


"HESIS LIBRARY
Michigan State
University

t

L)

oo

This is to certify that the
dissertation entitled

DNA BASED BIOSENSOR FOR THE DETECTION OF
ESCHERICHIA COLI IN WATER SAMPLES

presented by

Maria I. Rodriguez- Lépez

has been accepted towards fulfillment
of the requirements for the

Doctoral degree in Biosystems and Agricultural
Engineering and Civil and
Environmental Engineering

-

<Clra b

Major Professor's Signature
/2 / /% / 4

Date

MSU is an affirmative-action, equal-opportunity employer




PLACE IN RETURN BOX to remove this checkout from your record.
TO AVOID FINES return on or before date due.
MAY BE RECALLED with earlier due date if requested.

DATE DUE

DATE DUE

DATE DUE

607 p CIRC DateUue inad-p 1



DNA BASED BIOSENSOR FOR THE DETECTION OF ESCHERICHIA COLIIN
WATER SAMPLES

By

Maria I Rodriguez-Lopez

A DISSERTATION
Submitted to
Michigan State University

in partial fulfillment of the requirements
for the degree of

DOCTOR OF PHILOSOPHY

Departments of Biosystems and Agricultural Engineering and Civil and Environmental
Engineering

2007



ABSTRACT
DNA BASED BIOSENSOR FOR THE DETECTION OF ESCHERICHIA COLI IN
WATER SAMPLES
By
Maria I Rodriguez-1.6pez

The principal goal of this research was to demonstrate the efficiency and capability of a
model biosensor using Escherichia Coli DNA synthetic oligonucleotides for fast and
accurate detection E. col/i DNA. Molecular biology and cyclic voltammetry (CV) were
combined to develop and test a modcl DNA-based biosensor. The hybridization
capability of embedded DNA into polypyrrole (PPY) with complementary DNA samples
was determined.

The biosensor platform evaluated was a Platinum (Pt) electrode elctropolymerized with
PPY. The recognition elements were oligonucleotides specific for B-D glucuronidase.
The biosensor was capable to generate distinctive CV signals for complementary and
non-complementary DNA sequences. Cyclic voltammetry scanning between 0.0 and
+0.70 V and 50 mV/s scanning rate were used to generate current vs. potential graphs. A
range of DNA concentration of 10 g to 10° g was used to determine the hybridization
signal recognition of the biosensor. Distinctive hybridization signals were obtained after
30 minutes hybridization time. The biosensor platform proved to be effective in the
detection of complementary uidA 25 bp oligonucleotide and genomic DNA from E. coli
K-12. The biosensor was successful in discriminating for cross hybridization using

Sualmonella typhimurium and Campylobacter jejuni. Genomic DNA isolated from natural



waters demonstrated the capability of the biosensor to detect E. coli from environmental

isolates. The total detection time took 40 minutes after sample preparation.
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INTRODUCTION

Safe and clean water is a requirement for good public and environmental health. The
detection of coliform bacteria by culture techniques, such as Escherichia coli (E. coli), is
a standard test for water quality assessment. The presence of coliforms in any water
source may indicate inceffective treatment, loss of chemical disinfectants, bacterial
breakthrough, and intrusion of contaminated water into potable water supply or re-growth
problems in the system. According to the Centers for Discase Control and Prevention
(CDC). there is a rise in waterborne disease outbreaks. Reports from 1999 and 2000 (Lee
2002) show a total of 39 of these outbreaks involving drinking water in 25 states, more
than double the 17 outbreaks reported in 1997-98 (Barwick 2000). Even though the cases
of waterborne outbreaks have decreased from 39 to 31 in the latest CDC report from
2002, outbreak cases in surface recreational water has been on the rise with 65 cases
(Yoder 2004). Because of the increase in such water outbreaks. rapid detection methods
for E. coli in drinking and recreational waters can minimize the impact of these
outbrecaks. Current detection methods recommended by the America Water Works
Association (AWWA) are very sensitive but require 24 to 48 hours for confirmation and
are labor intensive (APHA 1998).

The development of analytical devices for rapid detection and monitoring of chemical
and biological spccies has led to the emergence of biosensors. The biosensor
technology promises to offer new detection alternatives for E. coli and other pathogenic
bacteria. A biosensor uses a specific biological recognition agent, such as enzymes or

nucleic acid in the form of DNA oligonucleotides, in close proximity to a transducer and



converts the recognition event between the recognition agent and the target analyte into a
measurable signal.

Conductive polymers, such as polypyrrole (PPY) and polyaniline (PANI), are being
extensively rescarched for their application in biosensors. To improve the signal
transduction of conductive polymers, a highly conductive electrode is also used such as
gold, platinum and glassy carbon. Electrochemical techniques, such as cyclic
voltammetry, provide a way for the formation of the polymer film into a solid electrode
such the conductive metal.  Traditional molecular biology tools such as DNA
oligonucleotides can be used as the dopant for the polymer film as well as the recognition
agent for the biosensor. Combining two traditional techniques, such as cyclic
voltammetry and DNA oligonucleotides, gives rise to the innovative creation of DNA
based biosensors and a proliferation of research options in this emerging technology. The
use of such electrochemical and molecular biology techniques can also add the benefit of
obtaining a recognition signals independent of expensive labeling chemicals.  The
merging of those two classical techniques offers some important benefits that are
indispensable for biosensors, rapid detection times, and specificity for a target in cost
efficient manner. The use of conductive polymers and cyclic voltammetry to detect a
target biomolecule such as DNA has led to the development of multiple biosensors for
clinical applications. Recent interest of biosensor development extends to public health
and environmental applications.

The focus of our interest is the use of polypyrrole (PPY) in developing an E coli

biosensor for water quality monitoring. At the moment. no one has proven the

(3]



effectiveness of a platinum (Pt)- -PPY-DNA-biosensor using environmental DNA
samples.

The principal goal of this rescarch was to develop a highly specific, sensitive, real-time
DNA-based biosensor for the potential detection of fecal coliforms in water. Molecular
biology and chemical electro-deposition techniques were combined to develop and test a
DNA -based biosensor.

The biosensor platform evaluated was a Platinum (Pt) electrode electro-polymerized with
polypyrrole (PPY). The recognition element was a 25 base pair (bp) oligonucleotide
specific for Escherichia coli. Nucleic acids isolated from pure E. coli cultures and from

water samples served as the analyte. The specific objectives of this project were:

1) To incorporate a uidA gene oligonucleotide into a polypyrrole-coated platinum

electrode biosensor system.

2) To determine the functionality and sensitivity of the DNA biosensor using different

concentrations of oligonucleotides.

3) To test the specificity of the biosensor using DNA from E. coli pure culture and

other common waterborne pathogenic microorganisms.

4) To determine the performance and stability of the biosensor in the presence of

environmentally isolated total DNA from surface water samples.



Hypothesis 1

A 25 bp oligonucleotide (uidA gene) will be absorbed successfully into polarized regions
of the PPY film using cyclic voltummetry due to electrostatic interactions berwveen the

negatively charged DNA and positively charged PPY polarons.

Hypothesis 2

The hybridization of complementary uidA oligonucleotides from E. coli K-12 will be
distinguished from non-complementary sequences due to the change in current (I) after

application of a potential (V) in a real-time hyvbridization event.



LITERATURE REVIEW



CHAPTER 1: WATER QUALITY REGULATIONS



Section 1.1. Historical Background on Water Quality Regulations and Outcomes

Lack of safe drinking water is one of the main causes worldwide for the high mortality
rates (Beaglehole 2004). A significant fraction of the worldwide population is in nced of
safe water supplies for consumption. The World Health Organization has estimated that
over 2 million people die from a disease caused by contamination of drinking water and
improper sanitation a year. Annually, there are at least 200 million cases reported of
diarrhea caused by waterborne nature and at least 2.1 million dcaths are reported due to
similar circumstances (WHO 2004) .

For the last three decades there has been a global effort to identify and study a variety of
waterborne agents that includes Escherichia coli, Cryptosporidium, Legionella, Vibrio
cholerae, hepatitis E virus. Toxoplusma, Helicobacter pylori among many others.
Human activity near water supplies is one of the major contributors to the emergence and
spread of waterborne discase agents. The impact of human activity and use of water
supplies with some other economical and social practices facilitate the spread of the
diseases. Other contributing factors are the lack of water treatments. and the lack of
regulation and enforcement in public health systems. Human demographics
(overpopulation) and human behavior (contamination of water sources, lack of sanitary
practices) as well as international travel and commerce, are major contributors to the
spread of diseases in developing countries

In the United States, the number of waterborne discase outbreaks has declined over the

last two decades, in part due to the efforts to enforce regulation of public health systems



by the U.S Environmental Protection Agency (EPA) in conjunction with public health
entities, water supply utilities and local community citizens. The study and reporting of
waterborne disease outbreaks is performed by the Centers for Disease Control and
Prevention (CDC). The development and enforcement of the Clean Water Act in 1972
has significantly helped the spread and control of the diseases and probably has
contributed to the reduction of outbreaks in the last 30 years. Created in 1972, the
Federal Water Pollution Control Act has passed through several revisions and
amendments in 1977, 1981, 1987, 1990 and most recently, in 2002. The Act established
the guidelines for regulating discharges of pollutants into the waters of the United States.
It gave EPA the authority to implement pollution control programs, such as setting
wastewater standards for industry. The Clean Water Act also set water quality standards
for all contaminants in surface waters including microbiological agents.  Since the
1970's, the CDC, the EPA, and State agencies have developed and maintained a
surveillance system for collecting and reporting data associated with discase outbreaks
associated to drinking water and recreational water. Both Federal agencics, as well as the
drinking water industry, are collaborating to better estimate the risk of waterborne
discase, develop better methods for detecting new pathogens in drinking water, and
identify human and animal sources of water contamination. Despite their declining
occurrence, 127 waterborne discase outbreaks occurred during the last decade (Barwick
2000). A total of 31 outbreaks caused by drinking water were estimated during 2001-
2002 (Blackburn 2004). These 31 outbreaks caused health problems to 1.020 person and
resulted in 7 casualties (Blackburn 2004). The data obtained in the surveillance for

waterborne diseases showed that the agent that caused the outbreak was identified in 77%



of the cases. Seventy nine percent (79%) of the cases were associated with microbial
pathogens that include Legionella species, Shigella, Sulmonella species, norovirus,
Giardia intestinalis, Cryptosporidium, Nalgeria fowleri, Escherichia coli O157:H7,
Campylobacter jejuni and Yersinia enterocolitica.

Even though there is a decrease of waterborne discase outbreaks from drinking water
supplies, the cases of outbreaks mediated by recreational waters has been in the rise in the
last 30 years. A total of 65 outbreaks were detected, affecting a total of 2,563 persons
and causing the death of 8 individuals (Yoder JS 2004). Of these cases, 46.2% involved
gastroenteritis, of which 50% were caused by Cryptosporidium and 25% were caused by
E. coli. All the fatalities (12%) were attributed by amebic meningoencephalitis caused by
Naegleria fowleri. All the cases involving toxigenic E. coli were reported in fresh water
venues. The increase in the number of outbreaks from recreational water could probably
be due to the increase of surveillance and reports at both the local and state levels
combined with true increases of waterborne discase agents. The increase on recreational
water outbreaks might serve as a motivation for the development of fast sensitive
biosensors for the detection of waterborne discase agents in all water supplies.

The detection and removal of pathogenic bacteria from water sources is a task that
requires a great deal of effort from specialized personnel and is of major economic
concern for the community and government agencies in charge of the process. One of the
most common pathogens disseminated in water sources is a group called enteric
pathogens. The presence of such pathogens is due to the human activity near or at water
sources that produces fecal contamination. When enteric pathogens such as Escherichia

coli (E. coli) and E. coli O157:H7 are present in water sources. generally they are present



in very low concentrations. Therefore, very specific and sensitive methods are needed to
successfully detect them, and usually the task is very time consuming. Another more
diverse group (Coliforms) is more commonly used as an indicator of water
contamination. The presence of coliforms in any water source may indicate incffective
treatment, loss of disinfectant, bacterial breakthrough (McFeters et al. 1986; Geldreich.
E.E. 1992), intrusion of contaminated water into potable water supply (Clark 1980), or

re-growth problems (LeChevallier 1990) in the distribution system.

Section 1.2. Fecal Coliforms

The coliform group includes organisms from various genera and species that belong to
the Enterobacteriaceae family. Various definitions exist for the coliform group. The
most widely used definition is the one described in the Standard Methods for the
Examination of Water and Waste Water (APHA 1998). The coliform group is described
as acrobic and facultative anaerobic, Gram negative. non-spore-forming, rod shaped
bacteria (APHA 1998). Member of this group are lactose fermenters and produce gas
within 48 hrs at 35°C. The most common way to identify this group is by the multiple
tube fermentation technique in which the gas formation and acid formation are
confirmed. Another very commonly used technique is membrane filtration, in which the
water source is filtered and the bacterial cells are collected onto membranes that are
incubated onto an agar plate with Endo Agar that contains lactose. After a 24-hour
incubation at 35°C, red colonies with a metallic green sheen can be observed.  Another
criterion used for the characterization of the coliform group is the production of the B-D-

galactosidase enzyme. This test is a confirmatory step after lactose fermentation. There
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are variations within international communitics about the definition of coliform groups.
The United States and Canada follow the same definition as appeared in the Standard
Methods for the Examination of Water and Waste Water. The European countries vary
slightly depending on the regulation group. The French Standardization Association
(AFNOR 1990) includes in their definition of coliforms oxidase-negative and the ability
to grow in the presence of bile salts within 48 hrs at 37°C.  AFNOR also includes the
thermotolerant coliforms (fecal coliforms), specifically E. coli, which is capuable of
growing at 44°C and retains its fermentation properties at this temperature.

All regulation agencies from different countries are commonly enforcing very stringent

guidelines for the presence of coliform in water sources (Table 1.1).

Table 1.1. Total coliform and E. coli limits from US and international regulation agencies

Country Limits on Limitson Population Samples/month
total E. coli measurements
coliforms

United States 0/100ml(95%) 0/100ml 1710000 inhabitants

(100%)

Canada® 0/100ml 0/100ml <5000 4 samples/month

(90%) (100%) 5000-9000 171000 inhabitants
>9000 90+(1/10.000
inhabitants)
World Health Org 0/100ml 0/100ml
¢ (95%) (100%)

*US Environmental Protection Agency (1990)

® Ministére de la Sante (1996)

¢ World Health Organization (1994)

Because of the constant presence of E. coli in warm-blooded animals™ intestinal flora, this
organism is the best indicator of fecal contamination from humans.  Theretore the

absolute absence of E. coli in drinking water is a standard guideline.  There are three
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principal detection methods approved by the US EPA: the multiple tubes fermentation
test, the membrane filter technique and the presence-absence test (ONPG-MUG).
AFNOR approved only the first two methods. All these methods exhibit limitations such
as long periods of incubation time (24-48 hrs). interference from antagonist organisms,
lack of specificity to coliform group, and low levels of detection for slow growing
organisms.

The total growing population can be enumerated by these methods (Amann et al. 1990).
Many factors including metabolic, nutritional and environmental factors can contribute to
a non-cultivable status or an active but non-cultivable states (Roszak and Colwell 1987,
Colwell 2000; Joux 2000). The use of biosensors could diminish the issue of detection of

non-cultivable microorganisms because of the lack of growth using traditional methods.



CHAPTER 2: CLASICAL METHODS OF ISOLATON,
QUANTIFICATION AND IDENTIFICATION OF WATER

PATHOGENS
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Section 2.1 Classical Cultivation Techniques

Multiple-tube-fermentation technique (MTF)

Multiple-tube-fermentation technique (MTF) is one of the oldest techniques used (for
over 80 years) for water quality monitoring purposes. The method utilizes serial decimal
dilutions from the original water samples followed by the inoculation of each dilution
into a lactose or lauryl tryptose broth. After 48 hours of incubation at 35°C, the
production of gas and acid formation along with cell suspension constitutes a positive
result. A confirmatory test is then performed checking for the formation of gas after
incubating in a brilliant green lactose bile broth for 48 hours at 35°C. The MTF result is
presented in the form of the most probable number (MPN). MPN is a statistically semi-
quantitative test that estimates the number of cells (APHA 1998).  Several factors can
contribute to the effective detection of coliforms using MTF. The presence of naturally
occurring bacteria in environmental water samples can interfere with the detection of
coliforms (Seidler et al. 1981) and the culture media can interfere with cell growth
(McFeters et al. 1982). The extensive time (48 hours) from presumptive test to
confirmatory test is significant. Nevertheless, this technique is still the preferred one over

other methods for highly turbid water samples.

Membrane Filtration Technique (MF)

Membrane Filtration Technique (MF) is one of the most widely accepted techniques all
over the world. A fixed volume of the water sample is filtered through a 0.45 pm pore
size that holds the bacterial cells. Then the filter is placed onto an agar plate with a
selective medium and incubated for 24 hours at 35°C. The most widely used medium in
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the US is m-Endo-type (APHA 1998) while the most common medium in Europe is the
Tertigol-TTC (AFNOR 1990). There have been studies that demonstrate that Endo Agar
yield a higher number of colonies that can be considered as false positives or negatives
(Grabow and du Preez 1979). Because of the presence of false positives and false
negatives, coliform verification is recommended after incubation with these media.
However one of the drawbacks of these techniques is the interference of background
microorganisms from the water samples with coliform growth (Clark 1980).

An effective water treatment process introduces many chemical, mechanical and
environmental factors that affect the survival of these microorganisms, as shown by
several researchers. In some cases the microbial cells may be damaged but not
completely disrupted.  In such cases the presence of viable but non-cultivable
microorganisms represents a serious problem for accurate quantification and detection.
Chlorination processes can damage cells and increase the sensitivity to culture medium
salts, therefore interfering with growth (L.eChevallier et al. 1983; McFeters et al. 1986).
Another effect caused by chlorination to the cells is catalase enzymatic activity inhibition
(Calabrese and Bissonnette 1990). The inability to synthesize catalase produces an
accumulation of hydrogen peroxide that is toxic to the cell (Sartory 1995). Other
processes like ozonation are equally disrupting to the cells (Adams et al. 1989). All these
techniques are extremely effective for the elimination of bacterial cells from water
sources but because of the disruption eftects on the cells, they represent a challenge in the
quantification process of viable but non-cultivable organisms.

The MF technique offers an advantage over the MTF because large volumes of water

sample can be processed. The increase in volume translates into a higher yield of



organisms and higher sensitivity. Quantification of coliforms is very reliable using this
technique. However, the process takes 24 hours, and confirmation requires up to 48

hours.

Section 2.2. Enzymatic approach

The MTF and MF techniques are based on metabolic reactions that can also be
determined by the detection of the enzyme to be targeted. In general, these enzymatic
reactions are fast and provide great sensitivity. One of the most common enzymes used
to detect the coliform group and E. coli is B-galactosidase, which breaks down lactose
into galactose and glucose. The other most common E. coli enzyme is B-D-
glucuronidase. This particular enzyme breaks down B-D-glucupyranosiduronic derivates
into alycone and D-glucuronionic acid. This enzyme has been known to be specific to E.
coli (Kilian and Bulow 1976). The methods for the enzymatic detection are based on
chromogenic (color) or fluorogenic (fluorescence) measurements. At the enzyme-
substrate formation, there is a cleavage of the chromogenic or fluorogenic molecule from
the compound, releasing immediate fluorescence (Chrost 1991). Presence’/absence and
enumeration techniques have been combined with enzymatic mecthods such as
incorporation of one fluorogenic substrate into the MTF technique (Feng and Hartman
1982). In the presence of E. coli, the hydrolysis of MUGIu (4-methyllumbelliferyl-p-D-
glucuronide) releases a fluorescent compound visible under UV light. This technique

needs at least 18 hours of incubation for positive results. A variation of this technique
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was tested using an additional substrate called ONPG (O-Nitrophenyl-B-D
Galactopyranoside) (Edberg and Edberg 1988). This technique showed a sensitivity of
one colony forming unit (CFU)/100 ml water sample (Rice et al. 1990) and required 24
hours of incubation time. This technique has been developed into several commercially
available tests like Colilert (IDEXX Laboratories, Portland, ME), Colisure (Millipore,
Bedford, MA) and ColiQuick (Hach. Loveland, CO). A more recent test, Quanti-Tray
(IDEXX) is used in the MPN format for estimated quantification. In conclusion, these
enzyme-substrate compound methods have overcome the high throughput quality of
traditional methods but still require 24 hours for positive results. They are very reliable
and highly specific, but generally are expensive.

Other methods that do not require cultivation steps have been developed more recently
(George et al, 2000).  One technique is based on the fluorogenic detection of B-D-
glucuronidase and B-galactosidase from freshwater samples in 30 minutes. However, the
detection limits of the technique are above the regulation standards (20 CFU/100ml for
fecal coliforms and 340 CFU/100ml for total coliforms). Although these techniques have
improved the efforts required from the traditional culture techniques, they are still not

able to reliably detect non-cultivable or injured microorganisms.

Section 2.3 Molecular Biology Approach

Immunoassays

Immunoassays are based on the rapid detection of a biomolecule without the need of a
long incubation period. One of the most common methods involves immunological

detection of antigen-antibody complexes. The use of a monoclonal antibody was
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developed using enzyme -linked immunosorbent assay (ELISA) for the detection of
enterobacterial common antigen from water samples (Obst et al, 1989). In 1989, ELISA
techniques had a high detection limit (10°cells/ml) and required 24-hour incubation
periods. The technique also exhibited cross reactivity with cells from the Pseudomonas
and Aeromonas groups. This cross-reactivity makes it unreliable for evaluation of water
samples since it will most likely react with non-target natural microflora (Obst 1989).
The production of these monoclonal antibodies is also very complicated and not cost-

effective.

Nucleic Acids Approach

Nucleic acid hybridization can be defined as the recognition of two complementary
sequences between a probe and a target. The hybridization can occur between two DNA-
DNA molecules or two DNA-RNA molecules. A successful hybridization depends on the
specificity and the degree of homologous sequences between probe and target hybrid.
Most hybridization methods can be performed without cultivation steps and include the
direct extraction of the nucleic acid from the environmental sample. The use of nucleic
acids also enables the specificity of the organisms to be at the class. genera, species or
subspecies level. This discussion will be focused on the two most current methods that
are available for the application of water monitoring. Polymerase Chain Reaction (PCR)
uses the amplification of a target fragment using different cycles of replication. The end
product is an exponentially amplified quantity of the initial target molecule. The PCR
amplification requires a set of primers that are specific for the target molecule. It also
requires a thermally stable replication enzyme known as Taq polymerase, which can

increase the cost of the test significantly This technique has been widely applied in the
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amplification of coliform group from water samples (Bej et al. 1990). Other waterborne
pathogens have also been detected using PCR (Burtscher et al. 1999; Waage et al. 1999).
The design of specific primers for the detection of the coliform group has presented a
challenge over the years mainly because of the variation in the definitions of the coliform
groups discussed earlier in this chapter. For example, the design of primers specific for
the lacZ gene has been used based on the detection of the B-galactosidase enzyme by
enzymatic methods. Several rescarchers have been able to identify coliforms with a
concentration as low as 1 cell/100ml (Bej et al. 1990; Bej et al. 1991b; Fricker and
Fricker 1996). But results revealed a cross hybridization with non-coliform associated
bacteria, thus more specific primers are needed. Other genes have been also used as
targets, such as the malB gene that codes for a transport protein in E. coli and some
strains of Shigella and Sulmonella (Bej et al. 1990). The gene that codes for the enzyme
B-D- glucuronidase, known as widA, is commonly used for identification of diverse
aquatic strains of E. coli. The use of the widA gene was proposcd by Bej et al (1991).
Other researchers have successfully used the widA gene in combination with another
region of the same gene, widR (Igbal et al. 1997). These primers are specific for both E.
coli and Shigella and present a better alternative of the PCR method than using the lacZ
gene mentioned previously. The use of the widA gene presents an advantage over other
gene segments because it is E. coli specific and it also detects the pathogenic strain of E.
coli O157:H7. This pathogenic strain cannot be detected using the enzymatic reaction for
B-D-glucuronidase. Although it contains the widA gene it does not express the enzymatic
product (Feng et al. 1991). The identification of the 16STRNA molecule ofters great

specificity and is an alternative for identification of microbial strains. A set of primers
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have been designed for the DNA sequence that codes for the V3 and V6 regions of
16SIRNA of E. coli and Shigella (Tsen et al. 1998). The detection of the hybridization
signal was usually corroborated using radionucleotide labeled probes like *2P. The PCR
amplification usually takes 2-3 hours to complete, but the samples must be exposed to
radioactivity for at least 24 hours to develop measurable signals. Faster, radioisotope-
independent techniques have been developed that use biotinylated (Juck et al. 1996) or
fluorochromes-bound primers. PCR based methods are very sensitive but they lack the
ability for quantification or to discriminate between viable and non-viable organisms.
Various studies attempted the PCR-quantification application for water samples
(Toranzos et al. 1993; Zachar et al. 1993), but no technique has been found to be a
reliable method that substitutes for the traditional water quality methods. The
development of the real time PCR is a promising alternative for the use of molecular
techniques in a quantitative way. Real time PCR uses fluorochrome signals along the
amplification process. The monitoring of the fluorescent signal is studied during the
exponential growth phase of the PCR cycle (Heid et al. 1996). The real time PCR has
been used regularly and successfully in the detection of clinically important pathogens
such as enterohemorragic E. coli and enterotoxigenic E. coli (Carroll 2001). Several real
time amplification systems are available such as GenAmp (Applied Biosystems) and
LightCycler (Roche, Manheim, CA).

In general, most nucleic acid molecular biology techniques are extremely sensitive but
some limitations are encountered when dealing with environmentally isolated samples.
The extraction of nucleic acids is performed to the total cells present in the sample. and

PCR cannot differentiate between viable and non-viable cells. Another drawback of
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nucleic acid methods is the reaction inhibition by chemical components in the water
samples such as colloid material and humic acids (Way et al. 1993, Straub et al. 1995).

Besides PCR, other nucleic acid methods include in situ hybridization techniques. The
design of nucleic acid probes that target 16STRNA molecules are the most common for in
situ hybridization processes (Olsen et al. 1986). The primary application is for
classification of microorganisms in philogenetic studies (Amann et al. 1990). Besides the
high specificity of this molecule it also confers a sensitivity quality because of larger
number of copies mitochondrial RNA per cell than of genes. For example, there are four
copies of the uidA gene per cell versus 10 to 10° ribosomes per cell. Fluorescent in situ
hybridization (FISH) labeled probes are very popular and offer various advantages such
as being radioisotope free, thus safer to the rescarcher, and requiring less time to process
the signal. The most common fluorescent probes are fluorescein, rhodamine (Del.ong
1993), Cy3 and CyS (Wessendorf and Brelje 1992; Ouverney and Fuhrman 1999). The
major disadvantage of fluorochrome dyes is that they are expensive and require
expensive scanning devices to detect the signal intensity. Beyond the absence/ presence
of the fluorescence, the analysis of data for quantification process requires training in
data management. Another disadvantage in the use of FISH for water quality detection is
the non-availability of a specific probe that identifies the total coliform group. There are
probes available for the Enterobacteriaceae family (Mittelman et al. 1997) for clinical
pathogens. Another group of FISH probes were developed for the examination of
wastewater samples (Loge et al. 1999). More FISH probes specific to E. coli have been
developed (Poulsen et al. 1994; Regnault et al. 2000). These probes have been used for

the detection of E. coli from various sources such as clinical samples, natural and sewage
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waters as well as food samples. A set of these probes was also designed for drinking
water (Delabre 2001). The developed probes for drinking water examination proved not
to be efficient due to the low number of ribosome copies obtained after water treatment
processes (Lebaron et al. 1997). An application of FISH using manual epifluorescence
enumeration was obtained using environmental water samples with a detection limit of 1
cell/ml in 7 hours (Ootsubo et al. 2003). Very recently, the combination of whole cell
hybridization with a direct viable count (DVC-FISH) enabled the detection and
enumeration of highly diluted viable Enterobacteriaceae cells in one day (Baudart et al.
2005). Still, these techniques involve the use of very expensive fluorescent dyes and
expensive scanning equipment for laser scanning cytometry (LSC, ScanRDI, Chemunex,
Ivry sur Seine, France). However, latest results indicate the rapid application of such
biological techniques to water quality monitoring.

Another interesting application of molecular biology to water monitoring has been the
development of a peptide nucleic acid (PNA) for E. coli detection using in situ
hybridization. The PNA is a synthetic nucleic acid where the sugar backbone has been
replaced with a peptide backbone. This infers more stability to the nucleic acid and
facilitates the incorporation of PAN into different substrates. This substitution confers
more resistance to salt concentrations, more binding capacity of the PNA to any
substrate, and shorter periods of hybridization (Fricker and Fricker 1996; Prescott and
Fricker 1999). A drawback of the use of PNA is that they are detected after two weeks of
water collection, an indication that the technique does not difterentiate between viable

and non-viable microorganisms even after a longer period of time.



The inability to distinguish between viable and non-viable organisms has been also
addressed for the use of FISH and rRNA for monitoring contamination of drinking water.
This technique has established that rRNA content in water samples may not reflect the
true growth status of the cell. Ribosomal RNA molecules have been detected after
chlorination, heat deactivation (Sheridan et al. 1998) and UV irradiation (McKillip et al.
1998). These molecular techniques have contributed to the application of nucleic acid
techniques to more cost efficient, time efticient biosensor technology for fast and

accurate monitoring of water systems.
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CHAPTER 3: HISTORICAL BACKGROUND ON CONDUCTIVE

POLYMERS
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Section 3.1. Historical Background

In 1910, Green and Woodhead reported the discovery of an aniline polymer that
displayed an increased electrical conductivity after being treated with acetic acid. After
these developments, scientists around the world worked to create organic substances
(polymers) with metallic conductivity properties. In 1977 Shirakawa and Ikeda
succeeded in polymerizing polyacetylene (PAc) in a film format (Shirakawa 1977). This
was the first intrinsically conductive polymer (ICP) ever discussed in literature.

Polypyrrole (PPY) is a polyheterocycline that has been extensively studied as a
conductive polymer-forming film (Kanazawa 1979). One of its applications is the
electrochemical deposition onto n-silicon for solar cell fabrication (Audebert 1985).
Some researchers have used PPY films with a neurotransmitter as a mechanism for
controlled relased of drugs into the brain (Zinger and Miller, 1984). An example of the
multiple uses of conductive polymers is polyaniline (PANI), which has been used by
Hitachi-Maxel for anti-static coating of a 4 MB barium ferrite floppy disk (Friend 1993).
The synthesis of PANI and PPY has been carried out on various substrates such as
platinum (Pt), gold (Au), iron (Fe). aluminum (Al), stainless steel and carbon fibers, by
both chemical and electrochemical methods. Electropolymerization is an effective
technique for the deposition of polymer coatings onto various substrates (Su 1999). An
example of these applications was demonstrated by the fabrication of an electrochemical
(conductometric) biosensor using polyaniline molecules as its transducer by Dr.

Evangeline Alocilja’s laboratory group at Michigan State University. The lower limit of
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its detection was determined to be 10' E. coli O157:H7 colony-forming units per ml
(cfu/ml) in 6 minutes without use of reagents (Muhammad-Tahir and Alocilja 2002).
Microbial testing in food is expected to increase due to food safety regulations (Alocilja
and Radke 2003), and the electrochemical biosensor has great potential for
commercialization for that application. Some other promising applications of biosensors
are distributed among various ficlds, such as biotechnology, food and agriculture product

processing. health care, medicine and environmental pollution monitoring.

Section 3.2. Electrochemistry of polypyrrole

The oxidation of pyrrole to produce polypyrrole has an electrochemical stoichiometry
different from more traditional electrochemical polymerization reactions. The bulk of the
polymerization reaction takes place away from the electrode surfaces. The product is an
electroactive film with conductive properties which is very stable and can be exposed to
air. These free-standing films can be peeled off from a metal clectrode and are casily
manageable.

The polymerization reaction proceeds via radical cation intermediates.  The reaction is
sensitive to the nucleophilic environment in the region near the electrode surface, limiting
the choice of solvents and electrolyte. The electrolytic salt needs to be soluble. Halides
are highly nucleophilic and easily oxidized. This interferes with the quality of the film
production.

Electrode-film preparation has been achieved best by using three cell electrodes (Figure

3.1). The nature of the working electrode is critical for the film preparation. The films
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are produced by an oxidative process, so the electrode should not exhibit oxidative

properties. Platinum or gold are excellent working electrodes.
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Figure 3.1 . Electrochemical cell configuration. Figure courtesy of Dr. Greg

Cu foil——

Swain’s Laboratory, Department of Chemistry, Michigan State University

Stoichiometric Polymerization Reaction

The polymer chains of polypyrrole consist of linked aromatic units, which are coupled
(Figure 3.2). The coupling occurs at the carbon atoms, which are the most reactive
toward addition and substitution reactions (Genies 1983). After the initial oxidation step,

there is a coupling reaction, followed by a de-protonation and a one-electron oxidation in
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order to regenerate the aromatic system. The initial coupling reaction involves two
pyrrole monomers to produce dimmeric intermediates, and there is a steady-state
coupling reaction, that involves the reaction of a pyrrole monomer with the oligomeric
and polymeric intermediates. The original radical cation may undergo a radical coupling
reaction with another radical to form a dimmer. or it may react as an electrophile and add
to a neutral monomer.

Since the coupling reaction must involve the coupling of two radical cations,
polymerization reaction proceeds only when the potential is sufficiently high to oxidize
the monomer (Genics 1983). At these potentials, the concentration of the neutral
aromatic species is zero at the electrode and negligible in the region of the electrode. In
the initial stages of the reaction, the charge consumption which accompanices the polymer
formation is linearly dependent on the time and independent of the concentration of
pyrrole for a constant potential electrolysis. Under steady state conditions, the coupling
reaction must also occur between the radical cation of pyrrole and the radical cations of
oligomers, since the dimmer, trimmer. and polymer are more easily oxidized than the
monomer (Diaz 1986) They will also be present in the oxidized state and not the neutral
form during the polymerization reaction. Under steady-state conditions, the current (1)

depends on the rate of diffusion of pyrrole to the region of the clectrode (Genies 1983).
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Electroactivity and Conductivity

The electroactivity of polypyrrole films (200-400A) was demonstrated to be chemically
reversible and can be driven repeatedly without loss of electroactivity (Diaz 1980, 1981).
Polypyrrole has a low oxidation potential; it is very sensitive to oxygen in the air. The
rate of switching is limited by the mobility of the anion in and out of the film where the
linear diffusion rates are 10" %cm?*/sec (Genies 1983).  As a result, the switching rates are
very sensitive to the anion. The rate of oxidation is slightly faster than the rate of
reduction. This rate dependency on the anion gives rise to very complicated cyclic
voltammograms which represent the combined faradaic and capacitive currents (Diaz
1986) and whose forms are not fully understood. The anion influences the kinetics of the
reaction and does not influence the switching potential.  The switching potential of the
film is sensitive to the presence of substituents along the polymer chain, affecting the
stability of the film in air. The presence of any substituents in the nitrogen of the pyrrole
unit makes the switching potential move towards the anodic side by about 0.6 V which is
sufficient to make the film stable in air. This added stability greatly simplifies the

handling and storage procedures for the films.

Section 3.3. Practical Applications of Intrinsic Conductive Polymers (ICP)

New areas of application have been developed for the use of ICP’s and its blends. These
alternatives to conventional materials offer possible solutions to technical problems. One
of the major uses for ICP’s is the use of polyaniline in dispersion paints. Its use creates
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an antistatic coating. It is also used for anticorrosion coating systems and has contributed
to the creation of ultra thin (200nm) layers for coating materials such as printed circuit
boards.

The earliest reported ICP application was in free standing sensor devices. These sensors
detected and measured levels of doping within the same material upon exposure to vapor-
phase dopants. The early work of Shirakawa (Shirakawa 1977) and other rescarchers
(Chiang 1977; Wnek 1980; Dury 1981; Guiseppi-Elie 1983) described the doping of
polyacetylene by vapor iodine, bromide and AsFs within tubes outfitted with conductive
polymers. The sensor was a strip of un-doped polymer film with known physical
dimensions suspended within the vapor stream of the dopant. The current within the
probe was monitored using a probe to measure current. This simple sensor served as the
basis for evolution of sensor applications using conductive polymers. Today various
sensor configurations exist, contributing to various fields, such as electrochemistry,
analytical chemistry, material science, biochemistry and biotechnology. Past and current
research on ICP’s is as wide as the areas of its applications. These studics cover a wide
range, from fundamental scientific research on redox mediation and clectrocatalysis,
sensor device configurations and design, to sensor application and commercialization
(Ivaska et al, 1991, Hillman et al, 1987).

Biological sensors are a group of sensors that employ a biologically active molecule as
the recognition agent. Among the molecules employed for biosensors are enzymes,
antibodies, DNA and RNA. Chemical and biological sensors using electroconductive
polymers provide a powerful sensor technology. In order for the sensor to be effective it

needs to be sensitive, selective and suppress the effect of cross reactivity with other
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molccules. In addition, the polymer membrane may serve as support or matrix for the
immobilized indicator molecule. Different recognition-transduction formats are available
for biosensors. Usually a hyphenated nomenclature demonstrates the type of molecule
and transduced signal. For example, Pt-PPY-uidA biosensors stand for Platinum-
polypyrrole-target DNA molecule. As discussed in chapter 2, the uidA gene specific for
E. coli was used in this study as the recognition agent. This nomenclature will be used

for the biosensor that has been proposed in this study.

Section 3.4. Electrochemichal Techniques

Potentiometry

Potentiometry is the simplest form of sensing that uses electroconductive polymers. The
polymer serves as a sensing membrane capable of reaching equilibrium with the contact
solution. The measured signal is the result of changes in an open circuit potential (E) of
the modified electrode versus a reference electrode. The modified electrode usually
involves a conductive metal, such as gold or platinum, covered with the conductive
polymer and the recognition molecule. The measurable changes can be the result of
various events, such as shifts in the dopant’s equilibrium in solution, ion-exchange
processes with different ions in solution and redox equilibria within the metal electrode
(Wang 2000).

Amperometry

Amperometry is the most common approach to electroconductive sensors.  The
measurable signal is derived from redox current resulting from a constant voltage
maintained within the modified electrode. In most cases, the polymer plays a passive role
for attachment or covalent bonding of the recognition agent.
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Conductimetry

Conductimetry is another well-known method for measuring signals from sensors. This
technique provides a directly traceable signal with respect to a rate of change. The role
of the electroconductive polymer is that of a transducer-active material with chemical
amplification properties. The most commonly used transducer (polymer) (Sheppard et al.
1993) is casted on a planar micro-fabricated integrated electrode array of a defined cell
constant. Conductivity measurements in aqueous solutions provide signals on a larger
scale of approximately six orders of magnitude (Zaetsky et al, 1988). A time of 10
minutes has been achieved for low detection limit using an antibody based

conductimetric biosensor (Muhammad-Tahir and Alocilja 2003).

Voltammetry

Voltammetry involves a sweep of the electrode potential over a range associated with the
redox reaction of the analyte. The measurable signal is derived from the change in a peak
current associated with redox reactions (Wang 2000). The conductive polymer may
serve as the catalyst, reducing the redox potential at which the analyte of interest is
measured and therefore reducing the influence of background and interfering currents. It
can also play a passive role such as providing covalent bonds, adsorption or anchorage
for a redox mediator reaction. Electroconductive polymers also allow a form of indirect
voltammetry of electro-inactive but ionic analytes. In these experiments, the analyte ion
may induce a redox reaction in the polymer, but the polymer itself may not be efficiently
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oxidized or reduced under the conditions of the test. Voltammetry offers the advantage
that reference redox signals with standard controls may be measured to provide increased

accuracy.

Section 3.5. Cyclic Voltammetry

Cyclic Voltammetry is the most widely used for obtaining qualitative data about
electrochemical processes. This technique gathers information on the kinetics of electron
transfer and coupled chemical reactions or adsorption processes. The technique consists
of scanning linearly the potential of a working electrode using a triangular potential wave

form. (See Figure3.3)
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Figure 3.3. Potential vs. Time in Cyclic Voltammetry. Adapted from (Wang and Jiang
2000)

During the potential sweep, the potentiostat measures the output signal (current, /)
resulting from the applied potential.  These recordings result in cyclic voltammograms
(CV). Figure 3.4 illustrates a characteristic cyclic voltammogram of a reversible redox
couple. As the applied potential (E) is scanned along the solution, a cathodic current
begins to increase until a maximum reduction peak is achieved. Then after the reduction
is completed. the reverse scanning begins in the anodic zone where the oxidation is

taking place.
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Figure 3.4. Cyclic voltammograms of a reversible redox process.

The peaks of the cyclic voltammograms are due to the formation of a diffusion layer near
the electrode surface (Wang 2000). The diffusion layer increases with the number of
cycles that are performed during the voltammetric measurements. Thus, the change of
amplitude of the peaks represents the change of the concentration gradient with time.

The polymerization of PPY is a classic oxidation-reduction processs, but the entrapment
of DNA into the polymer is not accompanicd by an electron transfer.  Thus it can be
classified as an irreversible, or quasi-reversible, redox process.  The scan rate of the

process can be obtained using equation 1.
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Equation 1 is a variation from the classical Nernst equation that determines the potential
for a reversible process. All the parameters are defined as follows:

E,= potential axis

E"=standard potential for a redox reaction

R=universal gas constant (8.314J K™ mol™)

T=Kelvin temperature

D= diffusion coefficient (cm’s™)

n,= number of electrons transferred in an equation in the charge transter step

F= faraday constant (96,487 coulombs)

k°= standard heterogencous rate constant (cms™)

a=transfer coefficient
The potential axis (E,) occurs at potentials higher than E* . The over potential is related

to but independent of 4° and a . The current peaks (i) will appear less defined and will

have lower current peaks than the completely reversible redox processes (See Figure 3.5).
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Figure 3.5. Irreversible (A) and quasi- reversible (B) cyclic voltammograms for redox
processes. Adapted from (Wang and Jiang 2000)

The peak current (i) is given by the following equation:

i, =(2.99x10° i(am, ) 2 ACD"*v" -

In equation 2, 4 is the electrode area (cm?), C is the concentration (mol em™) and D is the
diffusion coefficient (cm?s™) n is the number of electrons transferred and v is the scan
rate (Vs'). According to this equation, the current peak is proportional to the bulk
concentration but will be lower in its height (Wang and Jiang 2000). The current peak
will be approximately 80% lower than the peak for the reversible redox process. In
gencral, the voltammograms for a quasi-reversible system arc more drawn-out and
exhibit a large separation in peak potential compared to those of a reversible system. (see

Figure 3.5, curve B)
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Section 3.6 Instrumentation

Potentiostats

To generate the cyclic voltammograms, the current is measured inside an electrochemical
cell containing three electrodes using a potentiostat (Figure 3.6). A potentiostat is a
signal amplifier used to control voltage between two electrodes, a working clectrode
(WE) and a reference electrode (RE), to a constant value. The reference electrode
maintains a constant voltage referring to the potential of the hydrogen electrode as a
reference point. A silver wire covered with a silver chloride layer immersed in a chloride
solution is one of the simplest reference electrode systems and is the choice for this
project. As soon as current passes through this electrode, it is polarized, meaning that its
potential (E) varies with current (I). To maintain a stable potential, no current should
pass the reference electrode. A third electrode then is needed and is referred to as the
counter electrode (CE). A current is forced between the working electrode and the
counter electrode in order to keep the working electrode potential at a constant value with
respect to the reference electrode. The potentiostat measures the potential difference
between the working and the reference electrode without polarizing the reference
electrode. The potentiostat compares the potential difference to a preset voltage and
forces the current through the counter electrode towards the working electrode in order to
counteract the difference between the preset voltage and existing working electrode
potential. The potentiostat must have a bipolar operational amplifier (OPA) with two
inputs: an inverting input and a non-inverting input. By introducing a voltage into the
non-inverting input, it will produce an amplified voltage of the same sign and by
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introducing the voltage into the inverting input, the result will be an amplified signal of
opposite sign. To close the loop, the working electrode must be connected to the non-
inverting input (+), the reference electrode to the inverting input (-) and the counter
electrode to the output. Now the loop is closed and the working electrode is polarized to
the difference between the reference inputs. The working electrode input is set to zero.
To measure the current through the counter electrode, the system needs a resistor (R) in
the counter electrode wiring, across which a voltage can be measured, proportional to the
current flowing. The reference electrode is commonly protected by an input resistor
(RS), preventing the potential amplifier from being destroyed by static high voltage

shocks.
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Figure 3.6. Schematic of a Potentiostat connected to a three cell electrochemical cell.
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The use of a traditional electrochemistry technique such as cyclic voltammetry, combined
with molecular biology techniques such as DNA hybridization, is a non-traditional
approach in the development of biosensor technology. The combination of conductive
polymers like PPY with a platinum electrode is the working electrode platform of choice
for this study. The embedding of a 25 bp oligonucleotide specific to the widA gene that
identifies E.coli species is the recognition agent of choice for this study. The recording
of cyclic voltammograms is the method used for the analysis of hybridization with
synthetic oligonucleotides and genomic DNA from common water pathogens.  The
application of the Pt-PPY-uidA biosensor has been designed for the rapid detection of E.

coli from water samples.
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CHAPTER 4. BIOSENSORS



Section 4.1 Principles of Biological Sensors

Unprecedented interest in the development of analytical devices for rapid detection and
monitoring of chemical and biological species has led to the emergence of biosensors.
The Biosensor technology promises new detection alternatives for E. coli and other
pathogenic bacteria. A biosensor uses specific biological recognition agents, such as
enzymes or DNA oligonucleotides, in close proximity to a transducer and converts the
recognition event between the recognition agent and the target analyte into a measurable
signal. Recent developments in this technology have been applied to the detection of
foodborne pathogens, with most of the architecture in the optical system. For example,
Sco (Seo 1999) developed an integrated optic interferometer for detecting Salmonellu
nyphimurium with sensitivity of 10°-107 colony forming units (cfu)/ml. A luminescence-
based method could detect 10°-10° cfuml of E. coli O157:H7 and Sulmonella
nphimurium in fresh produce (Mathew and Alocilja 2005). Microfabrication has played
an important role in the miniaturization of such devices. Micro clectrochemical
mechanical systems (MEMS) were used to detect whole cells of E. coli O157:H7 using

impedance measurements. (Radke 20053).

Conductive polymers such as polypyrrole (PPY) and polyaniline (PANI) are being
extensively researched for their application in biosensors. These types of materials
exhibit interesting and promising electrical and optical properties only exhibited in
inorganic materials. Both have a relatively high conductivity and good environmental

stability (Kanga 1998). These conductive polymers differ from inorganic semiconductors
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(i.e., silicon) in that they are molecular in nature (Duke 1980). The double strand DNA
exhibits n- electron backbone configuration, facilitating faster electron transfer along the
DNA chains (Kelley 1999) and therefore to the conductive polymer.

Some potential applications of conductive polymers can be seen in diverse areas, such as
electronics and photonics, as well as pharmaceuticals, food manufacturing, wastewater

treatment and energy production.

Biological Sensor Specificity

Electroconductive polymer-based biosensors need to be target-specific.  Specificity
implies the response of the sensor to a specific analyte through the actions of an indicator
biomolecule. The polymer may serve as a transducer, but the response should display
preference to the analyte. The sensor should also show a low response to non-target
species.  The methods for the preparation of these biosensors fall into one of the
categories following this discussion.

Physical adsorption is useful for conferring specificity to the biosensor (Malmros 1988).
This method is most commonly used with proteins, where passive adsorption onto a
polymer confers activity of the enzyme to the membrane. Another convenient method is
physical occlusion during electropolymerization. In this case, the electropolymerization
under oxidizing conditions provides a positively charged polymer. This phenomenon
facilitates the occlusion and immobilization of the anions. The negative charges are
required to balance the positive charges of the polymer backbone to maintain charge
neutrality. These are provided by the biomolecules which usually have net negative
charges (Shidmidzu 1987).
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Besides these preparation methods, there are two general categories of electrochemical
biosensors depending on the nature of the biological recognition process.  The first
recognition process includes bio-catalytic devices that involve the use of enzymes, cells
or tissues as immobilized recognition agents. The second group is called affinity sensors
which are based on the affinity of two bio-molecules, such as antibodies with membrane

receptors or nucleic acids with their homologous sequences.

Section 4.2. Catalytic Sensors

Enzymes are proteins that catalyze chemical reactions in biological systems. The
enzymes (E) are usually very specific to their respective substrate (S), making them
highly selective molecules. Electrodes can be coupled to a layer of enzymes to monitor a
wide variety of substrates of clinical, environmental and food safety importance. A
successful enzyme-based biosensor depends on the immobilization of the enzyme layer.
Direct contact between the enzyme and the sensing surface is needed along with enzyme
stability. The simplest method to entrap the enzyme on the electrode is with a dialysis
membrane, but conductive polymer films are an alternative for entrapment. The response
of the enzyme electrode depends on the Kkinetics of the enzyme-substrate reaction
(equation 3).

kl

E+S(__)ESL>E+P
k2

The substrate (S) combines with the enzyme (E) to form an intermediate complex (ES)

which breaks downs to form products (P) thus liberating the enzyme. At a fixed
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concentration, the rate of the reaction (v) is given by the Michaclis —Menten equation.

(equation 4)

_ V.lS]

KB 2
where K, is the Michacelis-Menten constant and 1, is the maximum rate of the reaction.
The term K, corresponds to the substrate concentration for which the rate is equal to half
of V. For the design of enzyme based sensors, it is desirable to have a high value of 17,
and a low value of K,,, More sensitive devices can be design by coupling two enzymatic
reactions in a chain (Yang et al. 1991). One of the most famous and studied enzyme
based sensors is the glucose sensor. Developed in 1967 (Updike 1967), it is based on the
enzymatic reaction where. in the presence of oxygen, glucose oxidase liberates gluconic

acid and peroxide.

v cos eoxida 3 .
Glucose + (), —————— gluconicacid + i ,(),

At the present time, there are multiple varieties of biosensors commercially available for
public use. The glucose sensor has been successfully developed and commercialized to
the extent that there are dozens of products available for diabetes monitoring approved by
the American Diabetes Association (ADA). Other common type of catalytic biosensor is

the ethanol sensor for various uses (Malinaukas 1978).

Section 4.3. DNA biosensors
The incorporation of nucleic acids into electrochemical transducers is one of the newest
and most promising technologies in biosensor development. DNA complementary base
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pairing or hybridization offers considerable promise for obtaining sequence-specific
information.

In the past 10 years, a considerable number of DNA-based biosensors have been designed
based on electrochemical transducers. These DNA-based biosensors are proliferating due
to their simplicity, accuracy and cost-effectiveness. Different platforms have been
designed ranging from the simplest to the most elaborate ones. The first studies on DNA
capture and differentiation from a single or double strand were performed by Palecek
(Palecek 1960). More recently, the oxidation of DNA has been measured by adsorption-
stripping voltammetry by inducing electrostatic forces of the analyte onto the electrode
surface (Palecek 1988). The purine bases of DNA (adenine and guanine) can be oxidized
onto any type of electrode surface including carbon, indium tin oxide (ITO) and polymers
such as PPY and PANI (Singhal 1997). The first studies using DNA and
electrochemical sensors to detect hybridization were performed by Milan and Mikkelsen
(Millan 1993). The earlicst DNA biosensors used direct DNA electrochemistry, which is
based on the redox of DNA onto different electrode types such as mercury. gold. carbon
or platinum. This technique offers the advantage of not requiring labeling for the
detection of DNA (Singhal 1997; Jelen 2002; Wang 2002). It also extreme target
sensitivity (down to fentomoles) and can be adapted to several types of electrodes
(Palecek 1988; Ozkan 2002). Two of the disadvantages of this technique are that it can
have a high background signal, and the biosensors are usually single use.  The recent
development of peptide nucleic acids (PNA) may solve the hybridization background

situation (Kerman 2003).
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There have also been developments in indirect DNA electrochemistry that involve the use
of an electrochemical intermediate to link the DNA probe or the target DNA. In 1997 an
intermediary synthetic molecule was linked to a 13mer DNA oligonucleotide and to a
PPY platinum modified electrode, but the formation of the complex induced a decrease
in current due to the bulky conformational changes along the polymer backbone (Korri-
Youssoufi 1997). Other intermediates like ruthenium complexes have been used to
interact with the DNA bases capable of oxidation. Measurable xidation indicates the
presence of a DNA hybrid (Yang 1991). The same technique has been used in
conjunction with PCR to detect gene expression in tumor cells (Armistead 2002). Most of
these techniques for indirect DNA electrochemistry do not require a labeling step and
they can serve for the detection of multiple targets within the same electrode. One of the
major disadvantages of this technique is the synthesis of complicated intermediate

complexes. Also, they usually are single use biosensors.

DNA specific redox indicators

The use of DNA bound to reporter molecules is one of the major advances in DNA
biosensors technology. The technique is analogous to the use of fluorescence in
biotechnology studies. The hybridization event triggers the electrochemical response of
the redox indicator molecule.

In 1994, one such device was developed to detect a mutation of one gene that codes for
the cystic fibrosis (Millan 1993). The dctection limit was demonstrated to be in the
femtomol range. These studies used a Co(bpy);3+ DNA marker combined with cyclic

voltammetry on a carbon paste electrode. Since then, other redox markers have been
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used, such as Co (phen);** using chrono-potentiometry on a carbon paste (Wang. J 1996).
Studies using pulse voltammetry have also been used with ferrocenyl naphthalene
compounds on gold electrodes (Takenaka 2000). More recently, the use of magnetic
beads instead of a solid electrode as a planar surface for the hybridization techniques and
electrochemistry studies was demonstrated (Palecek et al. 2002). This study used an
osmium-based molecule (Os.bipy) linked to a DNA molecule and enzyme-linked
immunoassay. One of the major disadvantages of these techniques is the need for some
type of chemical labeling, which makes the process less cost-effective. Nanotechnology
has also contributed to the design of new biosensor platforms. The use of nanoparticle
labels with different redox potentials has enabled the incorporation of DNA particles onto
various surfaces. One example is the use of colloidal gold particles with probes that
hybridize with the target. The particles then are separated magnetically and subjected to
a second hybridization with a nanoparticle-labeled reporter (Wang 2003).  The
complexity of most of these systems is one of the major drawbacks in using them. The
assays involve too many steps, and there has been some trouble with the reliability of the
surface structures used. On the other hand, they are extremely sensitive. detecting in a
femtomol (IO"S) to zeptomol (10 range. Another advantage of the techniques is that
different nanoparticles can be used to target different analytes in a single sample (Wang

2001).

DNA biosensors for the monitoring of environmental pollution

In most recent years, biosensors have been developed that use electrochemistry and DNA

in water quality monitoring. Most of them measure the effect of chemical toxicants and
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its effect on the DNA instead of detecting bacterial pathogens. A disposable DNA
biosensor was developed by immobilization of double strand (ds)-calf thymus DNA on
the surface of a carbon screen-printed electrode (SPE). The oxidation signal of the
guanine base was obtained by square wave voltammetry as the analytical signal. The
presence of toxic compounds in wastewater samples was confirmed by their effect on
guanine oxidation (Lucarelli et al. 2002; Lucarelli et al. 2004). Other biosensors were
developed using an artificial plasmid that included a regulatory protein restriction factor
(XyIR) inserted in E. coli plasmid with luciferase activity. This regulatory DNA
sequence is involved in the degradation pathway of BTEX (benzene, toluene,
ethylbenzene, and xylene) of Pseudomonas species. The detection of E. coli cells with
the plasmid was observed after incubation of whole cells in different BTEX
concentrations. The biosensor used bioluminescence to detect the lucifercase (/ux) gene
in the E. coli plasmid (Kim et al. 2005). A similar design based on the bioluminescence
of the /ux gene was developed to detect metabolic and catabolic strains capable of
degrading chlorinated solvents in ground water samples (Bhattacharyya et al. 2005).
Other more complicated systems for assessing water quality involve cellular analysis and
notification of antigen risks and yiclds (CANARY) biosensor. This system uses
fractional analysis of biological warfare agents. This biosensor is based on a lymphocyte
cell for cellular analysis and analytes present in the samples. It involves the dissociation
and binding kinetics of analytes present in the solution or in the environmental samples
(Morris and Sadana 2005). It does not involve the use of DNA or conductive polymers
but is an example of the development of biosensors for pathogens from environmental

sources.
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Plati PPY-DNA bi S

The electrical conductivity of PPY has been demonstrated to be in the range of 107 to 10°
Qem’! (Diaz et al. 1986). Electrical conduction in PPY is the result of electron movement
within delocalized orbitals and positive charge defects known as polarons (Devreux
1987). These positive charges are located every three or four pyrrole monomers along
the polymer backbone and is the place where negatively charged dopants (DNA is this
case) are deposited (Satoh 1986). Figure 4.1 shows a transmission electron microscopy
(TEM) of the positively charged gaps that correspond to the polaron region (Pande 1998).
The DNA can form a bond with PPY based on the interchanging of dopant molecules
within PPY and negatively charged biomolecules such as DNA (Boyle 1990). Hydrogen
bonding to phosphate oxygen in the DNA backbone can enhance binding to DNA. PPY

will provide the hydrogen bonds through its nitrogen atoms.

Figure 4.1. Transmission electron microscopy (TEM) of a PPY film. The dark spaces
within the film are the positively charged regions called polarons. (Used with permission
of Pande et al, 1998).
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Several researchers have started to work with DNA-PPY sensors to test the kinetics of
adsorption of DNA onto conductive polymers (Table 4.1). Using free standing PPY
films exposed to radioactive-labeled **P double strand DNA (Minchan et al. 1994; Pande
1998) demonstrated the adsorption kinetics of DNA-PPY films. These studies showed
that DNA uptake exhibited t'? dependence. These results were for adsorption of DNA
into a PPY without the use of CV. Other researchers have used ITO coated electrodes
with PPY and polyvinyl sulfonate films (PVS) to characterize the immobilization of calf
thymus DNA on the prepared films (Gambhir 2001). A label-free Pt-PPY-DNA
biosensor was designed for hybridization purposes using a 27 bp oligonucleotide that
codes for a human gene (Thompson 2003). In addition to this, the biosensor used a layer
of poly (2,5-dithienylpyrrole) modified with a phosphoric acid residue to promote ion
exchanges with the DNA. Cyclic voltammograms recorded the hybridization process,
from which Thompson concluded that hybridization events were clearly distinguished
because of the addition of chloride ion exchanges. One of the most significant works
published using label-free direct DNA adsorption to PPY was done by Wang's rescarch
team (1999). This work used PPY and homologous DNA oligonucleotides on a glassy
carbon electrode to demonstrate the DNA doping onto conductive films. The use of
homologous DNA oligonucleotides eftectively demonstrated the doping eftect of DNA
onto the PPY films, but homologous sequences are not naturally present in samples from
living organisms.

The purpose of our project was to take advantage of the DNA adsorption onto polymer
films in real time by the application of voltage during electro-deposition. The focus of

our interest was the use of polypyrrole in developing a novel E. coli biosensor for water
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quality monitoring. The effectiveness of Pt-PPY-DNA platform using environmental
DNA samples has not been reported. This project studied the specificity and stability of
the Pt-DNA-PPY biosensor. Unlike other DNA-conductive polymer designs (Korri-
Youssoufi 1997), the E. coli DNA biosensor for this dissertation research used genomic
DNA extracted from natural environments as its target biomolecule, instead of a synthetic
DNA oligonucleotide. A 25 base pair (bp) probe from the uidA gene from E. coli K-12
was tested. Two set of synthetic 25 bp complementary and non-complementary

oligonucleotides were used as positive and negative controls.
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Table. 4.1. Recent studies involving the use of DNA-PPY-biosensor and its applications.

Type of DNA  Working Signal Measurement  Reference
Electrode/ Platform

25 bp oligo PPY-Precursor-Oligo Cyclic Korri et al. 1997
voltammogram

pBr322 PPY-free films Conductivity Pande et al. 1988
(4-point probe)

20 bp oligo GC-PPY-DNA Cyclic Wang et al. 1999

homologous voltammogram
hybridization event

dsCalf thymus PPY-PVS-ITO Conductivity Gambhir et al.
(4-point probe) 2001

ds PPY-DNA-Pt-PVDF lon transport Misoska et al. 2001

Salmon sperm

27 bp oligos Pt-PPY-pTPTC3-PO;s- Ion exchange of Thompsons etal,

H;-oligo

cations in solution

2003
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CHAPTER 5: RESEARCH METHODS AND MATERIALS



Section 5.1.

Fabrication of the Pt-PPY-uidA biosensor by incorporation of an uidA gene
oligonucleotide into a conductive polymer-electrode biosensor system.

Selection of DNA sequence for the detection of E. coli

The gene that encodes for the enzyme B-D- glucuronidase, known as widA, was selected
for the identification of diverse aquatic strains of E. coli. This particular sequence has
been used as a standard target for the identification of E. coli strains. The sequence for
the uidA gene was obtained from the public data base GenBank (accession no. M14641).
One 25 bp oligonucleotide from E. coli K-12 uidA gene, positions 1640 to 1805 was
synthesized.  The synthesis of the oligonucleotide was carried out at the Genomics
Technology Support Facility at Michigan State University with the sequence 5'-
CGTTATACGGAACGCTCCAGCGTTT-3' (25 bp wuidA probe). Two other
oligonucleotides were synthesized to be used as complementary target (5'-
AAACGCTGGAGCGTTCCGTATAACG-3") and as non-complementary target (5'-

GCAATATGCCTTGCGAGGTCGCAAA-3').

Incorporation of the uid4 gene oligonucleotide onto the Pi-PPY electrode

The biosensor design used is a modification of the DNA-based oligonucleotide-
functionalized PPY used by Korri-Youssouffi (Korri-Youssoufi 1997). A three clectrode
cell (Figure 5.1) comprising a Pt working electrode (3 mm diameter), a Ag/AgCl 3 M

NaCl) reference electrode, and a carbon rod counter electrode were placed against a
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copper plate and connected to a Potentiostat Versastat Model II (Princeton Applied

Research).
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Figure 5.1. Electrochemical cell configuration. Figure courtesy of Dr. Greg Swain’s
laboratory, Department of Chemistry. Michigan State University.

The electrochemical cell had a total volume of 2 ml that consisted of 0.05 M distilled
pyrrole (Aldrich) and 2ul of 500pug/ml (a total of lug) oligonucleotide probe into a
solution of 1M KCl used as the electrolyte. The electro-polymerization was successful
and measured by a continuous cyclic voltammetry scanning for 26 cycles between 0.0
and +0.70V at a scan rate of 50mV/s. Electro-polymerization of 0.05M PPY was
achieved using 1M KCl as electrolyte following previous protocols (Wang 1999). After
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electro-polymerization. the modified surface was rinsed with sterilized water.
Measurement of background signals was performed by cyclic voltammetry with a blank

electrolyte solution of 0.1M glycine/0.1M NaCl.

Physical characterization of the modified DNA-PPY electrode surfuce

Scanning Electron Microscopy

Scanning electron microscopy (SEM) images of the unmodified bare platinum electrode
were taken using a Hitachi S-4700 II Ficld Emission Scanning Electron Microscope. The
relatively smooth surface of a 600nm X 600 nm region of the bare platinum surface was
contrasted by obtaining a SEM picture of the same area of the modified platinum
electrode after electrodeposition with a 0.05M solution of polypyrrole conductive
polymer. The images were used to characterize the formation of the polymer and the

structure and roughness of the modified electrode surface.
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Section 5.2

Functionalization and sensitivity analyses of the DNA biosensor using different
concentrations of oligonucleotides.

Sensitivity analysis of the E. coli DNA biosensor

Hybridization experiments were carried out with 25 bp complementary and non-
complementary to the widA gene oligonucleotides. The hybridization solution consisted
of 2 ml of 0.IM glycine/0.1IM NaCl and was also used as a blank solution for
measurement of background signal. A working potential of +0.7V was applied for 15
seconds and allowed to decay for 60 seconds prior to the addition (spiking) of the non-
complementary sequence. Application of a 0.0 V to +0.7V potential range was
performed to allow a proper electrodeposition of the pyrrole without overoxidation of the
modified electrode.  Five cycles were recorded and then followed by the spiking of
complementary 25 bp oligonucleotide. Functionality analysis was performed using a
standard concentration for target and non-target DNA of 10°%g of total DNA. Figure 5.2 is
a graphical representation of the polymerization of the PPY onto the Pt electrode
followed by its functionalization with the uidA probe.

The electrochemical response was measured using a Princeton Applied Rescarch
potentiostat/galvanostat Model Versastat Il to generate cyclic voltammograms (CV). The
performance of the biosensor under the standard DNA concentration was evaluated using
voltammograms of current (I) vs. potential (E) vs. Ag/AgCl. Subtractive voltammograms

were generated, taking into consideration the background signal and the signal during
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electro-deposition and hybridization events. All cyclic voltammograms shown in this

study are the average of 3 replications.

Determination of CV and Hybridization Conditions

Additional experiments with synthetic oligonucleotides were performed with different
electrolyte solutions (0.1M, 0.2M and 0.25 M of NaCl) to verify the ionic strength for the
hybridization process that produced a characteristic deep purple film. Also hybridization
temperatures of 76°C, 64°C and room temperature were tested to find the most effective
hybridization temperature. These two hybridization temperatures are the annealing
temperatures of the 25 bp probes used in this study based on their base pair composition.
The use of higher temperatures would have separated the complementary strands and
completely disabled any hybridization process. Hybridization incubation times were also
performed at 15, 30, 60 and 180 minutes to identify the optimum hybridization time. Due
to the nature of the DNA hybridization kinetics, no hybridization was measured for less
than 15 minutes of incubation time. Hybridization times longer than 180 minutes were

not uscd since the objective of the study was fast performance of the biosensor design.

A variation of the electrolyte solution was used in the same manner as described before
for the preparation of the Pt-PPY-Oligonucleotide biosensor. The same three-electrode
cell (Figure 5.1), comprised of a Pt working electrode (3 mm diameter). a Ag/AgCl (3 M
NaCl) reference electrode and a carbon rod counter electrode. was placed against a
copper plate and connected to a Potentiostat Versastat Model 11 (Princeton Applied

Research). The electrochemical cell had a total of 2 ml volume consisting of 0.05 M
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distilled pyrrole (Aldrich) and 2ul of 500pg/ml for a total of 1pg oligonucleotide probe in
the solution or a molar concentration of 6.15 X 10 M. The electro-polymerization was
achieved by a continuous cyclic voltammetry scanning between 0.0 and +0.70V at a scan
rate of 50mV/s. The potentiostat was run for 26 cycles. Following electro-
polymerization, the modified surface was rinsed with sterile water. Measurements of
background signals were performed by cyclic voltammetry with 2 ml of blank electrolyte
solution (0.25M NaCl).

Functionality analysis was performed using a standard concentration for target and non-
target DNA of 10%g of total DNA (6.15 X 10° M).  Further analyses were performed
using 107 to 107 g of total DNA (6.15 x 10 to 107 M). A typical value for total
genomic DNA in one cell of E. coli is 17 femtograms. Therefore the approximately
amount of genomic DNA uscd in the study was equivalent to a range of 107 to 10° cells.
The electrochemical response was measured using the procedure previously discussed in
this section. Voltammograms of current (I) vs. potential (E) were evaluated to sce the
performance of the biosensor under the standard DNA concentration.  Subtractive
voltammograms were generated taking in consideration the background signal measured
during electro deposition and hybridization events.  All cyclic voltammograms

graphically represented in this study are the average 3 replications.
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Physical Characterization of the modified DNA-PPY electrode surfuce

Scanning Electron Microscopy

Scanning electron microscopy (SEM) images of modified Pt-DNA-PPY working
electrodes were taken using a Hitachi S-4700 II Field Emission Scanning Electron
Microscope.  The methodology is the same described in Section 5.1. The relatively
rough surface of a 600 nm x 600 nm region of the modified Pt-DNA-PPY working
electrode surface was contrasted against a SEM picture of the same area of the bare
platinum film. Incorporation of the uidA probe into the pyrrole subunits was achicved
after electrodeposition with a 0.05M solution of polypyrrole conductive polymer. The
images were used to characterize the formation of the polymer and structure and

roughness of the modified electrode surface.

Statistical Analysis

The data for analysis consisted of the collection of two technical replicates (cycles 13 and
26). The cyclic voltammograms of Potential (E) vs. Current (I) were recorded for each
technical replicate. For statistical significance, each experiment was performed in
triplicates (biological replicates) of both the background signal and the sample signal.
Each cycle consisted of 383 data points. The maximum and minimum current points
were recorded. In order to analyze the 383 data points, cyclic voltammograms were
normalized after the calculation of the change in charge by the integration of the E/I
components. The use of an integral value usually correlates to the loss of some data, but
due to the extensive number of data points this loss was irrelevant, and Delta charge

values were successfully used for the normalization and analysis. Dclta charge values
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were generated and recorded by the Power CV software (Princeton Applied Rescarch,
TN). Analysis of Variance (ANOVA) was performed using the Delta charge values and
analyzed for verification of statistical significance between technical samples, biological
samples at a constant probe and target concentration at room temperature and 15 minutes
of hybridization time. ANOVA was performed using SAS System software. The model
consisted of analysis of estimated means for the delta charge value measured at a 95% of
confidence level (p=0.05). The effect of interactions between conditions. technical and
biological replicates were analyzed using the Mixed Procedure model. A similar
statistical model was followed for the optimization of hybridization conditions, such as of

hybridization temperature. concentration and time.
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Section 5.3.

Specificity of the biosensor using DNA from E. coli pure culture and from other
common waterborne pathogenic microorganisms.

DNA extraction from pure cultures of reference strains

Bacterial cultures were grown overnight at 37°C using Luria-Bertani (LB) broth. Total
genomic DNA from E. coli K-12 (positive control) and other microorganisms, such as
Salmonella thyphimurium (cross hybridization control), and Campylobacter jejuini
(negative control), were extracted from the bacterial cells using QiaAmp isolation system
(Qiagen, Inc.). One ml of bacterial cells in suspension was placed in a 1.5 ml
microcentrifuge tube and centrifuged for 5 min at 7500 rpm, forming a cell pellet. A
volume of 180 ul of ATL Buffer was added to the bacterial pellet for lysis of the bacterial
cell. Twenty ml of Proteinase K were added to help the disruption of the cell wall. The
solution was mixed by vortex and incubated at 56°C for 3 hours with occasional vortex
during the incubation time. After spin down of the tube, 200ul of precipitation buffer
(Buffer AL) was added and mixed by pulse-vortexing for 15 seconds, then incubated at
70°C for 10 min. To begin precipitation of the DNA, then 200ml of 100% ethanol was
added to each tube, mixed by pulse-vortexing for 15 seconds. applied to a QlAamp spin
column and centrifuged at 8000rpm for 1 min. DNA purification continued with the
addition of 500ml of Buffer AW1 (composition of buffer not provided by manufacturer),
and followed by a 1 min centrifugation at 8000rpm. A second purification step followed
by adding 500 ml of buffer AW2 and centrifuged at 14.000 rpm for 3 minutes. The
previous step was performed twice to eliminate any ethanol carryover. The elution of

DNA from the column was achieved by adding 200ul of molecular biology graded water
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(Sigma) followed by incubation for S minutes. This step was performed twice to increase
DNA yield. Quantification of total genomic DNA was achieved by measuring its
absorbance at 260nm using a UV spectrophotometer. DNA purity was verified by using
260/280 nm ratios and by gel electrophoresis using 1% agar and run for 1 hour after

applying 100 Volts in a mini gel electrophoresis system (Embi Tec, San Diego, CA).

Hybridization of pure DNA cultures and analysis using cyclic voltammetry.

The same three-electrode cell (Figure 5.1) comprising a Pt working electrode (3 mm
diameter), a Ag/AgCl1 (3 M NaCl) reference electrode and a carbon rod counter electrode
were placed against a copper plate and connected to a Potentiostat Versastat Model 11
(Princeton Applied Research). The electrochemical cell had a volume of 2 ml consisting
of 0.05 M distilled pyrrole (Aldrich) and 2ul of 500pg/ml (for a total of lug) of
oligonucleotide probe. or a molar concentration of 6.15 X 10° M. The electro-
polymerization was achieved by a continuous cyclic voltammetry scanning between 0.0
and +0.70V, with a scan rate of 50mV/s, for 26 cycles. Following electro-
polymerization, the modified surface was rinsed with sterilized water. Measurements of
background signals were performed by cyclic voltammetry with 2 ml of a blank

electrolyte solution (0.25M NaCl).

After determining the optimum DNA concentration and hybridization time with the
synthetic oligonucleotides, all the hybridization events were measured using target
genomic DNA at a standard concentration of 10'7g of total DNA (6.15 X 10® M or
100ng). All genomic DNA from E coli K-12 (positive control). Salmonellu

thyphimurium (cross hybridization control), and Campylobacter jejuini (negative control)
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were boiled for 10 minutes and immediately incubated in ice water for another ten
minutes to separate the double strands for hybridization events. Three 0.25M NaCl/6.15
X 10° M DNA solutions were prepared for each of the genomic DNA’s. Each was
placed inside the electrochemical cell for 30 minutes to hybridize with the Pt-PPY-uidA
biosensor. The hybridization was achieved by a continuous cyclic voltammetry scanning
between 0.0 and +0.70V at a scan rate of 50mV/s for 26 cycles. The electrochemical
response was measured using a Princeton Applied Research potentiostat/galvanostat
Model Versastat II by generating cyclic voltammograms. Voltammograms of current (I)
vs. potential (V/Ag/AgCl) were evaluated. Subtractive voltammograms were generated
taking into consideration the background signal and the signal during hybridization

events. All cyclic voltammograms shown in this study are the average of 3 replications.

Statistical Analysis

A variation of the Analysis of Variance (ANOVA) was performed using the delta charge
values and analyzed for verification of statistical significance between biological samples
at a constant target concentration of (6.15 x10°M) and at standard hybridization time (30
minutes) and a standard hybridization temperature (room temperature). The model
consisted of analysis of estimated means for the delta charge value measured to a 95% of
confidence level (P<0.05). The effect of interactions between conditions, technical and

biological replicates were analyzed using the Mixed Procedure Model.
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Section 5. 4

Performance and stability of the biosensor in the presence of environmentally
isolated total DNA from surface water samples.

Suample collection

Water samples were collected from the Red Cedar river, located at the Farm Lane bridge
on the Michigan State University campus in East Lansing, Michigan. Multiple samples
were collected from the river. Each sample consisted of 500 ml of water collected in
sterile Whirl-Pack containers (Nasco, USA) at a 30 cm depth. Each container was
attached to the end of a rope with a 30 cm mark and then submerged in the river up to the
mark. The samples were processed according to the protocols recommended in the
standard methods for the examination of water and wastewater (APHA 1998).
Triplicates of the water samples then were taken to the laboratory for further processing
within 1 hour of collection. The water samples were also tested for turbidity as an
indicator of organic matter. The samples were tested by the Michigan State University
Department of Public Safety using the protocols recommended in the standard methods
for the examination of water and wastewater (APHA 1998). The results were expressed
as colony forming units (CFU) /100ml of water. The results were used to determine the
amount of cells per sample in these studies. The bacterial counts provided by the
MSUDPS were used by MSU to determine the total body contact (TBC). This TBC
nomenclature corresponded to the term used by the Michigan Department of
Environmental Quality that established a limit of 300 CFU/100ml or lower as safe for
human use of recreational waters. All quantitative results were expressed as CFU/100ml

which is the standard unit for quantification of bacterial cells in water (APHA, 1998).
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DNA extraction from water sumples

Microbial cells were recovered by the membrane filtration technique. Five hundred ml of
water was filtered through a SterifilR aseptic system using a 0.22 pum pore size
Durapore® membrane filter (Millipore). The membranes were incubated at 37°C for 3
hours in 10 ml of sterile Triptic Soy Broth. This 3 hours incubation period constitutes an
enrichment step that is commonly performed when isolating viable cells from
environmental water samples (Jenkins et al. 2005). The enrichment step ensured that the
majority of the DNA was extracted from viable organisms instead of non-viable ones.
The samples were processed as described above for the isolation and quantification of

total genomic DNA.

Statistical Analysis

ANOVA was performed using the SAS System. The Model consisted of analysis of
estimated means for the delta charge value measured to a 95% of confidence level

(P< 0.05). The effect of interactions between conditions, technical and biological
replicates was analyzed using the Mixed Procedure model. Biological replicates were
increased (9 samples) to improve the statistical significance due to the environmental

variability of the samples.
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CHAPTER 6. RESULTS AND DISCUSSION
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Section 6.1

Incorporation of a uidA gene oligonucleotide into a polypyrrole-coated platinum
electrode biosensor system.

Electropolymerization of PPY

Successful electropolymerization of the polypyrrole was achieved using 2 ml of a 0.05M
PPY/0.5 M KClI solution. Figure 6.1 shows typical cyclic voltammograms of the PPY
electropolymerization onto Pt. The current for 26 cycles (a) was higher than that for 13
cycles (b) indicating the successful deposition of polypyrrole on the Pt. All CV were
recorded using a potential between 0.0 and 0.7 V at a scanning rate of 50 mV/s. The
sharp decrease in current after 0.6V indicates the over-oxidation of the pyrrole onto the

platinum surface.
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Figure 6.1. Polymerization of 0.05M PPY/0.5 M KClI onto Pt electrode. The resulting
curves are cyclic voltammograms after 26 (a) and 13 (b) cycles between 0.0 and 0.7 V at
a scanning rate of 50mV/s.
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Functionalization of the Pt-PPY-uidA biosensor.

The preparation of the modified Pt-PPY-uidA biosensor was achieved by
electrodeposition of 0.05M PPY with 1 pg of 25 bp widA probe. The same amount of
total DNA was used for both complementary oligonucleotide specific for E. coli uidA
gene and non-complementary oligonucleotide. After PPY-DNA electrodeposition, the
application of potential was suspended for 15 minutes. During that time, the spiking of
non-complementary oligonucleotide was followed by spiking with complementary target
oligonucleotides. The cyclic voltammograms (CV) for a blank solution,
electrodeposition process and hybridization with complementary and non-complementary
oligonucleotides are demonstrated in Figure 6.2. The electrolyte solution over bare
platinum shows a current peak of 307 pA and the background during the
electrodeposition shows a current peak of 185 pA. There is an observable change in the
current after hybridization of the complementary oligonucleotide (140pA) and for non-
complementary oligo (120uA). The drop in current after each hybridization event is
distinguishable from one another. This drop in voltage corresponds to the over-oxidation
of the polypyrrole film after the 0.6V value. This is a typical behavior of polypyrrole at
that Potential range. The reduction of the current vs. potential range also is an indication
of the interaction of the species with the working electrode surface. Therefore the most
reduced current vs. potential was observed for the wid{4 probe which forms total
hybridization with the wid4 probe attached to the film. There was not a distinguishable
difference between the genomic complementary and complimentary DNA with the use of
this hybridization solution; therefore another hybridization solution such as 0.5M KCl
that yielded better results was taken in consideration for our studies. Another observable

pattern in the CV curves is the difference in area under the curve that is an indication of

72



the current vs. voltage change after different target and non-complementary
oligonucleotides have interacted with the modified surface. The use of a ditferent
hybridization solution such as 0.1M glycine/ 0.1 NaCl demonstrated the difference in CV
patterns. Subtractive cyclic voltammograms of hybridization signals from the background
(Figure 6.3) generated using 0.05M PPY/ 0.5M KCl show a difference in the
hybridization process between complementary and non-complementary scquences of
DNA using the concentration of 1pg/ul of synthetic probes. There is a difference in the
current peaks for complementary scquence at 46 pA as well as for the non-
complementary sequence at 27 pA at the potential of 567 mV(Rodriguez and Alocilja
2005). These results show a distinction in hybridization versus non-hybridization signals
with this DNA concentration. The formation of a hybrid due to the recognition of the
probe by the complementary sequence means a successful transfer of electrons along the
dsDNA chain to the conductive PPY. This explains a higher current output signal than

that obtained for a non-complementary reaction.
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Figure 6.2. Comparative CV electrodeposition for lpug of total DNA.Cyclic
voltammograms after 26 cycles between 0.0 and 700 mV at a scanning rate of 50mV/s
for (a)blank solution 0.1M glycine/0.1M NaCl, (b)polymerization of PPY 0.05M:0.5 M
KCl, and complementary (c)and non-complementary (d) widA probe (lpg total) in
0.1Mglycine/0.1M NaCl
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Figure 6.3. Subtractive CV of complementary and non-complementary oligonucleotides
targeting E. coli uid4 gene fragment. Potential range from 0.0 and 0.7 V, scanning rate of
50mV/s in 0.05 M PPY/0.5 M KCl; cyclic voltammograms after 26 cycles.

Physical Characterization of the modified DNA-PPY electrode surfuce

Scanning Electron Microscopy

The scanning electron microscopy (SEM) images of the bare (A) and modified (B) Pt
electrodes are shown in Figure 6.4. The bare Pt (A) has a smoother surface than the PPY
coated Pt surface (B), indicating adequate modification of the working electrode.

Figure 6.4 B shows the modified Pt-PPY-uidA surface. The dark regions on the modified
surface are the positively charged polarons where the DNA probes are doped within the
PPY that were demonstrated in 1998 by Pande. Hydrogen bonds between the PPY and

the oxygen molecules from the phosphate group in the backbone of the DNA chain allow
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this embedding.  The resolution of the SEM image (100 nm) is not high enough to

clearly show the DNA structure.

100 nm
Figure 6.4. S ing el i py (SEM) of bare Pt (A), and modified Pt
surface (B)
Specificity of the uidA probe.
The specificity of the bi gnition was d d with the use of a synthetic 25bp

oligonucleotide specific for the E. coli uidA gene sequence. The probe sequence has
been utilized to detect £. coli strains from environmental samples and its specificity has
been established by several researchers (Feng et. al, 1991). Specificity was demonstrated
after distinctive signals of complementary sequence yielded a higher current signal than

pl y seq The synthesis of the functionalized

that obtained for a non-

electrode and hybridization events took place for a total period of less than two hours.
However, the functionalization of the electrode, which is the bulk of the work, can be
done offline. Hybridization can be performed in less than 30 minutes. For example,
when manufactured in large quantities, the functionalized electrodes can be stored and
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used for hybridization purposes in a time frame of 10-20 minutes. To obtain results in
40 minutes for detection of the hybridization signal is a significant reduction in time from
current detection or culture techniques (24 to 48 hrs). This improvement in real time
detection represents an incredible reduction of time, critical in a bioterror attack situation
or when rapid water quality monitoring is needed.

A ssDNA biosensor was successfully designed and fabricated. The modified working
electrode Pt-PPY-uidA probe was functionalized using electrodepositon techniques. A
total DNA amount of 1pug was sufficient to detect hybridization events. The hybridization
event was clearly distinguishable from non-complementary sequence using CV
techniques. The hybridization event was detected with a short period of incubation (15
min). This demonstrates the great potential of the DNA-based biosensor as a viable tool
for rapid biosensor response and its possible use in water quality and other events where

rapid detection might be needed.
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Section 6.2.

Functionality, selectivity and sensitivity of the DNA Biosensor using different values of
key variables.

Functionalization of E. coli biosensor using different ionic strength electrolytes.

Polymerization experiments were carried out using different concentrations of NaCl as
electrolyte. An appropriate electrolytic concentration that could both enable the
production of good quality PPY films and not affect the hybridization time was essential
in this study. The use of low ionic strength electrolyte solutions has proven not to be the
best option to produce high quality PPY films (Wang 1999). The ionic strength of 0.25M
NaCl has been reported to be adequate for hybridization at relatively low temperatures
close to 25°C (Piunno et al. 1999). It has been demonstrated that DNA adsorption onto
PPY increases with increasing ionic strength. The optimum adsorption range was found
to be from 0.1M to 0.3M (Saoudi et al. 1997). The effect of several ionic strength
solutions in the immobilization of DNA oligonucleotides in sensor surfaces was also
demonstrated (Watterson et al. 2002). A low ionic strength of 0.25M corresponded to a
high immobilization density of probes into the biosensor. This low ionic strength might
be translated into less negative charges surrounding the DNA molecules.  Therefore,
there could be a decrease in electrostatic repulsion between DNA molecules.  This
decrease in repulsion between molecules may create greater embedding capabilities to the

DNA.
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We were able to determine the ionic strength in which the electrodeposition procedure
produced a characteristic deep purple polymer film and a distinctive cyclic
voltammogram. After several cyclic voltammograms using 0.1M, 0.2M and 0.25 M
NaCl, the 0.25M concentration was the most effective in the generation of cyclic
voltammograms that reflected the polymerization of pyrrole and the incorporation of the
uidA gene into the polymer film. Lower concentrations of NaCl failed to produce a
typical CV. After determination of the adequate ionic strength for the generation of CV
profiles, the effect of the hybridization temperature in the generation of CV signals was
determined. The DNA oligonucleotides were incubated up to the melting temperature of
the probe (Tm) used, calculated to be 72°C. No difference in CV profiles was observed
at 0.25 M ionic strength between 72°C, 64°C and 23°C (room temperature, RT).
Succeeding incubation periods were performed at room temperature.

The application of a voltage to the DNA molecules might contribute to a faster migration
towards the positive polaron region in the surface of the biosensor and therefore the effect
of temperature might have been reduced due to the application of the voltage. Probe
concentration effects were also taken into consideration for the functionalization of the
biosensor.  After incubation of the 10® g to 10°g probe /0.25M NaCl with the
functionalized PPY film, we obtained the cyclic voltammograms that can be scen in
Figure 6.5. (page 87). In this figure the CV for different concentrations of the total
oligonucleotides ranging from 10 to 10 ~° g after subtraction of the background signal
can be compared. Background signals were registered in the same current range as those
for non-complementary signals. These results demonstrated that non-complementary

targets did not bind to the uidA probe embedded in the PPY film. All CVs displayed a
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decreased current at potentials beyond 0.6 V. The drop in the current beyond this
potential corresponded to the over oxidation of the PPY film (Wang 1999). Previous
evidence has demonstrated that at these positive potential ranges, there is a loss of the n-
electron network and film conductivity (Mostany and Scharifker 1997) causing the over
oxidation peaks. The DNA oligonucleotide did not undergo any oxidation at the potential
range used. The reduction potential of individual nitrogenous bases was determined to be
in the range of 1.2 to 1.7 V, a much higher potential than the one used for this study
(Steenken,et al . 1997). The peak observed around the 0.1V potential may have been an
effect of the background subtraction and did not correspond to any redox activity by the
DNA. We can then observe a small difference with the 1ng total DNA, followed by the
1ng total DNA. The biggest difference in the current after subtraction from background
was obtained with the 100 ng of total DNA. After these results it was concluded that the
best probe quantity to determine the biggest difference in current from background signal
corresponded to thel00 ng total DNA. The current range seemed to decrcase with the
decrease in oligonucleotides quantity with the exception of the 1ng amount. The 1 ng CV
profile was very close to the background signal, suggesting that this concentration was
too low for an accurate identification of the hybridization event. The macro scale of the
biosensor could have caused this concentration limitation. This detection limit is
probably not as low as desired for a commercial biosensor. The increase in the detection
limit could be solved by a reduction of the Pt-PPY-uidA bioscnsor scale and an increase
in the surface area. The use of microelectrodes and microelectronic devices could be a
potential future scope in solving the detection limit. The use of nano scale

electrochemistry could also be of advantage to this detection limit factor. Lower
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detection limits (in the range of fentomols) have been obtained in other DNA based
biosensors at a much lower scale and with the use of nanoparticles to increase the
polymerization area (Wang 2003). Lowering the target concentration recognition to the
fentogram level will result in the detection limit to go down to 1 cell. This estimation
might be possible because the total DNA composition of a single E coli cell is
approximately 17 fg. The use of carbon nanotubules attached to magnetic beads for an
increased surface area can lower the concentration of DNA needed as target a 1,000 fold
(Wang, 2004). The increased surface area also produces an increase in voltage that could
be recorded in the CV by the biosensor. The CV signals using 1 pg of complementary
sequence were significantly different from the background and the non-complementary
ones as well as different from the CV using a 100 ng sample. The decrease in current
after hybridization with complementary oligonucleotides has been reported previously
(Korri-Youssoufi 1997). This phenomenon may be the result of the increased charge
density generated by the formation of the double strand DNA.

Figure 6.6 shows voltammograms of complementary signals and their corresponding
non-complementary signals. All of these signals are distinctively different from
background signals. Background signals were comparable in dimensions to those
obtained for non-complementary targets. Background signals have not been shown for
simplicity purposes since they overlap with the non-complementary signals. The analysis
also demonstrated great variability within background signals. Therefore, subtracting the
background signals from the actual signals introduced variability to the resulting CVs.
Analysis of actual CV signals was performed without subtracting the background to

reduce the variability.
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The CV signals for 1pg complementary and non-complementary probes with incubation
times of 30, 60, and 180 minutes, without subtraction from background signals. are
shown in Figure 6.7. At this oligonucleotides concentration, there was a significant
difference from the background signal and no difference for different hybridization times.
Figure 6.8 shows the effect of hybridization time with a 100 ng concentration of
complementary and non-complementary probes against the background signal. The
difference was significant only after 30 minutes of hybridization time. These results are
confirmed by statistical analysis at 95% confidence that can be compared in Table 6.3
and will be discussed in the following section.

The higher current range demonstrated by background and non-complementary probe
solutions might correspond to the doping of both the CI” anion and the negatively charged
DNA into available polaron sites that are not occupied by the 25bp probe. This induces a
flow of electron transfer along the PPY film, resulting in CV profiles with higher current
output. Hybridization events and the formation of a double strand (ds) after hybridization
might cause an obstruction of the n- electrons from the dsDNA to the PPY resulting in
CVs with a reduced current range output. According to DNA adsorption kinetics studies,
85% of DNA used was adsorbed into PPY after 10 minutes, and total equilibrium of
adsorption kinetics were achieved in less than 45 minutes (Saoudi et al. 2000). These
results, along with the results from statistical analysis, supported the decision to use 30

minutes for hybridization times.

Delta Charge (4Q) analysis for the normalization of CV signuls.

Electrochemical analyses using cyclic voltammetry for DNA hybridization studics do not

exhibit the typical CV graphs with evident cathodic and anodic peaks from reversible
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redox reactions. DNA does not undergo a redox reaction at the potential range used for
these studies. Therefore, a more sensitive analysis of the CV was obtained using delta
charge value (AQ), which represents the integral of current across the selected set of
points with respect to time. The AQ value was expressed in mili-Coulombs (mC) and
was chosen to normalize the area under the curve that represents the totality of the 383
data points obtained in every CV. It is also an analytical tool that permits comparison of
the change in the current as a result of the hybridization process.

Besides the subtractive CVs, analysis of variance (ANOVA) of the delta charge value
was perfromed to determine the statistical significance of the different experimental
conditions. Table 6.1 summarizes the parameters used for the statistical analysis with
95% confidence using ANOVA. The parameters tested were the melting temperatures
(Tm) (72°C, 64°C and 23°C), two cycles and three experimental replicates. For the
hybridization analysis using 1 pg concentration, the only significant difference was for
the background signal against its corresponding oligonucleotide signal. All CV signals
were demonstrated to be significantly different from their corresponding background
using a type 3 test of fixed effects in the ANOVA analysis (P=0.042). These results were
summarized in Table 6.2. The P values were used to determine statistical significant
differences in this study between all the parameters used. The F values in this statistical
analysis reflected a variance in the signal due to noisc or background therefore they
should only be used with 2 degrees of differences. Basically an F value higher that 4.3
was expected. In a statistically significant difference ANOVA, a larger the F value

usually results in a smaller P value. That relationship was demonstrated in Table 6.2.



The different hybridization temperatures did not affect the hybridization event using 1ug
of total oligonucleotides.

Table 6.3 presents the average value of AQ in mC for different concentrations of probes
(1pg and 100ng) at different hybridization times (30, 60, and 180 minutes). The
percentage of change for the AQ value varied from one concentration to the other as well
as for hybridization times. It was observed that for both probe concentrations, the highest
change in AQ was for the complementary sequence after 30 minutes incubation time in
relation to the non-complementary probe after the same incubation period. There was a
46% AQ difference between the two probes at 100ng and 30 minute hybridization period.
The 46% difference could represent a reference value point to be used to discriminate a
significantly different signal from an insignificant one among complementary vs. non-
complementary probes. The highest AQ values after 30 minutes of hybridization time
versus 60 and 180 minutes might be due to a longer exposure of the PPY surface to the
hybridization solutions, the CI” anions might become incorporated in the polymer causing
a less quality signal due to doping. That is probably why the signal quality obtained after
30 minutes was a better one than the ones obtained after longer doping periods. No
signals were recorded before 30 minutes to determine if a good quality signal would have

been obtained in a shorter period of hybridization time.
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Table 6.1. Paramenters used for ANOVA analysis
of 25 bp oligonucleotides

Class Levels Parameters

Signal type 3 Background
Complementary
Non-Complementary

Concentration 1 lug

Temperature 3 64°C, 72°C, 23°C

Replications 3 1,2,3

Cycles 2 13,26

Table 6.2 ANOVA analysis and significance values
for 25 bp oligonucleotides

Eftect Num DF* DenDF F Value P Value
Signal 2 26 11.26 0.0003
Background 1 4 0.73 0.4416
Signal*Backg 2 26 6.80 0.042

*DF=degrees of freedom.
Conditions used was actual signal vs. background

Table 6.3. Average A Q at different times and concentrations for 25bp oligonucleotides

Signal Type Hybridization Average AQ Average AQ % of AQ
Time (minutes) (mC) (mC) change
Ipg 100ng
Complementary 180 -40.46 £5.52 -24.88 £7.12 38%
30 -54.65 £5.52 -63.62 £7.12 14%
60 -43.31 £5.52 -26.59 £7.12 38%
Non 180 -50.91 £5.52 -41.46 +7.12 18%
Complementary 30 -50.70 £5.52 -117.33£7.12 57%
60 -42.78 £5.52 -37.84 +7.12 12°%
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The highest AQ value obtained was the one for the non-complementary signal

(-117.33 £7.12 mC) after 30 minutes of hybridization period. This value was especially
important since it yielded a close value to background signal (-118.22 £13.23 mC). The
high values for both the background and the non-complementary signal corresponded to
the doping of the PPY polaron regions that were not occupied by the 25 bp probe. The
doping of the CI" anion interacted with the conductivity of the PPY making it more
electroactive. These results can be better observed in Figure 6.9 where average AQ values
are compared for 1ug of complementary and non-complementary oligonucleotides after
30, 60 and 180 minutes of hybridization time. There was not a statistically significant
difference in AQ values at any of the hybridization times for this particular concentration.
The same studies were performed using a concentration of 100ng of complementary and
non-complementary oligonucleotides during 30, 60 and 180 minutes of hybridization
time. Figure 6.10 shows the AQ mean values for 100ng of complementary and non-
complementary probes. In this case, ANOVA analysis confirmed the statistically
significant difference between hybridization times at this particular concentration after 30
minutes of hybridization time. After 30 minutes of hybridization, the change in charge
value was —63.62 = 7.12 mC for the complementary target. This represented a 60%
decrease in AQ value after 60 and 180 minutes of hybridization time. Comparative AQ
values from both concentration and hybridization times are summarized in Figure 6.11.
The hybridization of different concentrations of the complementary oligonucleotide
affected the electroactivity of the PPY film and a change in charge was observed in the
range of —63.62 £7.12 mC for 100ng of complementary probe vs. =54.65 £5.52 mC for

1ug complementary probes after 30 minutes of hybridization time. This represented only
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a 14 % increase in the complementary oligonucleotide hybridization signals from lpg to
100ng. In contrast, the value of AQ decreased 38% for lower concentrations after longer
periods of hybridization times (60 and 180 minutes). Note the high value (-117.33 £7.12
mC) for non-complementary probe signal after 30 minutes of hybridization. This value
was very similar from the background value of -118 mC. This corresponded to a 46%
change in AQ value for the 100ng complementary probe after 30 minutes of hybridization
time. The background AQ value was not included in the graph for simplification reasons.
The background signal overlaps with the non-complementary signals creating a busy
graph.

The most statistically significant different value corresponded to the one obtained after 30
minutes of hybridization time. The negative value of the integral corresponded to the net
negative charge of the DNA probes and therefore was observed at the anodic portion of

the CV.
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Section 6.3

Specificity of the biosensor using DNA from E. coli pure culture and from other
common waterborne pathogenic microorganisms.

Cyclic voltammetry analysis for the hybridization of E. coli K-12 genomic DNA and other
common water pathogens.

Cyclic voltammograms were recorded to test the specificity of the hybridization for a
total amount of 100 ng of E. coli K-12 genomic DNA with the functionalized Pt-PPY-
uidA biosensor. A total amount of 100ng corresponds to approximately 10* cells. Cross
hybridization with other enterogenic species was also tested using the same
concentrations of 100ng for Salmonella typhimurium and Campylobacter jejuni genomic
DNA. The optimum hybridization conditions for generating distinctive CVs were
previously determined using a 25 bp complementary and non-complementary
oligonucleotide specific for the widA that identifies E. coli specics. These results were
discussed as part of section 6.2 in this chapter. From that discussion we concluded that a
concentration of 100ng of total DNA and 30 minutes of hybridization time at room
temperature were the conditions that yicld hybridization events that best distinguished
complementary from non-complementary species. The specificity of the widA gene was
determined using genomic DNA from E. coli K-12. Total genomic DNA from S
typhimurium and C. jejuni were used to determine cross hybridization of the widA 25 bp
probe with other enteric pathogens. For the rest of the discussion, we will refer to C.
Jejuni as a negative sample since it was used as a negative control due to its lack of the

uidA gene. Subtractive cyclic voltammograms for the genomic DNA of pure strains were
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generated using 100ng E. coli genomic DNA (see Figure 6.12). E. coli CV profiles
showed to be very close to the CV curve from the synthetic probe. This is an indication
that hybridization between the probe and the E. coli genomic target has been ddetected by
the biosensor. The recognition of the genomic E. coli DNA target was within the AQ
value obtained from the 25 bp complementary probe. The CV profiles for S.
thyphimurium and C. jejuni genomic DNA was observed in significantly different current
areas (AQ) than the one from E. coli. The distinctive separate hybridization CV curves of
S. thyphimurium, C. jejuni and E. coli demonstrated the specificity of the widA probe to
E. coli. No cross hybridization reaction was determined by the CV curves from
Salmonella and Campylobacter genomic DNA.

As previously determined from statistical analyses, the variability of the background
signals was taken out of the CV by using the actual CV curve without subtraction. A
significant difference could be seen after 30 minutes of hybridization time. These results
are confirmed by statistical analysis at 95%confidence that can be compared in Table 6.4.
Table 6.4 also contains AQ data pertinent to results from water samples to be discussed in
the following section.

Figure 6.13 shows the CV profiles after 30 minutes hybridization of 100ng of E. coli K-
12, Salmonella and Campylobacter genomic DNA. We can observe the different current
area (AQ) of the CV by type of target DNA. Each CV is statistically different current

range from each other making it possible to identify them in unknown samples.
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Delta Charge (AQ ) analysis for the normalization of CV signals
A more in depth analysis of the CV profiles was obtained using delta charge value (AQ),

which represents the integral of current across the selected set of points with respect to
time. We compared the values of AQ for the different genomic DNA extracted from pure
cultures against complementary, non-complementary and background CV signals. The
average AQ value for the background solution of 0.25M NaCl was in the range of -118 +
10.25 mC (see Figure 6.14). The non-complementary CV signal was very close to
background with a value of -117.33 £ 12.24 mC. The AQ value for complementary
oligonucleotides was -63.62 +£10.81 mC. There was a 46% difference in charge from
complementary oligonucleotide to the background signal. This 46% change in AQ is
statistically significantly according to the ANOVA analysis. This value can be used as a
reference point for a distinctive CV signal from an unknown sample.  Observable
changes in AQ values were obtained after CV analysis from E. coli vs. background
signal. The AQ for 100ng of E.coli gecnomic DNA was -49.64 + 0.65 mC. This value is
58 % lower than the background signal. This reduction is comparable to the 60%
decrease in charge using 60 and 180 minutes of hybridization time vs. 30 minutes
hybridization time discussed in the previous section. Therefore a pattern of AQ changes
was observed using complementary and non-complementary oligonucleotides as well as
background signals ranging from 46% to 60 % charge decrease. A similar trend can be
observed by comparing the AQ value of Sulmonella (-28.96 = 1.01 mC) to the value of
E. coli resulting in a 42% charge decrease and a 54% charge decrease from
complementary oligonucleotides. The pattern continues for the AQ values of negative

genomic DNA (-18.37 = 0.44 mC), which is 37% lower than the genomic DNA of
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Salmonella and 71% lower than the complementary oligonucleotide values (sce Figure
6.15 and Table 6.5). The 37% AQ decrease was the lowest percentage change obtained
among all genomic DNA samples that was significantly diffcrent. This 37% change
could be determined as a threshold value to differentiate what is significant from what is
not significantly different.

The intrinsic difference in charge that results from the 25 bp complementary probe and
the one from genomic E. coli DNA can be explained in terms of the electrochemistry of
PPY by dopant size. The effect of DNA size on current interactions with PPY was
demonstrated using 20 bp oligonucleotides and ds calf thymus DNA by square wave
voltammetry (Jiang and Wang 2001). The steric interaction of a short DNA
oligonucleotide could be expected to be more direct that the interaction of ds genomic
DNA. This can be translated into a higher electroactive response from shorter ss
oligonucleotides. In contrast, genomic DNA has secondary and tertiary structures and
more steric impediments in its interaction with the PPY film, thus reducing the redox
activity of the PPY network. This could be translated into a reduction of current response
and a lower charge value. The genomic DNA entrapment could also result in less
interaction with clectrolytes in the solution, affecting the charge exchange with the PPY
film.

The specificity of the Pt-PPY-uidA biosensor has been demonstrated using a total of
100ng of genomic DNA from E. coli K12 as a positive control. Sulmonella typhimurium
as a cross-hybridization control and Cumpylobacter jejuni as a negative control. The use
of the AQ value to normalize the 383 data point obtained in each CV was a good

indicator of the percent difference between genomic strains. The lowest AQ percent
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difference from the genomic DNA strains was obtained from Sa/monella against negative
strains (37%). A 46% AQ difference was obtained from complementary oligonucleotides
vs. non-complementary widA oligonucleotides. Both percent values should be considered
as threshold values when the target molecules are short DNA oligonucleotides (46%) and
when the target values are total genomic DNA (37%).

Table 6.4. Average delta charge (AQ) for all genomic DNA isolates

Signal Average delta Q (mC) Pr> |y
Non Complementary -117.33£12.24 <.0001
Complementary -63.62 £7.12 <.0001
E. Coli -49.64 +0.65 <.0001
Water -40.57 +4.64 <.0001
Salmonellua -28.96 = 1.01 <.0001
Negative -18.37 +0.44 <.0001

Table6.5. Comparison of AQ change percentage among signals and significance after
Tukey-Kramer adjustment

Signal Compared Signal Percentage  Statistically  Adjusted P
difference in  Difference
AQ (%) (P<0.05)
E Coli Non Complementary 58 Yes 0.0134
Complementary 22 No 0.7866
Water samples 18 No 0.4091
Salmonella 42 Yes 0.0001
Negative 63 Yes 0.0009
Negative Non Complementary 84 Yes <.0001
Complementary 71 Yes 0.0049
Salmonella 37 Yes <.0001
Water samples 55 Yes 0.0013
Non Complementary 46 Yes 0.0357
Complementary Water samples 65 Yes 0.0001
Salmonella 75 Yes <.0001
Sualmonella Water samples 27 No 0.1867
Complementary 54 Yes 0.0438
Water Samples Complementary 36 No 0.3965
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Section 6.4

Performance and stability of the biosensor in the presence of environmentally isolated
total DNA from surface water samples.

Biological and chemical characterization of water sumples.

Multiple water samples were collected from the Red Cedar River that crosses the
Michigan State University Campus. Because of its convenicent location and its
recreational uses, multiple samples were collected from the river to test the performance
and stability of the Pt-PPY-uidA biosensor. Weekly monitoring of the river's microbial
populations was carried out by the Michigan State University’s Office of the University
Physician as part of an agreement with the state of Michigan to monitor total body count
for recreational waters. Water sampling was carried out in parallel with the wecekly
monitoring carried out by MSU officials in order to use their data as support for our

studies.

Quantification of E. coli cells from water samples.

E. coli cells were grown using the Membrane Filtration technique reccommended by the
EPA (USEPA 1986, 2002) and enclosed in the Standard Methods for the Examination of
Water and Wastewater (APHA, 1998). Figure 6.16 shows the average E. coli
CFU/100mI obtained at the Farm Lane sampling site of the river. Temporal and spatial
variability was observed in these samples. This spatial and temporal variability is
characteristic of most environmental samples. E. coli CFU/100 counts were as low as 73
CFU/100ml (sampling event 3) and as high as 2,500 CFU/100ml for sampling event 8.

Typically, low levels of E. coli cells are encountered during periods of low precipitation
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and high CFU counts are obtained after rainfall. Swimming in water that does not meet
the recreational standards does not mean illness. It increases the risk for the public of
being exposed to pathogenic microorganisms including E. coli (Cheung 1990). A count
of 300 or lower meets Michigan's Total Body Contact (TBC) Standard(MDEQ 1997).
Results that fall between 300 and 1.000 meet Michigan’s Partial Body Contact (PBC)
Standard. If the results exceed 1.000 contacts, the river water must be avoided (MSU

2004).

Turbidity

Water quality was also monitored and recorded using turbidity measurements. Figure
6.17 presents the average nephelometric turbidity units (NTU) obtained after each
sampling. The turbidity ranges from 2 to 8.61 NTU. There is a correlation with turbidity
and microbial growth that can be observed in figures 16 and 17. The low turbidity
mecasurement corresponded to low CFU counts and high turbidity measurements
corresponded to high CFU results. This correlation between microbial growth and
turbidity measurements is important to determine the quality of the water. Suspended
and colloidal matter that includes clay, slit, organic and, inorganic matter, as well as
plankton and microbial cells, are the major causes for turbidity. Another important
parameter that can be used for water quality assessment is the total organic content
(TOC). This parameter measures the variety of organic compounds at different oxidation
states (APHA 1998). Because of the availability of these compounds as carbon and
energy sources for natural water microbiota, it is an excellent parameter for the

estimation of microbial water quality. The average TOC measurements for the Red
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Cedar River has been estimated as 10-15 ppm (parts per million) for periods of no
precipitation and as high as 20 ppm for periods of high precipitation. This data was
obtained from personal communication with Shawn McElmurry, a Ph.D. graduate student
of Dr. Thomas Voice from the Environmental Water Chemistry laboratory at the

Department of Civil and Environmental Engineering at MSU.

CV profiles of total genomic DNA isolated from water samples.

Because of the presence of organic and inorganic compounds in natural waters, raw water
samples were not used to perform CV studies. The presence of numerous organic and
inorganic chemical species can serve as counterions and can cause interference with the
PPY film and the CV hybridization for the detection of the target genomic DNA.
Isolation and purification of total genomic DNA was performed in order to obtain high
quality target material and reduce the interference of other naturally present anions from
the water sample. Extraction was performed according to the protocol discussed in
Chapter 5. Figure 6.18 shows the subtractive cyclic voltammograms for 100ng of the
pure strains genomic DNA as well as the total genomic DNA isolated from water
samples. The distinction of a separate hybridization CV curve from Salmonella,
Campylobacter and E. coli, demonstrated the specificity of the widA probe to E. coli.
Figure 6.19 shows the CV profiles without background subtraction for 100ng of total
DNA of the same pathogens as well as the results from total DNA isolated from water
samples. A sequence in delta charge value decreases as a function of hybridization

events with the different target molecules. Therefore. we were able to successfully use
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the CV to identify the hybridization signal of 100ng of total DNA isolated from water
after 30 minutes of hybridization. The water samples signal can be observed in a similar
current area than the ones observed for genomic E. coli DNA. This demonstrates the
specificity of the probe using samples isolated from the environment, which contains E.
coli cells and a mixture of unknown water microflora. Statistical analyses with 95%

confidence supported this observation.

Analysis of AQ values using ANOVA test.

The average AQ values for all the target molecules were reported earlier in Table 6.4. A
characteristic decrease in charge was shown in a descending order starting with non-
complementary oligonucleotides, followed by the complementary oligonucleotides, then
by E. coli genomic DNA, water samples, Sa/monella and the negative strain.  The
average AQ value obtained from hybridization CV using total DNA of water samples was
—40.57 £ 4.64 mC. This AQ value resulted in a 65% difference from background signals
and non-complementary oligonucleotides. These differences are reflected in Table 6.5
and Figure 6.20 and are in agreement with statistical analyses that confirm a statistically
significant diffcrence from those two target samples. More interesting is that water
samples reflected only an 18% difference from the E. coli genomic DNA. This 18%
decrease in charge signal from E. coli genomic DNA reflected. in combination with
statistical analysis of the AQ values, a minimum difterence that was not statistically
different from one another. Statistically significant results were obtained for water

samples against all the target samples except for the case of Su/monella (P=0.1867). This
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small interaction between the two signals might be an effect of background DNA from
unknown species or by the steric effects of the total DNA of high molecular weight
isolated from the water sample. The statistical analysis using the integral values of E vs |
proved to be of accurate in the effort to demonstrate the presence of E. coli cells from
both positive controls and environmental water samples. Despite the disadvantage of
losing data by integration calculations, the normalized data reflected an accurate and
reliable method to determine diffcrences among samples and Delta charge values were

successfully used for the normalization and analysis process.

In general, these results reflect a great potential for the use of the Pt-PPY-uidA as a
model type biosensor for the rapid detection of E. coli from water sources. Besides the
successful distinctive recognition of hybridization events from different DNA targets, the
detection time was reduced from 24 hours (using traditional methods) to a total of §
hours. The 5 hours included the sampling collection with a 3 hours enrichment step
followed by DNA extractions. The actual detection time included 30 minutes of
hybridization and the CV could be obtained after ten minutes of Potential (E) application
using cyclic voltammetry. The real-time dctection period for the Pt-PPY-uidA biosensor
was 40 minutes.

The development of nucleic acids based biosensors for the rapid detection of pathogens
in water samples is still in its initial steps. There is no doubt about the nced for the
development of rapid detection methods different from the current ones used for the
quantification and detection of pathogens from environmental samples (Rompre et al.

2002). The existence of powerful and sensitive DNA based techniques such as PCR and
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real time PCR are still very attractive for the scientific community because of its
sensitivity and accuracy. The amplification of DNA from environmental samples using
PCR offers the advantage that it can detect as low as lcell/100ml of water (Bej et al.
1991a). But this technique still has the disadvantage of not being able to detect the
viability state of cells from which the DNA is amplified. That is the main reason for the
incorporation of a 3 hours enrichment step is used after collection of water samples. The
enrichment of water samples can contribute to the growth and recovery of viable but non-
culturable microorganisms (VBNC) (Roszak and Colwell 1987; Baudart et al. 2005). By
taking in account the importance of the enrichment step with the use of nucleic acid
based biosensors, the Pt-PPY-uidA-biosensor generates signals mainly derived from
complementary sequences of VBNC microorganisms in 40 minutes vs. two hours using
PCR, and 7 hours using FISH (Ootsubo et al. 2003).

A total of 100ng of genomic DNA was extracted from the Red Cedar River water. We
obtained significantly different CVs after 30 minutes of hybridization time using the Pt-
PPY-uidA biosensor. Statistical analyses with 95% confidence demonstrated that AQ
values were good tools for the detection of E. coli cells from environmental water
samples. Water samples showed only 18% difference in AQ value from the ones
obtained for E. coli genomic DNA. The potential use of the Pt-PPY-uidA sensors was
demonstrated in a total of 5 hours from sample collection to results or only in 40 minutes

after sample processing.
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CHAPTER 7. CONCLUSIONS
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Conclusions

A ssDNA biosensor was successfully designed and fabricated. The modified working
electrode Pt-PPY-uidA was functionalized using electrodepositon techniques. A DNA
concentration of lpug was sufficient to detect hybridization events. The hybridization
event was statistically distinguishable from non-complementary sequence using CV
techniques. Hybridization event was detected with a short period of incubation. This
demonstrates the great potential of the DNA based biosensor as a viable tool for rapid
biosensor response and its possible use in water quality and other events where rapid
detection might be needed.

We have successfully determined the conditions that yield the most distinguishable
hybridization signals. This conditions, 100ng of target molecule and 30 minutes
hybridization time, were the most appropriate for the creation of statistically different CV
curves by the Pt-PPY-uidA biosensor using 25 bp complementary and non-
complementary oligonuclecotides. We determined the use of 0.25M NaCl as an
appropriate hybridization solution for the creation of distinctive CVs. We were able to
observe that the use of a total of 100ng of widA complementary oligonucleotides was the
concentration that yields the most distinguishable signals for the creation of statistically
significant different CVs. We also determined the most appropriate hybridization time to

be 30 minutes at room temperature to obtain significantly different CVs.
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The specificity of the Pt-PPY-uidA biosensor has been demonstrated using a total of
100ng of genomic DNA from E.coli-K12 as a positive control, Salmonella typhimurium
as a cross-hybridization control and Campylobacter jejuni as a negative control. The use
of the AQ value to normalize the 383 data points obtained in each CV was a good
indicator of the % difference between genomic strains. The lowest AQ % from the
genomic DNA strains was obtained from Salmonella against negative strains (37%). A
46% AQ difference was obtained from complementary oligonucleotides vs. non-
complementary uidA oligonucleotides. Both % values should be considered as threshold
values when the target molecules are short DNA oligonucleotides (46%) and when the
target values are total genomic DNA (37%).

Statistical analyses with 95% confidence demonstrated that AQ values were good tools
for the detection of E. coli cells from environmental water samples.  Water samples
showed only a 18% difference in AQ value from the ones obtained for E. coli genomic
DNA. The potential use of the Pt-PPY-uidA biosensor was demonstrated and it was

effective in obtaining results in 40 minutes after sample preparation.
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CHAPTER 8. FUTURE RESEARCH
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FUTURE RESEARCH

Future research approaches should focus around the following suggestions:

1) The Pt-PPY-uidA biosensor should be constructed in a lower scale that enables
lower detections limits.

2) The Pt-PPY-biosensor should be developed using other oligonucleotides for the
detection o more diverse range of pathogens form environmental sources.

3) Studies using 16STRNA with a specific probe for the uidA section of the RNA
molecule should be used for both specificity and lower detection limits.

4) Design studies involving micro fluidics and multiple electrochemistry channels
outputs should be performed in order to perform the detection of multiple
pathogenic targets in a single biosensor.

Investigating the mechanisms responsible for the electrochemical properties of ssDNA
vs. dsDNA and the effect of short sequences oligonucleotides vs. genomic DNA should
be performed in order to exploit these properties for the developing of more sensitive

biosensors.
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ANOVA Analysis of AQ values using SAS System

1 microgram at different times without background

Cyclel3

The Mixed Procedure

Table 9.1 Type 3 Tests of Fixed Effects
Effect Num DF Den DF F Value Pr>F
signal 1 12 0.93 0.3538
Inc 2 12 7.77 0.0068
signal*Inc 2 12 4.44 0.0360
Table 9.2 Least Squares Means
Effect signal Inc Estimate Standard DF t Value Pr>
. Error It]

signal*Inc comp T180  -40.4600 2.5242 12 -16.03  <.0001
signal*Inc comp T30 -54.6533  2.5242 12 -21.65  <.0001
signal*Inc comp T60 -43.3133  2.5242 12 -17.16  <.0001
signal*Inc noncomp TI180  -50.9100 2.5242 12 -20.17  <.0001
signal*Inc noncomp T30 -50.7000  2.5242 12 -20.09  <.0001
signal*Inc  noncomp T60 -42.7800  2.5242 12 -16.95  <.0001
Table 9.3 Tests of Effect Slices

Effect Inc Num DF Den DF F Value Pr>F
signal*Inc T180 1 12 8.57 0.0127
signal*Inc T30 1 12 1.23 0.2898
signal*Inc T60 1 12 0.02 0.8837

D e ——




ANOVA Analysis of AQ values using SAS System

1 microgram at different times without background
Cycle 26

The Mixed Procedure

Table 9.4 Type 3 Tests of Fixed Effects

Effect Num DF Den DF F Value Pr>F

signal 1 12 0.20 0.6655

Inc 2 12 9.76 0.0032

signal*Inc 2 12 6.24 0.0139

Table 9.5 Least Squares Means

Effect signal Inc Estimate Standard DF t Value Pr>
Error It

signal*Inc comp T180  -31.2033 1.7870 12 -17.46  <.0001

signal*Inc comp T30 -43.4300 1.7870 12 -24.30  <.0001

signal*Inc comp T60 -36.6800 1.7870 12 -20.53  <.0001

signal*Inc noncomp T180 -39.1400 1.7870 12 -21.90  <.0001

signal*Inc noncomp T30 -40.5000 1.7870 12 -22.66  <.0001

signal*Inc  noncomp T60 -33.6133  1.7870 12 -18.81  <.0001

Table 9.6 Tests of Effect Slices

Effect Inc Num DF Den DF F Value Pr>F

signal*Inc T180 1 12 9.86 0.0085

signal*Inc T30 1 12 1.34 0.2689

signal*Inc T60 1 12 1.47 0.2483
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ANOVA Analysis of AQ values using SAS System

100ng at different times without background

Cyclel3
The Mixed Procedure

Table 9.7 Type 3 Tests of Fixed Effects
Effect Num DF Den DF F Value Pr>F
signal 1 12 21.79 0.0005
Inc 2 12 43.79 <.0001
signal*Inc 2 12 5.26 0.0228
Table 9.8 Least Squares Means
Effect signal Inc Estimate Standard DF t Value Pr>
Error [¢]

signal*Inc comp T180  -24.8867 7.1295 12 -3.49 0.0045
signal*Inc comp T30 -63.6200  7.1295 12 -8.92 <.0001
signal*Inc comp T60 -26.5967  7.1295 12 -3.73 0.0029
signal*Inc noncomp TI180  -41.4600 7.1295 12 -5.82 <.0001
signal*Inc noncomp T30 -117.33  7.1295 12 -16.46  <.0001
signal*Inc noncomp T60 -37.8400 7.1295 12 -5.31 0.0002
Table 9.9 Tests of Effect Slices

Effect Inc Num DF Den DF F Value Pr>F
signal*Inc T180 1 12 2.70 0.1262
signal*Inc T30 1 12 28.38 0.0002
signal*Inc T60 1 12 1.24 0.2866




ANOVA Analysis of AQ values using SAS System

100ng at different times without background

Cycle26
The Mixed Procedure
Table 9.10 Type 3 Tests of Fixed Effects
Effect Num DF Den DF F Value Pr>F
signal 1 12 8.30 0.0138
Inc 2 12 25.78 <.0001
signal*Inc 2 12 0.64 0.5421
Table 9.11 Least Squares Means
Effect signal Inc Estimate Standard DF tValue Pr>
Error It]

signal*Inc comp T180  -17.6433 6.5966 12 -2.67 0.0202
signal*Inc comp T30 -55.3167  6.5966 12 -8.39 <.0001
signal*Inc comp T60 -22.9267 6.5966 12 -3.48 0.0046
signal*Inc noncomp TI180  -32.1933 6.5966 12 -4.88 0.0004
signal*Inc noncomp T30 -78.7567  6.5966 12 -11.94  <.0001
signal*Inc noncomp T60 -31.4800 6.5966 12 -4.77 0.0005
Table 9.12 Tests of Effect Slices

Effect Inc Num DF Den DF F Value Pr>F
signal*Inc T180 1 12 243 0.1448
signal*Inc T30 1 12 6.31 0.0273
signal*Inc T60 1 12 0.84 0.3773

=up




ANOVA Analysis of AQ values using SAS System

100 ng T30 all samples
Cycle 13

Table 9.13 Type 3 Tests of Fixed Effects
Effect Num DF DenDF F Value Pr>F
signal 5 12 9.70 0.0007
\
Table 9.14 Least Square Means
Effect signal Estimate Standard DF tValue Pr>|t
Error
signal Comp -63.6200 12.0996 12 -5.26 0.0002 ,
signal E. coli -53.5233  12.0996 12 -4.42 0.0008
signal Negative  -18.3733  12.0996 12 -1.52 0.1548
signal Non Comp -117.33  12.0996 12 -9.70 <.0001
signal Salmonella -28.9633 12.0996 12 -2.39 0.0339
signal Water -19.5733  12.0996 12 -1.62 0.1317
Table 9.15 Differences of Least Square Means
Effect Signal vs. Signal  Estimate Standard DF T Pr> 1t
Error value
Signal Comp E. coli -10.0967 17.1115 12 -0.59  0.5661
Signal Comp Negative -45.2467 17.1115 12 -2.64 0.0214
Signal Comp Non Compl 53.7100 17.1115 12 3.14 0.0086
Signal Comp Salmonella -34.6567 17.1115 12 -2.03 0.0657
Signal Comp Water -44.0467 17.1115 12 -2.57 0.0244
Signal E. coli Negative -35.1500 17.1115 12 -2.05 0.0624
Signal E. coli Non Compl -63.8067 17.1115 12 3.73 0.0029
Signal E. coli Salmonella -24.5600 17.1115 12 -1.44 0.1768
Signal E. coli Water -33.9500 17.1115 12 -1.98 0.0706
Signal Negative Non Compl 98.9567 17.1115 12 5.78 <.0001
Signal Negative Salmonella 10.5900 17.1115 12 0.62 0.5476
Signal Negative Water 1.2000 17.1115 12 0.07 0.9452
Signal Non Compl Salmonella -88.3667 17.1115 12 -5.16 0.0002
Signal Non Compl Water -97.7567 17.1115 12 -5.71 <.0001
Signal Salmonella  Water -9.3900 17.1115 12 -0.55 0.5932




ANOVA Analysis of AQ values using SAS System

100 ng T30 all samples

Cycle 26

Table 9.16 Type 3 Tests of Fixed Effects
Effect Num DF DenDF F Value Pr>F
signal 5 12 6.29 0.0043
Table 9.17 Least Square Means
Effect signal Estimate  Standard DF t Value Pr>|t

Error
signal Comp -55.3167 10.2361 12 -5.40 0.0002
signal E. coli -43.2300 10.2361 12 -4.22 0.0012
signal Negative  -14.0033 10.2361 12 -1.37 0.1964
signal Non Comp -78.7567 10.2361 12 -7.69 <.0001
signal Salmonella -23.5333 10.2361 12 -2.30 0.0403
signal Water -15.1200 10.2361 12 -1.48 0.1654
Table 9.18 Differences of Least Square Means
Effect Signal vs. Signal  Estimate Standard DF T Pr>1t

Error value

Signal Comp E. coli -12.0867 14.4760 12 -0.83 0.4201
Signal Comp Negative -41.3133 14.4760 12 -2.85 0.0145
Signal Comp Non Compl 23.4400 14.4760 12 1.62 0.1314
Signal Comp Salmonella -31.7833 14.4760 12 -2.20 0.0485
Signal Comp Water -40.1967 14.4760 12 -2.78 0.0168
Signal E. coli Negative -29.2267 14.4760 12 -2.02 0.0664
Signal E. coli Non Compl 35.5267 14.4760 12 2.45 0.0304
Signal E. coli Salmonella -19.6967 14.4760 12 -1.36  0.1986
Signal E. coli Water -28.1100 14.4760 12 -1.94 0.0760
Signal Negative Non Compl 64.7533  14.4760 12 4.47 0.0008
Signal Negative Salmonella  9.5300 14.4760 12 0.66 0.5228
Signal Negative Water 1.1167 14.4760 12 0.08 0.9398
Signal Non Compl Salmonclla -55.2233 14.4760 12 -3.81 0.0025
Signal Non Compl Water -63.6367 14.4760 12 -4.40  0.0009
Signal Salmonella  Water -8.4133 144760 12 -0.58 0.5719
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ANOVA Analysis of AQ values using SAS System

10 ng T30 all samples

Cycle 13

Table 9.19 Type 3 Tests of Fixed Effects
Effect Num DF DenDF F Value Pr>F
signal 3 8 1.03 0.4284
Table 9.20 Least Square Means
Effect signal Estimate Standard DF t Value Pr>|t| |
Error "
signal E. coli -25.2700 227.31 8 -0.11 0.9142 ‘
signal Negative  -487.90  227.31 8 -2.15 0.0641
signal Salmonella -32.5033 227.31 8 -0.14 0.8898
signal Water -20.0700  227.31 8 -0.09 0.9318
Table 9.21 Differences of Least Square Means
Effect Signal vs. Signal  Estimate Standard DF T Pr> |t
Error value
Signal E. coli Negative 462.63 321.46 8 1.44 0.1881
Signal E. coli Salmonella  7.2333 321.46 8 0.02 0.9826
Signal E. coli Water -5.2000  321.46 8 -0.02 0.9875
Signal Negative Salmonella -455.39  321.46 8 -1.42 0.1943 B
Signal Negative Water -467.83  321.46 8 -1.46 0.1837
Signal Salmonella  Water -12.4333  321.46 8 -0.04 0.9701




ANOVA Analysis of AQ values using SAS System

10 ng T30 all samples

Cycle 26

Table 9.22 Type 3 Tests of Fixed Effects

Effect Num DF DenDF F Value Pr>F

signal 3 8 1.03 0.4281

Table 9.23 Least Square Means

Effect signal Estimate Standard DF t Value Pr>|t|
Error

signal E. coli -20.8133  214.28 8 -0.10 0.9250

signal Negative  -455.99  214.28 8 -2.13 0.0660

signal Salmonella -25.1667 214.28 8 -0.12 0.9094

signal Water -15.0733  214.28 8 -0.07 0.9456

Table 9.24 Differences of Least Square Means

Effect Signal vs. Signal  Estimate Standard DF T Pr>1ti

Error value

Signal E. coli Negative 435.18 303.03 8 1.44 0.1889

Signal E. coli Salmonella 4.3533 303.03 8 0.01 0.9889

Signal E. coli Water -5.7400  303.03 8 -0.02 0.9854

Signal Negative Salmonella -430.82  303.03 8 -1.42  0.1929

Signal Negative Water -440.92  303.03 8 -146  0.1838

Signal Salmonella  Water -10.0933  303.03 8 -0.03  0.9742
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ANOVA Analysis of AQ values using SAS System

1 microgram at different times with background

Cycle26
The Mixed Procedure
Table 9.25 Type 3 Tests of Fixed Effects
Effect Num DF Den DF F Value Pr>F
signal 1 12 3.84 0.0736
Inc 2 12 0.26 0.7754
signal*Inc 2 12 1.85 0.1987
Table 9.26 Least Squares Means
Effect signal Inc Estimate Standard DF t Value Pr>
Error Il
signal*Inc comp T180  25.0633  3.5389 12 7.08 <.0001
signal*Inc comp TO 24.3833  3.5389 12 6.89 <.0001
signal*Inc comp T60 17.2267  3.5389 12 4.87 <.0001
signal*Inc noncomp TI180  27.8400 3.5389 12 7.87 <.0001
signal*Inc noncomp T30 25.1500  3.5389 12 7.11 <.0001
signal*Inc  noncomp T60 30.6733  3.5389 12 8.67 <.0001
Table 9.27 Tests of Effect Slices
Effect Inc Num DF Den DF F Value Pr>F
signal*Inc T180 1 12 0.31 0.5892
signal*Inc T30 1 12 0.02 0.8802
signal*Inc T60 1 12 7.22 0.0198
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ANOVA Analysis of AQ values using SAS System

100 ng at different times with background

Cycle 13

The Mixed Procedure
Table 9.28 Type 3 Tests of Fixed Effects
Effect Num DF Den DF F Value Pr>F
signal 1 12 0.37 0.5521
Inc 2 12 0.44 0.6519
signal*Inc 2 12 3.40 0.0675
Table 9.29 Least Squares Means
Effect signal Inc Estimate Standard DF tValue Pr>

Error It|

signal*Inc comp T180  29.1933  7.6079 12 3.84 <.0024
signal*Inc comp T30 54.5800  7.6079 12 7.17 <.0001
signal*Inc comp T60 33.9000 7.6079 12 4.46 <.0008
signal*Inc noncomp TI180  40.2333  7.6079 12 5.29 <.0002
signal*Inc noncomp T30 28.2367  7.6079 12 3.71 <.0030
signal*Inc  noncomp T60 37.8033  7.6079 12 4.97 <.0003
Table 9.30 Tests of Effect Slices
Effect Inc Num DF Den DF F Value Pr>F
signal*Inc T180 1 12 1.05 0.3251
signal*Inc T30 1 12 5.99 0.0307
signal*Inc T60 1 12 0.13 0.7231




ANOVA Analysis of AQ values using SAS System

100 ng at different times with background
Cycle 26
The Mixed Procedure

Table 9.31 Type 3 Tests of Fixed Effects

Effect Num DF DenDF F Value Pr>F

signal 1 12 0.00 0.9609

Inc 2 12 0.74 0.4976

signal*Inc 2 12 1.37 0.2920

Table 9.31 Least Squares Means

Effect signal Inc Estimate Standard DF t Value Pr>
Error It

signal*Inc comp T180 17.8600  5.0301 12 3.55 0.0040

signal*Inc comp T30 29.6967  5.0301 12 5.90 <.0001

signal*Inc comp T60 17.4233  5.0301 12 3.46 0.0047

signal*Inc noncomp TI180 23.9833  5.0301 12 4.77 0.0005

signal*Inc noncomp T30 20.0733  5.0301 12 3.99 0.0018

signal*Inc  noncomp T60 20.3067  5.0301 12 4.04 0.0016

Table 9.33 Tests of Effect Slices

Effect Inc NumDF Den DF F Value Pr>F

signal*Inc T180 1 12 0.74 0.4062

signal*Inc T30 1 12 1.83 0.2011

signal*Inc T60 1 12 0.16 0.6924
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ANOVA Analysis of AQ values using SAS System

100 ng at T30 without background

Cycle 13
The Mixed Procedure
Table 9.34 Type 3 Tests of Fixed Effects
Effect Num DF DenDF F Value Pr>F
signal 5 12 1.05 0.4328
r
Table 9.35 Least Square Means [
Effect signal Estimate Standard DF t Value Pr> .
Error ¢l "
signal Comp 54.5800  12.6092 12 4.33 0.0010 L |
signal E. coli 44.7433  12.6092 12 3.55 0.0040
signal Negative  21.8467  12.6092 12 1.73 0.1088
signal Non Comp 28.2367  12.6092 12 2.24 0.0448
signal Salmonella 32.2867 12.6092 12 2.56 0.0250
signal Water 23.3767  12.6092 12 1.85 0.0885
Sample

Table 9.36 Differences of Least Square Means

Signal vs. Signal  Estimate Standard DF T value Pr>u
Effect Error
Signal Comp E. coli 9.8367 17.8321 12 0.55 0.5913
Signal Comp Negative 32.7333  17.8321 12 1.84 0.0913
Signal Comp Non Compl 26.3433  17.8321 12 1.48 0.1654
Signal Comp Salmonella 22.2933  17.8321 12 1.25 0.2351
Signal Comp Water 31.2033  17.8321 12 1.75 0.1056
Signal E. coli Negative 22.8967 17.8321 12 1.28 0.2234
Signal E. coli Non Compl 16.5067  17.8321 12 0.93 0.3729
Signal E. coli Salmonella 12.4567 17.8321 12 0.70 0.4981
Signal E. coli Water 21.3667 17.8321 12 1.20 0.2540

Signal Negative Non Compl -6.3900  17.8321 12 -0.36 0.7263
Signal Negative Salmonella -10.4400 17.8321 12 -0.59 0.5691

Signal Negative Water -1.5300  17.8321 12 -0.09 0.9330
Signal Non Compl Salmonella -4.0500 17.8321 12 -0.23 0.8242
Signal Non Compl Water 4.8600 17.8321 12 0.27 0.7898
Signal Salmonella  Water 8.9100 17.8321 12 0.50 0.6263
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Raw Data of All Samples Including Genomic DNA and Water Samples at
Different Concentrations and 30 minutes Hybridization Time

Table 9.43
Concentration | Hybridization Type Cycle High Low AQ (mC)
Temperature | of Signal Current Current
°C Peak (nA) | Peak (pA)
100ng RT EC 13 73.3 -98.5 -50.71
100ng RT EC 26 71.3 -93.7 -394]
100ng RT background 13 71 -101.9 -95.94
100ng RT background 26 67.5 91.1 -62.03
100ng RT EC 13 62.3 -90 -49.75
100ng RT EC 26 60.5 -84.6 -38.7
100ng RT background 13 83.8 -113.5 -117.9
100ng RT background 26 79.6 -98.9 -80.09
100ng RT EC 13 70.7 -86.6 -48.46
100ng RT EC 26 68.9 -82.9 -38.94
10ng RT background 13 88.4 -119.1 -121.1
10ng RT background 26 85.1 -106.2 -84.22
10ng RT E.C 13 79.7 -100.9 -54.62
10ng RT E.C 26 77.6 -97.2 -43.48
10ng RT background 13 98.5 -128.9 -127.5
10ng RT background 26 95.5 -116.7 -87.88
10ng RT water 13 89.9 -113.9 -57.92
10ng RT water 26 88 -110.1 -52.04
10ng RT background 13 102.7 -130.9 -1254
10ng RT background 26 99.5 -118.3 -85.55
10ng RT salmonella 13 94.6 -116.9 -60.91
10ng RT salmonella 26 92.3 -112.5 -49.07
10ng RT background 13 92.7 -120.3 -116.6]
10ng RT background 26, 89.3 -107.9 -78.74
10ng RT negative 13 84.7 -108.4 -54.46
10ng RT negative 26 82.1 -103.9 -42.6
10ng RT background 13 109.5 -140.1 -151.5
10ng RT background 26 106.6 -128.7 -127.1
10ng RT vater 13 99.6 -113.8 -61.82
10ng RT water 26 97.5 -109.5 -77.57
10ng RT background 13 163.7 -178.8 -151.3
10ng RT background 26 160.5 -167.5 -110
10ng RT water 13 155.9 -166.2 -81 44
10ng RT water 26 153.8 -161.6 -66.22
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and Water Samples at

(Cont’d) Table 9.43 Raw Data of All Samples Including Genomic DNA

Different Concentrations and 30 minutes Hybridization Time

Concentration | Hybridization Type Cycle High Low AQ (mC)
Temperature | of Signal Current Current
°C Peak (pA) | Peak (pA)

10ng RT background 13 94.9 -124.5 -116.1
10ng RT background 26 91.4 -112.6 -80.62
10ng RT E.C 13 86.1 -110.3 -53.95
10ng RT E.C 26 83.9 -105.3 -41.55
10ng RT background 13 87.1 -116.2 -121.7
10ng RT background 26 84.5 -104.4 -88.8
10ng RT water 13 79.5 -98.9 -53.6
’_lﬂrlg RT water 26 77.6 -94.8 -42.48
10ng RT background 13 104.9] -134.5 -171
10ng RT background 26 101.4 -122.7 -131
10ng RT salmonella 13 91.6 -106.3 -57.28
10ng RT salmonella 26 89.5 -103.3 -45.66
10ng RT background 13 96.8 -125.3 -168.9
10ng RT background 26 93.7 -113.4 -116.6
10ng RT negative 13 87.9 -100.3 -54.18
10ng RT negative 26, 85.7 -96.6 -42.56
10ng RT background 13 84 -114.1 -125.9
10ng RT background 26 80.7 -101.1 -89.92
10ng RT water 13 72.5 -91.5 -56.8
10ng RT water 26 69.7 -88.1 -47.18
10ng RT background 13 109.1 -143.8 -176.6
10ng RT background 26 104.6 -133.8 -148.5
10ng RT water 13 94 .4 -109 -55.73
10ng RT water 26 90.8 -104.2 -41.83
10ng RT background 13 102.6] -129.1 -118
10ng RT background 26 99.3 -117.4 -81.41
10ng RT E.C 13 94.2 -115 -56.03
10ng RT E.C 26 91.7 -110.5 -44.04
10ng RT background 13 104.1 -130.2 -142.6
10ng RT background 26, 101.1 -117.6 -103.7
10ng RT water 13 95.9 -110.2 -57.13
10ng RT water 26 93.7 -106.2 -45.59
10ng RT background 13 97.7 -119.2 -123.6
10ng RT background 26 95 -108 -84.93
10ng RT salmonella 13 90.7 -108.2 -§7.58
10ng RT salmonella 26 88.8 -104.3 -46.42
10ng RT background 13 101.1 -130.9 -149 5
10ng RT background 26 99.1 -120 -113.3
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(Cont’d) Table 9.43 Raw Data of All Samples Including Genomic DNA
and Water Samples at
Different Concentrations and 30 minutes Hybridization Time

Concentration | Hybridization Type Cycle High Low AQ (mC)
Temperature | of Signal Current Current
°C Peak (nA) | Peak (nA)

10ng RT negative 13 94.3 -110.9 -64.83
10ng RT negative 26, 91.9 -106.3 -50.45
10ng [RT backeround 13 100.7 1319 -155.5
10ng RT background 26 98.3 -1214 -125.3
10ng RT water 13 85.5 -103.5 -54.35
10ng RT water 26 83.1 -99.2 -43.09
10ng RT background 13 100.7 -131.9 -155.5
10ng RT background 26 98.3 -1214 -125.3
10ng RT water 13 924 -105.2 -59.17
10ng RT water 26 90.1 -101 -46.35
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