2.17 -2.30
4.0 1.65 -5.22 -2.01 -4.06
4.5 1.26 -6.36 -2.11 -4.71;
5.0 0.90 -6.60 -1.30 -5.62
5.5 0.85 -5.80 -0.03 -5.95
6.0 0.07 -5.33 -0.17 -6.20
6.5 -0.51 -4.86 -0.42 -6.34
7.0 -0.08 -4.75 -0.69 -6.53
7.5 0.49 -4.38 0.21 -6.57
8.0 0.95 -4.29 0.23 -6.38
8.5 0.82 -4.52 -0.26 -5.71
9.0 0.77 -5.43 -1.33 -5.85
9.5 0.31 -6.02 -2.59 -5.86
10.0 -0.17 -6.59 -3.13 -6.08
10.5 -0.97 -7.19 -2.86 -6.99
11.0 -1.77 -1.72 -3.15 -8.51
11.5 -2.11 -8.08 -3.13 -9.07
12.0 -2.25 -8.59 -4.30 -8.10
12.5 -2.75 -9.63 -5.58 -7.06
13.0 -3.66 | -10.27,  -6.82 -5.98
13.5 -3.71 -9.53 -5.84 -4.76
14.0 59.32| 51.07 56.48 58.64
14.5 -4.44 -9.08 -5.55 -4.48
Exp G 3.0 5.60 9.66 17.18 30.40
3.5 6.87 9.11 16.28 30.9%
4.0 6.68 8.02 15.98 31.70
4.5 4.44 5.91 15.33 28.20
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Table B-54 (cont'd).

5.0 3.63 6.54 16.46 27.04
5.5 4.73 7.16 16.49 26.42
6.0 4.45 6.39 15.54 25.86
6.5 5.46 6.05 15.69 26.00
7.0 5.45 5.96 16.42 25.78
7.5 5.64 5.86 16.64 25.17
8.0 4.80 5.69 16.25 24.61
8.5 6.75 7.00 17.09 26.31
9.0 9.25 8.09 18.15 27.61
9.5 11.21 8.32 18.46 27.72
10.0 10.56 7.53 18.56 26.67
10.5 9.29 7.26 19.49 27.18
11.0 8.48 8.32 22.09 27.938
11.5 8.34 10.19 24.55 29.48
12.0 6.27 9.91 24.25 28.2%
12.5 3.51 7.93 21.79 25.47
13.0 2.70 5.78 19.83 23.54
13.5 3.85 5.22 20.55 24.38
14.0 4.75 5.26 19.68 25.0Y
14.5 5.33 6.31 17.96 25.638
15.0 8.10 10.28 25.09 32.8D
3.0 6.20 15.25 24.92 37.99
3.5 10.87| 17.85 28.38 39.62
4.0 11.62| 16.28 27.04 39.18
4.5 11.98| 16.74 27.26 39.2p
5.0 11.70] 19.19 28.30 40.18
5.5 12.18| 22.40 29.17 41.07
6.0 11.34| 22.90 27.45 39.08
6.5 11.97| 24.06 28.43 38.74
7.0 10.88| 23.32 28.05 37.86
7.5 7.89 22.87 27.35 37.2Y
8.0 5.64 21.34 25.80 35.89
8.5 5.87 23.37 28.01 38.36
9.0 4.67 24.61 28.69 41.31
9.5 2.36 23.73 27.41 41.81
10.0 4.68 24.42 29.54 43.56
10.5 5.89 24.81 30.771 43.80
11.0 4.88 25.30 31.59 4417
11.5 2.69 23.05 29.41] 42.14
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Table B-54 (cont'd).

12.0 4.22 24.26 30.84 42.3
12.5 4.98 23.87 30.49 41.9
13.0 5.38 23.79 30.89 40.1
13.5 4.55 23.29 31.50 37.0
14.0 4.65 22.08 33.20 31.3
14.5 4.73 19.40 33.17 27.1
15.0 3.39 22.72 33.46 34.6
Exp A 3.0 9.29 11.53 17.63 23.2
3.5 10.06| 11.97 19.24 24.4
4.0 8.91 11.97 18.77 23.61

4.5 8.41 12.07 19.15 23.4]
5.0 9.00 12.96 18.73 22.61

5.5 9.22 12.91 19.04 21.6]
6.0 9.24 13.11 18.83 21.4]

6.5 9.45 13.14 19.75 22.0
7.0 9.62 13.46 20.56 22.8¢
7.5 9.78 13.15 21.54 22.8

8.0 10.59| 13.36 22.28 23.3
8.5 12.09| 15.10 23.48 24.2

9.0 12.65| 17.27 24.58 25.6
9.5 12.50| 17.60 24.68 25.4

10.0 11.75] 16.58 24.64 24.6

10.5 11.21] 16.15 24.58 23.7
11.0 11.19] 16.13 24.65 23.6

11.5 11.63] 16.30 24.65 23.9

12.0 12.15] 16.51 24.63 24.5

12.5 12.85| 16.66 24.64 25.0

13.0 13.33] 16.95 24.73 25.3

13.5 13.04] 16.51 24.71 25.1

14.0 12.30| 16.51 24.71 25.2

14.5 11.80] 16.96 24.71 26.4
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15.0 11.74| 16.11 24.8( 29.2

3.0 28.39| 102.01 146.4/ 158.41
3.5 27.24| 100.50 148.86 161.66
4.0 29.78| 103.64 149.0f 162.28
4.5 31.27| 105.79 147.08 159.01
5.0 34.05| 106.91 146.12 159.27
5.5 36.14| 105.59 144.84 157.27
6.0 36.95| 105.46 14252 158.%4
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Table B-54 (cont'd).

6.5 36.71| 103.43 140.02 158.96
7.0 37.58| 102.26 139.10 158.20
7.5 40.47| 102.14 138.5p 157.31
8.0 43.59| 104.58§ 137.50 156.82
8.5 43.87| 105.674 134.98 153.85
9.0 42.96| 10457 131.6p 150.83
9.5 44.33| 104.45 131.52 147.75
10.0 47.10] 105.08 132.24 148.%9
10.5 49.85| 105.73 132.81 150.7Y0
11.0 4752 104.11 130.46 149.96
11.5 49.99| 103.69 129.61 144.77
12.0 52.09| 103.45 128.37 141.12
12.5 54.52| 100.96¢ 125.80 140.88
13.0 51.99| 98.22] 12221 142.19
13.5 52.35| 96.23] 11940 142.54
14.0 52.94| 99.17] 119.12 142.03
14.5 53.76| 102.58 118.91 140.93
15.0 55.11| 96.44| 117.13 139.19
3.0 8.07 17.82 22.47 33.11
3.5 8.02 18.21 22.22 33.50
4.0 8.25 18.93 22.55 33.68
4.5 7.94 20.61 23.33 34.74
5.0 6.86 22.12 24.23 36.07
5.5 7.15 23.24 25.28 37.48
6.0 8.10 24.24 26.42 38.68
6.5 9.55 26.43 28.67 41.14
7.0 10.63| 28.35 31.35 43.66
7.5 10.78| 29.60 33.91 45.89
8.0 9.00 30.16 34.67 46.9%
8.5 8.01 31.17 35.46 48.45
9.0 6.25 31.25 36.02 48.86
9.5 5.02 31.28 37.03 49.35
10.0 411 31.64 37.91 50.18
10.5 4.70 33.03 40.25 52.10
11.0 4.68 33.38 41.48 53.29
11.5 4.38 33.75 42.09 54.09
12.0 3.88 34.08 42.41 54.59
12.5 3.84 34.86 43.39 55.46
13.0 4.35 35.79 44.19 56.82

286



Table B-54 (cont'd).

13.5 4.85 36.90 44.98 57.90
14.0 5.16 37.34 46.12 58.79
14.5 5.23 36.98 47.09 58.8p
15.0 5.15 36.85 47.2C 56.46
Exp H 3.0 31.23] 87.14) 110.20 116.83
3.5 31.83| 97.86] 12446 124.46
4.0 30.31] 92.01] 124.1y 123.94
4.5 28.72| 87.57| 120.19 120.69
5.0 2793 8591 114.7¢ 117.16
5.5 31.07] 89.48| 111.5f 115.31
6.0 31.67| 91.14] 109.72 113.85
6.5 33.21| 91.03] 110.2F 114.70
7.0 35.15| 88.08] 108.08 113.63
7.5 38.02| 90.25| 109.32 114.85
8.0 34.85| 85.37] 103.04 108.05
8.5 32.44| 80.62] 102.35 105.63
9.0 30.91| 76.07 98.8¢ 102.31
9.5 33.42| 79.54 99.89 103.66
10.0 31.08] 79.75 96.43 100.13
10.5 32.71| 77.87 95.11 100.16
11.0 37.20] 71.56 91.14 99.6p
11.5 45.83| 65.94 86.3( 95.14
12.0 50.58| 62.54 83.17 89.0P
12.5 46.84| 60.64 78.61 83.88
13.0 45.90| 58.31 76.1¢ 82.50
13.5 46.21| 55.07 72.55 78.8P
14.0 49.33| 50.71 70.85 75.78
14.5 44.96| 46.12 68.1(C 71.94
15.0 42.11| 47.20 64.41] 70.16
Exp B 3.0 11.71] 27.32 27.90 24.52
3.5 5.36 19.49 21.06 17.30
4.0 2.51 15.16 15.41 14.58
4.5 5.00 16.76 16.76 17.24
5.0 6.94 18.46 22.83 19.72
5.5 5.03 15.72 21.57 17.72
6.0 3.46 10.75 18.71 16.74
6.5 1.08 5.77 15.65 13.63
7.0 -0.76 2.92 13.69 11.44
7.5 -2.81 4.79 11.35 9.15
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Table B-54 (cont'd).

8.0 -3.78 5.90 9.39 9.61

8.5 -5.43 5.56 10.07 8.25

9.0 -3.16 4.54 10.95 9.21

9.5 -2.57 5.32 13.96 10.47
10.0 0.12 8.66 15.33 14.30
10.5 3.58 13.42 19.54 17.95
11.0 12.32] 19.98 26.2] 23.3)
11.5 14.93] 21.40 29.1¢ 24.94
12.0 13.79] 20.30 27.48 25.54
12.5 8.34 16.94 22.60 22.09
13.0 7.65 17.29 22.17 22.08
13.5 7.99 17.39 21.06 21.24
14.0 10.37] 17.09 20.67 22.1b
14.5 9.97 14.68 17.24 18.5)
15.0 5.02 8.68 12.30 10.46
3.0 -14.75| -7.41 9.76 15.00
3.5 -14.09] -8.30 10.36 13.13
4.0 3.36 -4.30 10.60 17.23
4.5 4.63 1.88 10.62 23.21
5.0 5.44 5.55 11.85 23.11
5.5 4.56 8.66 15.22 20.33
6.0 6.00 7.64 16.80 17.7%
6.5 1.54 4.94 13.24 15.3%
7.0 1.33 2.00 10.85 11.21
7.5 4.56 3.05 12.96 7.58

8.0 2.50 3.44 16.87 5.91]

8.5 -1.63 4.29 19.38 6.83

9.0 -6.09 3.65 18.93 8.05

9.5 -5.38 3.96 17.78 9.84

10.0 3.20 7.14 20.08 12.6Y
10.5 10.56| 11.37 23.2( 16.90
11.0 10.90] 12.09 22.71 16.5P
11.5 5.58 10.53 22.19 13.26
12.0 -2.62 7.74 20.54 13.09
12.5 -10.22] 3.45 18.51] 11.75
13.0 -12.14) 2.07 14.95 14.61
13.5 -12.28] 0.97 15.34 13.62
14.0 -14.08] -0.27 10.97 12.68
14.5 -15.43] -1.75 5.63 7.23
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Table B-54 (cont'd).

15.0 -16.00f -0.32 13.80 8.14
3.0 25.73| 18.75 76.92 45.94
3.5 8.54 7.45 30.01 35.64
4.0 1.03 -0.96 24.47 30.01
4.5 4.77 2.45 27.66 33.71
5.0 9.97 9.46 32.52 37.97
5.5 14.89| 18.26 37.09 43.38
6.0 20.57| 25.27 43.17 50.6p
6.5 28.52| 31.70 50.26 60.88
7.0 36.18| 35.47 52.97 66.54
7.5 38.03| 38.55 51.94 64.69
8.0 40.47| 40.12 51.3§ 56.58
8.5 40.30| 39.40 53.23 52.19
9.0 38.07| 37.79 50.73 51.38
9.5 40.43| 45.22 54.01 55.8Y
10.0 47.23| 50.87 55.36 54.5P
10.5 48.70] 48.41 52.39 49.91
11.0 42.61| 4241 44.28 43.3R
11.5 41.16] 41.19 40.48§ 40.811
12.0 40.34| 41.15 39.27 39.58
12.5 32.75] 34.59 36.29 33.96
13.0 25.94| 31.47 33.81 29.49
13.5 25.07| 31.43 36.69 31.2)7
14.0 27.34| 33.48 40.65 37.06
14.5 30.99| 35.30 45.47 45.4p
15.0 52.94| 55.98 65.41 68.72
Exp C 3.0 25.12] 41.08 123.5 40.24
3.5 -0.08 | 39.53 80.89 26.04
4.0 1.93 36.07 90.28 27.08
4.5 6.56 31.37 76.32 27.23
5.0 11.76| 26.77 51.20 24.80
5.5 11.99| 22.98 33.01 22.99
6.0 7.04 16.87 26.08 14.90
6.5 5.36 12.70 28.49 13.12
7.0 8.00 12.30 34.42 13.89
7.5 9.77 15.27 41.10 19.30
8.0 11.22| 21.03 44.07 22.75
8.5 11.49| 25.03 44.55 25.04
9.0 12.74| 27.19 42.9C 23.40
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Table B-54 (cont'd).

9.5 13.16| 25.61 39.97 21.72
10.0 14.02] 24.83 38.4( 20.74
10.5 15.59| 20.66 39.81 21.48
11.0 17.09] 17.10 40.59 21.98
11.5 17.63] 16.13 41.97 21.00
12.0 17.96] 20.92 40.34 18.90
12.5 19.89| 26.89 41.5( 18.98
13.0 21.99| 29.66 40.39 22.18
13.5 25.14| 32.17 38.15 27.30
14.0 28.40| 30.24 37.1( 31.74
14.5 32.59| 29.70 44.67 35.2P
15.0 34.76] 48.99 52.17 42.77
3.0 76.48| 86.04 83.74 226.51
3.5 43.95| 49.82 46.84 143.43
4.0 52.51| 58.03 51.11 137.98
4.5 50.57| 60.88 51.7Q 118.78
5.0 46.14| 61.50 52.97 108.46
5.5 44.19| 60.91 53.25 102.88
6.0 44.35| 57.12 54.3§ 109.81
6.5 42.97| 51.96 55.94 106.61
7.0 36.72| 44,51 53.05 92.8b
7.5 34.75| 43.65 49.73 87.04
8.0 36.49| 45.17 49.10 92.42
8.5 40.73| 49.62 52.25 97.54
9.0 40.77| 50.80 51.10 94.18
9.5 36.24| 47.34 47.31 88.10
10.0 33.42| 47.97 43.97 92.7\7
10.5 32.67| 46.11 42.19 92.60
11.0 30.51] 45.51 40.94 91.08
11.5 26.87| 39.55 37.40 82.38
12.0 28.50| 38.48 33.76 80.90
12.5 28.96| 32.76 32.57 75.4)7
13.0 26.82| 31.76 35.19 71.2P
13.5 23.42| 32.11 44.11 65.26
14.0 18.25| 31.98 45.89 66.28
14.5 11.78] 27.33 38.77 67.38
15.0 15.64| 21.60 40.04 S7.7[7
3.0 -0.08 22.58 3.23 5.10

3.5 0.40 -1.02 2.94 5.46
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Table B-54 (cont'd).

4.0 0.09 3.14 4.03 6.75
4.5 0.77 3.36 5.80 7.43
5.0 0.80 4.60 7.65 8.14
5.5 1.92 4.52 9.42 8.95
6.0 2.36 5.30 12.25 9.73
6.5 3.18 8.28 13.47 10.57
7.0 4.30 12.29 13.75 12.31
7.5 6.13 15.10 14.65 14.64
8.0 7.75 18.20 15.49 18.0%
8.5 7.84 20.61 15.66 21.31
9.0 8.46 21.86 15.44 23.34
9.5 8.91 20.69 14.98 21.83
10.0 10.02] 19.62 15.03 20.1y
10.5 11.46] 18.20 16.81 22.49
11.0 13.48] 19.35 18.52 22.9P
11.5 15.33] 21.29 19.84 24.01
12.0 15.97| 24.22 20.93 26.08
12.5 15.15] 24.60 20.45 26.6P
13.0 13.23] 23.16 19.74 22.91
13.5 11.88] 18.69 19.1¢ 18.1p
14.0 8.03 13.14 15.36 14.24
14.5 4.43 9.10 10.01 11.44
15.0 11.90] 12.49 17.57 14.94
Exp D 3.0 3.23 31.03 33.33 120.29
3.5 3.28 5.81 33.64 66.98
4.0 2.69 9.73 32.28 64.92
4.5 3.26 11.42 30.53 49.45
5.0 7.81 18.21 32.30 49.96
5.5 14.42| 26.34 36.89 48.68
6.0 17.15| 29.27 37.40 52.80
6.5 15.39| 27.18 34.27 49.84
7.0 13.54| 25.68 31.97 48.09
7.5 11.31] 22.80 30.61 44.99
8.0 7.32 18.34 28.71 40.32
8.5 6.39 19.63 30.33 39.91
9.0 7.11 19.57 30.23 38.54
9.5 10.19| 21.25 30.64 37.78
10.0 10.85| 18.85 28.84 34.7b
10.5 11.91] 20.22 30.47 35.2b
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Table B-54 (cont'd).

11.0 9.87 17.71 28.24 31.4
11.5 9.66 18.97 29.53 29.9
12.0 9.34 19.17 27.33 30.3
12.5 7.76 18.44 23.37 32.3
13.0 7.14 18.65 23.23 34.6
13.5 4.93 16.80 22.89 34.4
14.0 3.96 16.80 24.72 36.9
14.5 3.84 19.19 27.97 39.8
15.0 3.06 18.40 23.37 28.7
3.0 19.83| 20.53 39.93 43.1
3.5 2240 24.86 46.47 48.5
4.0 21.87| 26.28 46.01 49.4
4.5 21.00f 30.31 44.7C 51.2
5.0 16.85| 30.36 40.17 48.0
5.5 13.94| 28.39 37.26 45.4
6.0 13.71| 26.43 35.66 44.5
6.5 16.01| 25.86 35.87 45.2
7.0 18.36| 26.28 36.96 46.1
7.5 18.78| 27.37 38.27 46.8
8.0 16.82| 27.95 37.51] 47.0
8.5 15.86| 27.93 37.46 47.4
9.0 16.26| 28.23 37.59 47.8
9.5 17.23| 28.74 38.34 47.7
10.0 17.27| 28.75 37.5] 47.1
10.5 19.20] 28.65 37.89 46.2
11.0 22.48| 28.40 39.34 45.8
11.5 25.08| 28.53 40.07 45.4
12.0 25.06| 28.80 39.28 44.7
12.5 23.85| 29.48 39.37 44.1
13.0 21.78| 26.65 38.57 43.1
13.5 20.46| 24.64 35.33 41.6
14.0 19.25| 23.90 34.09 41.1
14.5 1791 24.77 35.11 42.4
15.0 18.08| 23.60 31.871 42.4
3.0 29.10| 42.49 29.86 44.1
3.5 3.83 17.39 29.39 40.3%
4.0 7.70 26.80 29.94 39.8
4.5 7.02 20.48 26.36 40.8]
5.0 10.31| 17.12 23.41 43.5
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Table B-54 (cont'd).

5.5 13.31| 14.05 21.89 42.5¢
6.0 13.49| 14.32 22.61 41.92
6.5 11.55| 13.10 20.77 40.15
7.0 10.85| 13.17 18.36 39.8p
7.5 12.46| 12.98 17.27 40.25
8.0 12.88| 12.65 17.85 41.4P
8.5 12.39| 1251 18.37 40.86
9.0 11.65| 1221 18.49 40.18
9.5 1194 12.46 18.98 40.05
10.0 11.16] 12.83 19.6( 40.211
10.5 10.71] 13.81 20.01 40.18
11.0 10.36| 15.01 20.19 40.3P
11.5 10.63| 16.32 20.65 41.51
12.0 1144 17.86 21.1] 42.14
12.5 13.12] 17.37 20.8¢ 41.56
13.0 13.10] 15.45 19.2( 38.84
13.5 13.45| 15.44 18.68 38.11
14.0 12.38] 15.49 18.01 37.80
14.5 10.21] 13.18 16.08 36.04
15.0 8.49 13.57 15.77 34.2p

293



Table B- 55. Data for Figure 6-12, cumulative agereesponse.

Average Response (%)

Time
(min) D8 D5 D3 DO
3.0 15.40 30.67 45.42 58.0:1
3.5 10.10 24.33 39.79 49.4
4.0 11.21 24.83 39.85 48.9
4.5 11.51 25.14| 38.75 47 .34

5.0 12.18 | 26.19] 37.74 46.7
5.5 1294 | 27.01] 37.16 45.8

6.0 13.18 | 26.83] 36.97 46.0
6.5 13.24| 26.33] 37.08 46.1
7.0 13.63 | 25.89] 37.03 45.4

7.5 1413 | 26.52] 37.38 45.1
8.0 13.89 | 26.88] 37.08 44.6

8.5 13.74| 27.64] 37.8C 45.1
9.0 13.49 | 27.62] 37.35 44.9

9.5 13.83 | 28.04] 37.31] 44.6

10.0 14.73| 28.53| 37.16 44.6

10.5 1594 | 2857 37.85 45.1

11.0 16.24 | 28.06] 37.74 44.8

11.5 16.60 | 27.53] 37.44 43.5

12.0 16.55| 27.67 36.62 42.9

12.5 15.33| 26.50, 35.28 41.8

13.0 14.40| 25.73] 34.41 41.4

13.5 14.24 25.12 34.54 40.7

14.0 17.68| 28.00] 37.83 44.4

14.5 13.49| 23.97)] 33.89 40.7

NN B O VO NO) N N OO N WO W Uho LU LU O =1V U 4=

15.0 17.30| 28.84] 38.96 44.7
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Table B- 56. Student’s T-Test cumulative respomdexperiments A — H (2 tails, = 0.05)

Significant
Sample 1 Sample 2 P Value Difference
1070 1.544E-
Blank CFU/mL 45 Yes
10nM 4.759E-
Blank CFU/mL 20 Yes
1073 5.118E-
Blank CFU/mL 57 Yes
10nM4 7.782E-
Blank CFU/mL 21 Yes
1075 4.086E-
Blank CFU/mL 72 Yes
1076 7.392E-
Blank CFU/mL 23 Yes
1078 3.775E-
Blank CFU/mL 67 Yes
10M9 5.329E-
Blank CFU/mL 26 Yes
1071
100 CFU/mL | CFU/mL 0.588 No
1073 8.696E-
100 CFU/mL | CFU/mL 11 Yes
10M 6.794E-
100 CFU/mL | CFU/mL 10 Yes
1075 5.894E-
100 CFU/mL | CFU/mL 29 Yes
1076 4.534E-
100 CFU/mL | CFU/mL 14 Yes
1078 3.060E-
100 CFU/mL | CFU/mL 34 Yes
1079 5.694E-
100 CFU/mL | CFU/mL 18 Yes
1073 1.645E-
1001 CFU/mL | CFU/mL 06 Yes
10nM4 9.530E-
10n1 CFU/mL CFU/mL 09 Yes
1075 1.629E-
101 CFU/mL CFU/mL 19 Yes
1076 3.875E-
101 CFU/mL CFU/mL 13 Yes
1078 2.097E-
101 CFU/mL CFU/mL 26 Yes
1079 3.841E-
10" CFU/mL | CFU/mL 17 Yes
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Table B-56 (cont'd).

1074

10"3 CFU/mL | CFU/mL 0.001 Yes
1075 1.470E-

10"3 CFU/mL | CFU/mL 07 Yes
1076 2.395E-

10"3 CFU/mL | CFU/mL 08 Yes
1078 3.954E-

1073 CFU/mL CFU/mL 14 Yes
1079 2.443E-

1073 CFU/mL CFU/mL 12 Yes
1075

10" CFU/mL | CFU/mL 0.592 No
1076

10M CFU/mL CFU/mL 0.013 Yes
1078

10" CFU/mL CFU/mL 0.152 No
1079 3.404E-

10" CFU/mL | CFU/mL 05 Yes
1076

10"5 CFU/mL | CFU/mL 0.001 Yes
1078

10"5 CFU/mL | CFU/mL 0.002 Yes
1079 2.882E-

105 CFU/mL | CFU/mL 07 Yes
1078

1076 CFU/mL | CFU/mL 0.090 No
1079

1076 CFU/mL | CFU/mL 0.092 No
1079 2.904E-

1078 CFU/mL | CFU/mL 04 Yes
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