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Abstract

This research investigated impedance biosensors for the rapid detection of viral and
bacterial pathogens using avian influenza virus (AlV) subtypes H5N1 and H7N2 and
Escherichia coli O157:H7 as the model targets, which were chosen due to their impact on the
agricultural and food industries. For the detection of AIV H7NZ2, a single stranded DNA aptamer
was selected using systematic evolution of ligands by exponential enrichment (SELEX). The
selected aptamer and a previously selected aptamer against A1V H5N1 were used in a
microfluidics chip with an embedded interdigitated array microelectrode to fabricate an
impedance biosensor for specific detection of AIV H7N2 and H5N1. The developed label-free
biosensor was capable of detecting AIV H7N2 and H5N1 at a concentration down to 2”x10™
hemagglutinination units (HAU) in 30 min without sample pre-treatment, comparable to
previously designed biosensors though with the advantage of DNA aptamers. Two impedance
biosensors based on the use of screen-printed interdigitated electrodes were developed for the
detection of E. coli O157:H7. The first was a label-free biosensor based on magnetic separation
and concentration of target bacteria using antibody-labelled magnetic nanobeads and Faradic
impedance measurement. It was capable of detecting 1400 cells or more of E. coli O157:H7 ina
total detection time of 1 h. COMSOL Multiphysics software was used to analyze the biosensor
using a simplified model and determine the role of the magnetic nanobeads in the impedance
measurement. The second biosensor for detection of E. coli 0157:H7 was based on aptamer-
labeled magnetic nanobeads and glucose oxidase/Concanavalin A-coated gold nanoparticle
labels. This biosensor was capable of detecting 8 cells or more of E. coli O157:H7 in 1.5 h. The
lower detection limit of the developed impedance biosensor was comparable to the most
sensitive biosensors published for the detection of E. coli O157:H7 and was also more rapid and

more practical for in-field tests.



Multiple impedance biosensor designs were developed in this research. The developed biosensor
for A1V could conceivably be adapted for detection of other AlV subtypes and the developed E.

coli O157:H7 biosensors could easily be adapted to detect different bacterial pathogens.

Keywords: Impedance biosensor; avian influenza; E. coli; aptamers; magnetic nanoparticles
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1. Introduction

Traditional methods for microbial detection and identification, such as culturing,
serological tests, microscopy, and polymerase chain reaction, are time and resource consuming
and require specialized laboratories and facilities. In the past decade biosensors have become a
promising alternative to these traditional methods due to their ability to rapidly, sensitively, and
specifically detect a large number of targets such as cells, bacteria, viruses, organic molecules,
and many other analytes. Biosensors consist of a transducer, a signal processor, and a biological
sensing element, which can include antibodies, aptamers, enzymes, or even whole cells.
Impedance biosensors, a class of electrochemical biosensors, rely on changes in the
electrochemical makeup around an electrode to detect a target. They show promise in point-of-

care applications due to their ease of miniaturization, low cost, and low power requirements.

Many previously designed biosensors rely on antibodies as the biological recognition
element, which have several drawbacks. Antibodies are sensitive to thermal and chemical
degradation, must be made in animals over the course of several months, and can only be made
against immunogenic compounds. Nucleic acid aptamers are artificial oligonucleotides (DNA or
RNA) that can bind to a broad range of targets. In diagnostic and detection assays, aptamers
represent an alternative to antibodies as recognition agents due to their greater thermal and
chemical stability, lower cost, and simpler production. When used in conjunction with
impedance biosensors they also have added advantages such as greater uniformity and smaller

size, leading to greater sensitivity and higher repeatability.

In this research, impedance biosensors were developed for the detection of viral and

bacterial pathogens using avian influenza viruses HSN1 and H7N2 for the model virus targets



and E. coli O157:H7 as the model bacterial target. The model targets were chosen for their

significant impact on the agricultural and food safety fields.

Avian influenza viruses have a large impact on the poultry each year and also represent a
threat to human health. Rapid in-field detection or screening is necessary to prevent future
outbreaks and monitor and control current outbreaks. Traditional detection methods, such as RT-
PCR and virus isolation, are time consuming and require specialized personnel and facilities.
Current biosensors for AlV lack specificity, sensitivity, or require labels to amplify the signal.
Also most developed biosensors rely on antibodies, which suffer from low thermal and chemical
stability. For this reason, aptamer-based biosensor (aptasensor) would be superior to an antibody-
based sensor (immunosensor) for potential in-field tests. A DNA aptamer was developed for
avian influenza virus hemagglutinin subtype H7 in this research and used along with a previously
developed aptamer for avian influenza virus H5N1 in developing an impedance biosensor based
on a microfluidics chip with an embedded interdigitated array microelectrode. The developed
biosensor was capable of detecting AIV H5N1 and AIV H7N2 at a lower detection limit of

2"x10™ hemagglutination units (HAU) in 30 min with no labels or signal amplification.

The bacteria E. coli O157:H7 is one of the most dangerous foodborne pathogens, having
a low infectious dose (~10 cells) and causing an estimated 63,000 illnesses a year in the United
States. In addition to the health impact, E. coli 0157:H7 also has a large economic impact,
causing food product recalls each year that result in millions of dollars of direct costs plus
income loss due to lost consumer trust. Current methods for E. coli O157:H7 detection may take
days to get results, during which time production may have to be shut down or contaminated
food products may be shipped out. Two rapid, specific, and inexpensive biosensors based on

screen-printed interdigitated electrodes were developed. The first was a Faradic impedance

2



biosensor using antibody-coated magnetic nanobeads to capture E. coli O157:H7 cells and
concentrate them on the electrode surface. This biosensor had a lower detection limit of ~1400
cells and could detect them in 30 min. The second biosensor developed for the detection of E.
coli O157:H7 was non-Faradic and based on the use of aptamer-coated magnetic nanobeads and
glucose oxidase/Concanavalin A gold nanoparticle labels. The glucose oxidase/Concanavalin A
labels were used to oxidize a 10 mM glucose solution, reducing the impedance of the system.

The biosensor was capable of detecting 8 cells of E. coli 0157:H7 in 1.5 h.

The biosensors developed in this research have the potential to be adapted to detect other
viral and bacterial pathogens. The biosensors could also be fully developed into a portable

biosensor for in-field tests.



2. Objectives

The overall goal of this research is to develop impedance biosensors for the rapid detection of
viral and bacterial pathogens using avian influenza virus subtypes H5N1 and H7N2 and
Escherichia coli O157:H7 as model targets. The objective of this research concerning viral
pathogens was to select a sSSDNA aptamer against avian influenza virus hemagglutinin subtype
H7 and use the developed aptamer along with a previously developed aptamer against avian
influenza virus H5N1 in a microfluidics based impedance biosensor for detection of avian

influenza H5N1 and H7.

The objective of the bacterial pathogen section of this research was to develop two
biosensors based on the use of inexpensive and reusable screen-printed interdigitated electrodes

for the detection of E. coli O157:H7.

The specific objectives of this project were as follows:

1. To develop an impedance biosensor for the detection of avian influenza H5SN1 and H7N2
based on the use of aptamers and microfluidics chips with embedded interdigitated array

microelectrodes.

The specific sub-objectives of this research were:

a. Develop an ssDNA aptamer against avian influenza virus hemagglutinin subtype
H7.
b. Use the developed H7 aptamer and a previous developed aptamer against HSN1

to develop an impedance aptasensor for avian influenza virus.



2. To develop an impedance biosensor based on the use of screen-printed interdigitated

electrodes for the detection of E. coli O157:H7.

The specific sub-objectives of the research were:

a. Develop a Faradic impedance biosensor based on immunomagnetic separation
and concentration for E. coli O157:H7.

b. Develop a non-Faradic impedance biosensor based on aptamer-coated magnetic
nanobeads and glucose oxidase/Concanavalin A gold nanoparticle labels for the

detection of E. coli O157:H7.



3. Review of the Literature

3.1 Detection methods for viral and bacterial pathogens

Traditionally, detection and identification methods of viral and bacterial pathogens have
depended classification of phenotypic and physiological typing. These methods often involve
culturing of the pathogen in a variety of conditions, such as specific cell lines, agar plates, or
nutrient broths, followed by immunological tests and microscopy. While these methods have
proven themselves to be powerful and are often still considered the gold standard detection
method for many pathogens, they are often time- and labor-intensive and the results can often be
subject to the user’s interpretation. Modern molecular methods, such as polymerase chain
reaction (PCR), enzyme-linked immunoassay (ELISA), and direct sequencing, are considerably
more rapid, allow for many more samples to be tested at one time, and often result in more
specific identification of the pathogen. A disadvantage of many molecular methods is that they
do not allow for detection of unknown pathogens and, therefore, may miss pathogens closely

related to the intended detection target.

3.1.1 Conventional methods for detection of avian influenza virus

Early identification of influenza viruses is essential for reducing the spread of avian
influenza and controlling outbreaks (MacKay et al., 2008). The effectiveness of a detection
technique depends on the specificity, sensitivity and time for detection. Cost, ease of use and
portability are also factors in determining the practicality of a rapid detection method. Some of
the current methods used in influenza detection include viral isolation culture,

immunochromatographic strips, direct immunofluorescent assay, enzyme-linked immunoassay,



complement fixation, hemagglutinin-inhibition, and reverse-transcription-polymerase chain

reaction (Amano and Cheng, 2005).

Viral isolation (V1) culture with immunological antigen conformation is considered the
gold standard method for virus detection to which all other detection methods are compared
(Leland and Ginocchio, 2007). Viral isolation for influenza viruses involves inoculating specific
pathogen free (SPF) embryonated chicken eggs or cell cultures with a virus sample. Inoculation
of eggs or tissue culture allows for the measurement of virus infectivity in either 50% Egg
Infectious Dose per ml (EIDso ml™) or 50% Tissue Culture Infectious Dose per ml (TCIDso mlI™).
Viral isolation is followed by hemagglutination inhibition or serological tests for subtyping of
the virus. Hemagglutination inhibition is based on antibody binding of hemagglutinin which
hinders the ability to agglutinate of erythrocytes. The test consists of mixing a standard quantity
of HA with serially diluted antisera and added erythrocytes to determine specific subtype of the
HA antigen. Serological tests involve identifying the antibodies in blood serum which are
secreted in response to challenge with avian influenza virus. Though viral isolation with
immunological tests provides good sensitivity and is relatively inexpensive, it also requires long
incubation times, specialized eggs or cell cultures, a high level of technical expertise, and is only

useful for live viruses (Charlton et al., 2009).

Molecular detection techniques have begun to overcome the disadvantages of cell
cultures, shortening detection times and decreasing the level of expertise required to use them.
Reverse transcription-polymerase chain reaction (RT-PCR) is one molecular method which
offers fast detection times and high sensitivity. RT-PCR amplifies segments of viral RNA for
isolation and identification to determine the phylogeny of a virus and whether it is pathogenic

strain or not. Because DNA is needed for PCR amplification the genomic RNA must first be
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converted to DNA. This is done by using an enzyme called reverse transcriptase to convert the
RNA segments into DNA copies (cCDNA). The cDNA segments are then amplified using
polymerase activity. DNA primers can be picked to allow for the detection of a selected HA by
picking a well-conserved region of the HA gene (Dawson et al., 2006). Real time RT-PCR (rRT-
PCR) is a method based on RT-PCR which utilizes fluorescent probes to detect specific gene
fragments at the same time as gene amplification. Because the probes only report the DNA with
the desired sequence, the specificity of rRT-PCR is significantly better than traditional RT-PCR.
Also multiple fluorescent probes can be used to detect multiple genes simultaneously. Multiplex
rRT-PCR assays can provide virus subtype information for both HA and NA antigens
(Fereidouni et al., 2009; Yang et al., 2010). While rapid, specific and sensitive, RT-PCR
methods have the disadvantages of being expensive, requiring specialized equipment and labs,
high false positive rates, and consist of complicated procedures requiring extensive training
(Ellis and Zambon, 2002). Other nucleic acid-based techniques, such as oligonucleotide
hybridization and microarrays, have also shown promise in providing subtype identification

(Fesenko et al., 2007; Gall et al., 2009a; Gall el al., 2009b).

Immunochromatographic strips rely on enzyme-labeled antibodies to influenza
nucleoprotein bound to a membrane and reagents to cause a color change on a strip signifying
the presence of virus. Immunochromatographic strip tests allow for simple and rapid detection
(<30 min), but do not provide subtype information for the virus and have low sensitivity,

requiring lab conformation for any negative samples.



3.1.2 Conventional methods for detection of E. coli O157:H7

Conventional bacterial identification methods typically rely on analysis of the bacterial
biochemistry combined with morphological features of individual bacterial cells and bacterial
colony morphology. The morphology of individual bacterial cells is usually done with simple
light microscopy, often with the aid of various dyes and stains. These dyes and stains often serve
a second purpose, such as giving clues to the biochemical makeup of the cell or highlighting
certain morphological features that would go unnoticed without the stain. The most prominent
example of these stains is the Gram stain, which can be used to divide bacteria into two groups,
Gram-positive and Gram-negative, based on the presence or absence of a peptidoglycan layer in
the cell wall (Budin et al., 2012). In situations where a more in-depth analysis of the bacterial
morphology is needed, scanning electron microscopy (SEM) or atomic force microscopy (AFM)
can be used. Though SEM and AFM are exceptionally more powerful than standard light
microscopy, the sample preparation involved with both is time consuming and often alters the

morphology of the bacteria cells being prepared (Trinidad et al., 2010).

While morphological analysis of bacteria is typically rapid and simple, it only provides a
limited amount of information about a bacterial sample and is only an aid in bacterial
identification, not an endpoint. Morphological analysis of an E. coli 0157:H7 sample would only
result in the knowledge that the bacteria are rod-shaped and Gram-negative. To further identify
any bacteria, biochemical analysis has to be done. Growing bacterial cultures in selective or
indicator media has been the gold standard method for biochemical analysis of bacteria for years.
Selective media tests involve growing bacteria in selective broths or agars in which only the
desired or suspected bacteria grow well. These selective media may contain antibiotics that

certain bacteria are resistant to, or energy sources which only the desired bacteria are capable of
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utilizing. Indicator media tests involve growing the bacteria on a substrate-containing
compounds that can be broken down by certain bacterial enzymes. This normally results in a
visible color change in the bacterial colonies or the surrounding media. Knowledge about where
a bacterial sample was gathered and the likely bacterial suspects can help decide which selective
or indicator media types would result in the most knowledge gathered. When using multiple
selective media tests, it is possible to identify a bacterial culture or at least narrow down the
range of possible bacterial suspects. Commercialized tests such as analytical profile index (API)
strips provide an easy-to-read format for multiple biochemical tests, such as sugar fermentation,
amino acid synthesis, and utilization of secondary carbon sources. Also other factors such as
optimum growth temperature and aerobic/anaerobic requirements can help identify an unknown
bacterial sample. Sorbitol-MacConkey agar (SMAC) is the most prevalent selective media used
to identify E. coli O157:H7. It is a variant of the standard MacConkey agar, which is used to
differentiate Gram-negative bacteria that are capable of lactose fermentation from those that are
not capable. In SMAC the lactose is replaced with sorbitol, which is fermented by most E. coli
species but not E. coli O157:H7. Sorbitol-fermenting E. coli species will produce colonies with a
pink color while E. coli O157:H7 colonies will be colorless. The fermentation of sorbitol by the
non-0157:H7 species reduces the pH resulting in the pink color of sorbitol-fermenting colonies.
Since E. coli O157:H7 cannot utilize sorbitol it relies on the peptone in the growth media for
sustenance, which increases the pH, resulting in yellow or no coloration. Selective and indicator
media tests can also be followed up with serological tests to reach an even more specific
identification of a bacterial sample. Though bacterial plating followed by serological tests is still
considered the gold standard for bacterial identification, the culturing methods required are time-

consuming and labor and resource intensive.
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Modern molecular methods such as polymerase chain reaction (PCR) and 16S ribosomal
sequencing offer much more rapid and specific results. PCR involves using DNA polymerase
enzymes to amplify a small amount of DNA. A pair of short oligonucleotides known as primers
is used to identify the target sequence to be amplified. The amplified DNA can then be further
analyzed for sequence or size determination. The disadvantage of PCR is that the target must
already be known so that specific primers can be used to amplify the DNA. Multiplex PCR can
somewhat resolve this problem by having multiple primer pairs in each PCR reaction, though
this is still limited to around 10 primer pairs (Hirotaki et al., 2011). Sequencing of the 16S
ribosomal RNA can result in rapid and simple bacterial identification but it still has several
drawbacks. Closely related species can be difficult to differentiate and misidentification can be a
problem. Also for both PCR and 16S sequencing, a pure and clean sample is required and several

hours of highly technical processing and preparation must be done (Spratt, 2004).

3.2 Biosensors

The International Union of Pure and Applied Chemistry defines a biosensor as “a device
that uses specific biochemical reactions mediated by isolated enzymes, immunosystems, tissues,
organelles or whole cells to detect chemical compounds usually by electrical, thermal, or optical
signals” (IUPAC, 2006). A biosensor consists of three components: biological element,

transducing element, and a signal processing element.

Biosensors are able to detect a chemical or biological target through the reaction of the
target with a specific biological recognition molecule. The biological material acts as the
functional group of the sensor and may be an enzyme, antibody, protein, cell, virus, phage,

organelle or nucleic acid probe. The interaction between the biological recognition material and
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target analyte produces a biochemical change in the environment that the transducing element is
able to detect though electrochemical, piezoelectric, mechanical, optical, thermal or magnetic
measurements (Nayak et al., 2009). The signal from the transducer is sent to a signal processor to
be turned into useable data. A biosensor can be categorized by their biological element (cell-
based biosensor), transducing element (piezoelectric biosensor) or a combination of both

(antibody-based electrochemical biosensor).

The biosensor research field began in the 1960s when the first biosensor, a glucose
sensor, was proposed by Clark and Lyons at Children’s Hospital in Cincinnati. Their device
consisted of a layer of glucose oxidase enzyme immobilized over an oxygen sensor. The sensor
would measure the amount of oxygen consumed by the enzymatic reaction and compare the
measurement with a control electrode to determine the amount of glucose in a whole blood
sample (Wang, 2001). Since their first development biosensor applications have expanded
throughout the medical diagnosis field and also into the fields of environmental monitoring,
agriculture, food safety, pharmaceutical screening, biodefense and even explosives detection
(Rodriguez-Mozaz et al., 2004; Skottrup et al., 2008; Wang et al., 2009; Han et al., 2007; Smith
et al., 2008). Biosensors offer the advantages of targeted specificity, fast response times,
continuous data collection, simplified sample preparation and the capability to reproduce units

(Deisingh and Thompson, 2004).

While biosensors of a wide variety of types have been developed for use in a range of
applications three main biosensor types have been studied for use in microbial detection:

piezoelectric, optical and electrochemical.
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Piezoelectric biosensors utilize crystals capable of generating a piezoelectric field to
detect mass changes in the sensing environment (Amano and Cheng, 2005). The crystal is
sandwiched between two excitation electrodes which apply an electrical field that causes the
crystal to undergo dimensional changes, or oscillations, at the crystals natural resonant
frequency. An increase in the mass on the surface of the crystal, such as antibody immobilization
or capture of antigen, decreases the resonant frequency. Piezoelectric biosensors are useful
because they are low-cost, label-free, sensitive, and have extremely low detection levels (Amano

and Cheng, 2005).

The most intensively studied piezoelectric biosensor is the quartz crystal microbalance, or
QCM, which uses a thin wafer of quartz as the transducing crystal. Quartz crystals have the
advantages of being widely available, relatively inexpensive, and durable (Bunde et al., 1998).
QCM biosensors have been well studied for the detection of bacteria, viruses, cells, proteins and
nucleic acids. Other techniques are often coupled with QCM to increase the performance and
capability of the biosensor. QCM has been used to detect avian influenza label-free in nasal
washings with a lower detection limit of 10* pfu mI™, though with the addition of a gold
nanoparticle conjugate the detection limit was reduced to 10° pfu mI™ which is comparable to the
sensitivity and specificity of viral isolation techniques (Peduru Hewa et al., 2009). QCM DNA
sensors have not been able to reach the lower detection limit or sensitivity of traditional gold
standard methods but the use of mass enhancing nanoparticle labels have been shown to improve
both the lower detection limit and the sensitivity of E. coli O157:H7 DNA detection (Mao et al.,
2006). A detection method combining QCM and magnetic separation was shown effective in
detecting biotin-streptavidin binding and demonstrated the feasibility of QCM as an on-line

detection technique (Tsai et al., 2008).
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Optical biosensors rely on visual phenomenon to detect the interaction between the
biological element and the target analyte. Examples of optical biosensors include surface
plasmon resonance (SPR), absorption, luminescence, and fluorescent sensors. Detection by
optical biosensors can occur in two ways: by the analyte directly affecting the optical properties
of the sensing environment, such as in SPR or absorption methods, or by the analyte being

tagged with a label that produces an optical phenomenon, such as in fluorescence methods.

Of the optical methods requiring labels for detection, fluorescence is the most widely
studied. Commonly used labels in fluorescent biosensors are dyes, quantum dots and fluorescent
proteins, with the latter two becoming more popular as they are further researched (Medintz et
al., 2005). Quantum dots are a type of semiconductor with a diameter typically between 2 to 10
nm whose excitons are confined in three spatial dimensions, giving them properties of both
unconfined semiconductors and discrete molecules. Hahn et al. was able to use quantum dots in a
flow cytometer to detect E. coli O157:H7 cells in a heterogeneous cell mixture of 1% E. coli
0157:H7 (Hahn et al., 2008). Simultaneous detection of separate bacterial pathogens has been
performed with the use of quantum dots, taking advantage of their narrow emission range and
single excitation wavelength (Yang and Li, 2006). Fluorescent protein labels, such as green
fluorescent protein (GFP) and its derivatives, have mainly been confined to the fields of
proteomics and functional genomics though some research has been conducted using them in
pathogen detection (VanEngelenburg and Palmer, 2008). In one study, the GFP gene was
inserted into Listeria monocytogenes for the detection of bacteria inside of cells (Fortineau et al.,

2000).

Label-free optical biosensors overcome some of the disadvantages of fluorescent labels,

such as requiring extra steps and time and false positives and negatives (Cooper, 2002). SPR
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biosensors measure the change in refractive index due to binding of biomolecules near the sensor
surface. SPR biosensors have been shown to be effective in detecting bacteria, viruses and
proteins rapidly, in real time and label-free (Phillips and Cheng, 2007). Estmer-Nilsson et al.
(2010) was able to utilize SPR to quantify influenza virus for vaccine production via an antibody

inhibition assay using HA proteins immobilized on the sensor surface.

Electrochemical biosensors use changes in the electrical properties caused by
biochemical reactions to detect an analyte (Grieshaber et al., 2008). Electrochemical transducers
offer several advantages: low cost, ease of miniaturization, low power requirements and
simplicity of use (Pejcic et al., 2006). Electrochemical biosensors can be divided by the electrical
parameter that they measure: amperometric, potentiometric, conductimetric, and impedimetric.
Amperometric biosensors work by applying a constant potential across an electrode and
measuring the current associated with either the reduction or oxidation of an electroactive
species created by the interaction of the biological element and the analyte. Amperometric
biosensors are often used with an enzyme capable of catalyzing the production of an ionic
product, increasing the selectivity and the sensitivity (Lojou and Bianco, 2006). Potentiometric
biosensors gather data by converting a biological reaction into a potential signal with the use of
ion-selective electrodes (Koncki, 2007). Conductimetric biosensors simply measure the
conductivity change in a medium caused by the analytes. Impedimetric biosensors measure a
combination of the resistive and capacitive or inductive properties of a material in response to a

small amplitude sinusoidal excitation signal (\VVarshney and Li, 2009).

Electrochemical biosensors have been well researched for detection of cells, bacteria,
viruses, proteins, nucleic acid and chemicals. Electrochemical biosensors are showing promise in

point-of-care cancer diagnosis, being able to detect cancer cells, cancer-related proteins and
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specific mutations in DNA (Wang, 2006). Another research field in which electrochemical
biosensors are prominent is food safety, which often requires working with complex media
(Abu-Rabeah et al., 2009). Pohlmann successfully detected bacterial ribosomal RNA in a meat
juice solution at a bacterial concentration equivalent to 500 cfu ml™ (Pohlmann et al., 2009).
Electrochemical biosensors have also been used to inspect milk products for the presence of
antibiotics (Davis and Higson, 2010). The most commonly used electrochemical biosensor is the

glucose sensor, which is used by millions of diabetics everyday (Wang, 2008).
3.2.1 Impedance biosensors

Impedance biosensors are a class of electrical biosensors that measure the electrical
impedance of an interface in AC steady state with constant DC bias conditions. This is
accomplished by imposing a sinusoidal voltage at a given frequency and measuring the current.
This measurement can be done over a range of frequencies or at a given frequency (Daniels and
Pourmand, 2007). Many impedance bios