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ABSTRACT
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The objective of the research was to fabricate an integrated sensor that could
detect Escherichia coli K-12 from sample matrices. The sensor was based on
antibodies immobilized on the surface of conducting polymer coated electrospun
nylon fibres. Baseline studies optimized the conditions required for consistent
depositions of polyaniline on the surface of nylon fibres. Antibodies with affinity
towards E. coli K-12 were coupled to the conducting polymer and binding of the
bacterium was followed using impedance spectroscopy using a 4-electrode
configuration. It was demonstrated that the sensor membrane could recover
>80% E. coli K-12 when placed in suspensions containing 1 – 5 log CFU E. coli
K-12. In terms of detection, the increase in charge transfer resistance could be
correlated to cell density of E. coli within the range of 1-6 log CFU. The study
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provides a proof of an integrated capture and label-free detection method for
microbial targets.

Keywords: Biosensor, label-free immunosensor; electrospining, nylon 6,
polyaniline, immobilization, E. coli.
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Chapter 1
1.1.

Introduction

Food safety is a global health goal. Foodborne disease represents a major
health crisis. There is a continuing demand for rapid diagnostic techniques for
detection of pathogenic microbes in foods and environmental samples (Hoorfar,
2011; Velusamy et al., 2010). Rapid detection of pathogenic microorganisms or
their toxins can prevent contaminated foods from being consumed and ensure
food safety by eliminating or minimizing the risk of foodborne illness outbreak
(Binet et al., 2014). A new innovation in the diagnostics market is to capture
and/or to detect microbes with a single assay (Sharma and Mutharasan, 2013).
Methods that have been used for years to detect biohazards are mainly
laboratory based; they are time consuming and laborious. To ease these
difficulties, methods have been developed by combining the recognition
properties of macromolecular biological molecules with the sensitivity of
transducers or detector elements, such as: optical, thermal, gravimetric, or
electrochemical detectors (Cosnier, 2005). The resulting biosensor can be used
to detect microorganisms on site in food processing plants, on both food contact
surfaces (surfaces that come into direct contact with food) and non-food contact
surfaces (surfaces that are not always obvious during the processing operation),
in small volume samples, as well as, in multi-step protocols (Cosnier, 2005;
Sapsford et al., 2004; Clark and Lyons et al., 1962). In the development a
1

biosensor electrospun fibres play a significant role because of their high porosity,
interconnectivity, microscale interstitial space and their large surface area to
volume ratio.
Because of their versatility and promising advantages electrospinning technology
and nanotechnology have been used in different aspects of society including the
development of different types of sensors (Liang et al., 2007). Recently, the
nanotechnology, including electrospinning has been introduced into the
agriculture and food sector, and especially in the food safety area (Nazzaro et
al., 2012). One of the areas that has undergone considerable growth is the use
of electrospun fibres to develop sensors (Bhardwaj and Kundu, 2010; Liang et
al., 2007). The advantages of using electrospun fibres are:

High surface area to volume ratio (this ratio for nanofibres or submicron
fibres can be 103 times larger than that of microfibres) (Burger et al.,
2006);



Tuneable porosity and the ability to manipulate fibre composition in order
to get desired properties;



Flexibility in surface functionalities.

The scope of using nanotechnology in the food and agricultural sectors has
become even broader; the use of conductive polymers adds a new dimension to
it. The use of conducting polymers, that is polymer material with metallic and
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semiconductor characteristics, in biosensors has been introduced because of
their many advantages (Gerard et al., 2002). For example, conducting polymers
improve the biocompatibility and sensitivity in-vivo (Balint et al., 2004); Also,
conducting polymers can be designed to regulate parameters, such as, polymer
layer thickness, electrical properties (conductivity, ionization potential) and bioreagent loading (Malhotra et al., 2006). Nonetheless, conductive, flexible and
biocompatible fibres produced through electrospinning are very attractive
substrates for detection applications i.e., biosensor application.
In the current study, an immunosensor was developed based on electrospun
nylon 6 fibres coated with polyaniline to capture and detect Escherichia coli K-12
(E. coli K-12). Although electrospinning has been applied in various areas such
as biomedical, sensor and filtration applications, the use of electrospun fibres in
conjunction with a conducting polymer for food safety applications has not yet
been reported in the literature. The idea of this study was to develop a rapid
detection method for microorganism responsible for foodborne illness and food
poisoning. In the current study, the high surface area to volume ratio of
electrospun fibres was combined with the conductivity of polyaniline to develop a
biosensor membrane. Nylon 6 was selected because of its mechanical strength
(Ding et al., 2009), its hydrophilic properties and excellent affinity toward aniline
and polyaniline (Nasybulin et al., 2009).

3

Chapter one will introduce the background and present justification for the
current research in terms of its relevance and value. The aims and objectives
emanate from the research agenda which will be outlined along with the
structure of the thesis.
1.2.

Literature review

1.2.1. Foodborne diseases or illness
Foodborne diseases are mainly caused by consuming foods or beverages
contaminated by biohazards (an organism or a by-product from an organism). In
other word, foodborne illness is an infection or irritation of the gastrointestinal
(GI) tract caused by foods or beverages that contain harmful bacteria, parasites,
viruses, or chemicals (www.stopfoodborneillness.org, 2014; Cliver and Riemann,
2002). It was reported that between 1987 and 1992, around 79% of foodborne
illness outbreaks were caused by bacteria (Collins, 1997). The Canada
Communicable Disease Report (CCDR) mentioned that harmful bacteria
(especially, Norovirus,Clostridium perfringens, Campylobacter and Nontyphoidal)
are mostly responsible for 90% of 1.6 million foodborne diseases caused by
foodborne pathogens (CCDR, 2014). The chances of foodborne illness outbreak
are increasing.
There are many controversies about the pathogens responsible for the majority
of foodborne illnesses. In 2011, Scallan and team reported that each year in the
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United States 31 major pathogens caused 9.4 million episodes of foodborne
illness (Scallan et al., 2011). According to the Center for Disease Control and
Prevention‘s (CDC) report of 2011, there are eight known pathogens which are
responsible for the vast majority of illnesses, hospitalizations, and deaths (Table
1.1) (http://www.cdc.gov/foodborneburden/2011-foodborne-estimates.html;
accessed on June 6, 2015). Whilst, University of Nebraska–Lincoln reported 12
major bacteria which are responsible for foodborne illness: Aeromonas
hydrophilia, Bacillus cereus, Campylobacter jejuni, Clostridium botulinum,
Clostridium perfringens, Escherichia coli O157:H7 (E. coli), Listeria
monocytogenes, Salmonella spp., Shigella, Staphylococcus aureus, Vibrio,
Yersinia enterocolitica (http://food.unl.edu/safety/pathogenic-org; accessed on
November 11, 2014).

5

Table 1.1: List of pathogens reported by CDC causing illness, hospitalization,
and death of American population (CDC, 2011)

Pathogen responsible

Estimated number of
people reported

% population

Top five pathogens that contribute to foodborne illnesses
Norovirus
5,461,731
58
Salmonella (nontyphoidal)

1,027,561

11

Clostridium perfringens

965,958

10

Campylobacter spp.

845,024

9

Staphylococcus aureus

241,148

3

Top five pathogens contribute to foodborne illnesses resulting in hospitalization
Salmonella (non19,336
35
typhoidal)
Norovirus

14,663

26

Campylobacter spp.

8,463

15

Toxoplasma gondii

4,428

8

E.coli (STEC) O157

2,138

4

Top five pathogens contribute to foodborne illnesses resulting in death
Salmonella (non378
28
typhoidal)
Toxoplasma gondii

327

24

Listeria monocytogenes

255

19

Norovirus

149

11

Campylobacter spp.

76

6

6

1.2.1.1.

Impact of foodborne diseases or illness on the economy of a
country

The outbreak of foodborne diseases has a remarkable effect on both the human
health and economic condition of the country. Eighty-four studies evaluated the
cost of foodborne illness in humans during the last two decades (1992–2012) in
North America and Europe (Mclinden et al., 2014). The most common estimated
costs were due to foodborne illnesses caused by bacteria (McLinden et al.,
2014). In the United States, the estimated cost of food safety incidents (e.g.,
recall-notifying consumers, removing food from shelves, and paying damages as
a result of lawsuits) was around $7 billion per year (Hussain and Dawson, 2013).
Table 1.2 lists some of the costly food outbreaks in the world.

Table 1.2: Examples of some expensive foodborne disease outbreaks/recalls
in the world (Hussain and Dawson, 2013)

Year

contamination/Food
Product

Estimated
Economic Loss

Region/Country

2013

Clostridium botulinum/Whey
concentrate

Unknown

New Zealand

2009

Salmonella/Peanut products

$70 million

USA

2008

Salmonella/Tomatoes

$250 million

USA

2008

Mad cow disease/Meat

$117 million

USA

2007

Salmonella/Peanut butter

$133 million

USA

7

2006

E. coli/Spinach

$350 million

USA

1992

E. coli/Hamburgers

$160 million

USA

According to Food Sentry‘s data, between July 2012 and July 2013, there were
610 food recalls in North America. Among them, 37.6% were caused by
salmonella contamination, 21.6% by allergens and 20.2% were related to L.
monocytogenes (http://www.foodsentry.org/understanding-food-recalls-therecall-process-explained/; accessed on September 6, 2014).
1.2.1.2.

Global food market and food safety diagnosis

The World Health Organization (WHO) defines foodborne illnesses as diseases,
usually either infectious or toxic in nature, caused by agents that enter the body
through the ingestion of food (Velusamy et al., 2010). It has been reported that,
in the industrialized countries, more than 30% of the population suffers from
foodborne diseases each year (Velusamy et al., 2010).
To avoid foodborne illness and poisoning, food manufacturers are implementing
Food Safety Management systems and various diagnostic testing procedures.
Food Safety diagnostics can be used for the detection of hazards or verification
of the performance of food safety management systems. Food Safety
diagnostics is a process of testing foods to detect the contaminations that occurs
as a result of exposure to contaminated equipment or raw materials,
contaminated water, improper handling, and inadequate treatment.

8

Diagnostic testing by food producers varies based on: geographic area, the
predominant organisms tested (e.g., Salmonella, Listeria, and Campylobacter),
the type of food product produced (meat, dairy, fruits and vegetables, or
processed food), sampling method (including the point in the food production
chain at which samples were collected), and the test methods used for analysis
(http://www.strategic-consult.com/2013/09/food_microbiology_testing/; accessed
on October 13, 2013). According to Strategic Consulting Inc. (July, 2013), the
market value of food microbiology testing has increased by 40%, or $832 million,
in the past five years (Figure 1.1).

Figure 1.1: Worldwide Food Safety testing & diagnostics market value in 2008
and 2013 (modified from: Strategic Consulting Inc., 2013)

9

In July, 2014, The United Business Media published a report entitled ―Food
Safety Testing & Diagnostics Market Forecast 2014-2024‖. They reported that
the world market for the Food Safety Testing and Diagnostics would reach
$11.03 billion by the end of
2014 (http://search.proquest.com.subzero.lib.uoguelph.ca/docview/1543324040;
accessed on October 2, 2014).
On the other hand, in a report published in 2012, based on market research
conducted on worldwide food markets
(http://www.marketsandmarkets.com/Market-Reports/food-safety-365.htmL), it
was stated that the North American food safety testing market was segmented
on the basis of contaminants, technologies, food types, and geography. The U.S.
was recorded as the largest food testing market in the North America. In 2012,
Shiga toxin-producing E. coli (STEC) was the highest threat for the North
American food market and salmonella for the European food market.
Contamination from different pathogens in food was one of the driving forces to
develop various types of rapid testing methods.

10

Figure 1.2: Summary of U.S. food-safety testing market value ($ millions), by
contaminant type, in 2011 and 2017 (modified from:
http://www.bccresearch.com/pressroom/fod/global-markets-technologies-foodsafety-testing; accessed on November 2, 2014).
BCC research reported that the global food safety testing market is projected to
grow from $3.3 billion in 2011 to $4.3 billion by 2017
(http://www.bccresearch.com/pressroom/fod/global-markets-technologies-foodsafety-testing; accessed on November 2, 2014). The food safety testing market
was divided into five segments based on contaminant type: pathogens, toxins,
GMOs (genetically modified organisms), residues, and others. Figure 1.2
represents an overview of food safety testing market in 2012 and 2017 (an
estimation). As shown the greatest focus for food safety testing is for pathogen
detection.

11

1.2.2. Extraction and concentration of microbial toxins
Extraction is the process of separating or isolating a substance from a matrix or
solution. In other words, extraction facilitates sample preparation or purification in
qualitative and quantitative analyses through partitioning of materials between
two phases in order to remove interferents. Therefore, it increases the overall
sensitivity of the downstream assay. Extraction methods isolate the undesired
components from sample matrices that the instruments cannot handle directly
(Wang et al., 2011). The extraction techniques together with other analytical
methods (chromatography, ELISA, PCR) reduce cost, shorten process time, and
improve the efficiency of the analytical methods (Tadeo et al., 2010).
Traditionally, there are various means of extraction and concentration, such as,
immuno-magnetic separation (IMS), centrifugation, filtration, and solid phase
extraction (SPE).
1.2.2.1.

Immuno-Magnetic Separation (IMS)

IMS is a laboratory tool to efficiently separate eukaryotic cells from fluids and
prokaryotic organism from heterogeneous samples. It can also be used as a
method of quantifying the pathogenicity of contaminated food, blood or feces
(Enroth and Engstrand, 1995).
IMS, Which employs uniformly sized polymer paramagnetic beads with an iron
oxide core, are known as ―Dynabeads™‖. These particles are

12

superparamagnetic and become magnetized in the presence of a magnetic field.
They also bind with various bio-reactive molecules or cells with specific affinity to
the beads (Uyttendaele et al., 2000).
The Dynabeads™ are magnetically charged polystyrene beads with specific
polyclonal and monoclonal antibodies immobilized on their surfaces. When these
beads are incubated with suspensions such as enrichment cultures or pathogen
cells, these cells bind to the beads via the immobilized antibodies. Thus IMS is
used to separate and concentrate microorganism from a vast amount of sample.
IMS is also used as a preliminary step during PCR (polymerase chain reaction).
For PCR, it is important to remove polymerase inhibitors, so IMS is used to
concentrate/ extract bacteria from a cultured sample (Enroth and Engstrand,
1995). IMS separates certain organism such as Cryptosporidium, Giardia,
Legionella, E. coli O157 H7, E. coli O145, E. coli O111, E. coli O103, E. coli O26,
Listeria and Salmonella etc. directly from pre-enriched samples. For example,
Uyttendaele and team (2000) used IMS for direct detection of L. monocytogenes
(< 10 CFU/g) in cheese (Uyttendaele et.al., 2000). At the present time, magnetic
separation techniques are commonly used in food diagnostics (Olsvik et al.,
1994). Dynabeads™ or IMS techniques have revolutionised the isolation and
manipulation process for some biological material, including cells, nucleic acids,
proteins and pathogenic microorganisms

13

(https://www.lifetechnologies.com/ca/en/home/brands/product-brand/dynal/thehistory-of-dynabeads.htmL; accessed on May 21, 2012).
1.2.2.1.1. Advantages of IMS


Effective separation of target organism from competitive microflora to
increase concentration (10-100 fold);



Reduction of the total test time;



Improvement in the sensitivity of the microbiological test;



Removal of potential inhibitors.

1.2.2.1.2. Disadvantages of IMS


Non-specific binding or bacterial adherence (at >106 CFU/mL);



Loss of cells during wash steps.

1.2.3. Nanofibres
Nanofibres are defined as fibres with diameters less than 100 nanometer (Gaffet,
2011). On the other hand, according to US textile industry and Japanese and
Korean strategic research initiative nanofibres are fibres with a diameter of less
than 1 µm (Gibson et al., 2007). Nanofibres can be produced by various
methods, for example: using air-blast atomization of mesophase pitch; by
assembling from individual carbon nanotubes molecules (Tseng and Ellenbogen,
2001); via pulling of non-polymer molecules by an atomic force microscope
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(AFM) tip (Ondarcuhu and Joachim, 1998); through depositing materials on
linear templates; or using whiskers of the semiconductor which spontaneously
grow out of gold particles placed in the reactor chamber (Cobden, 2001). The
aforementioned methods, except air-blast atomization of mesophase pitch
allowed for good process control. However, these methods are not very flexible
with respect to choice of material which being used for nanofibres production.
That is why scientists are looking for a more suitable method to obtain nanofibre
and nanowires. Electrospinning is a versatile method to produce nanofibres
(fibres with diameter < 100nm), nanowires, nanotubes and fibres with diameter
>100 nm, e.g., ultrafine fibres, submicron fibres, microfibers (Hassan et al.,
2014). Electrospinning allows for manufacturing of long fibres (of the order of 10
cm) with controlled diameter, high surface area and porous structure (Hassan et
al., 2014). Instrumentation is relatively easy and the process can be manipulated
easily (Yarin et al., 2001).
1.2.3.1.

Electrospinning

Electrospinning is a simple and widely used technique to produce fibres from a
polymeric fluid (solution or melt) by utilizing electrostatic forces (Frenot and
Chronakis, 2003). The fibre diameter ranges from several microns to lower than
100 nm. The polymer solution or melt is delivered through a needle with diameter
in the millimeter range (Bhardwaj and Kundu, 2010; Frenot and Chronakis,
2003).
15

In 1745, Bose created an aerosol spray by exposing a liquid in a capillary tube to
a high electrical potential (Reneker and Chun, 1996). The basis of
electrospinning mainly came from his invention (Ko, 2003). In 1952, Vonnegut
and Neubauer invented an apparatus to produce filaments, which was based on
a glass tube filled with a polymer solution that received high voltage (5-10 kV). In
1955, Drozin studied the dispersion of liquids such as aerosols using high
voltage. In 1981, for the first time Larrondo and Manley used a polymer melt
method for electrospinning (Frenot and Chronakis, 2003; Larrondo and Manley,
1981). There was little interest in electrospinning or electrospun nanofibres until
mid-1990s. Reneker and Chun (1996) revitalized the importance of
electrospinning and have drawn attention toward the possibility of using a wide
range of polymer solutions for this technique. The development and
improvement in electrospinning techniques has been speeding up since the last
few decades, and the studies in this area have been increased in the past few
years (Bhardwaj and Kundu, 2010; Burger et al., 2006). Since then over a
hundred synthetic and natural polymers have been electrospun into fibres
(Sawicka and Gouma, 2006).
1.2.3.1.1. Electrospinning Equipment
Basic electrospinning equipment (Figure 1.3) includes three main components: a
high power voltage supply, a spinneret, and a collector or target. The spinneret
or metal needle is attached to a syringe through which the polymer solution or
16

melt is forced by a pump (Schiffman and Schauer, 2008). The needle is
connected to a high power voltage supply to charge the solution and create an
electric field. By inducing an appropriate high voltage (Burger et al., 2006) to a
polymer solution, the polymer solution at the tip of the needle becomes highly
electrified. Since electrostatic repulsion works against the surface tension the
droplet is stretched (Doshi and Reneker, 1995). The drop becomes distorted to
form a cone shape known as the Taylor cone (Taylor, 1969). At a critical point,
the electrostatic repulsion exceeds the surface tension and a stream of liquid is
ejected from the nozzle. Solid fibres are formed when a highly viscous polymer
solution within the electrified jet is continuously being stretched due to
electrostatic repulsions between the evaporated solvent and surface charge (Li
and Xia, 2004; Yarin et al., 2001). If the molecular cohesion of the liquid is not
sufficiently high, stream breakup does occur resulting in electrospraying (Li and
Xia, 2004).
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Figure 1.3: A schematic diagram of the electrospinning process. A polymer
solution held in a syringe (A) is fed to a metal needle (B). A high voltage
supply (C) is connected to the needle, producing a fine jet of polymer solution
(D). This dries out in transit, resulting in fine fibres which are collected on an
earthed target (E).
In short, electrospinning is a versatile method which can optimize the
morphology of the fibres by adjusting the composition of the solution and the
configuration of the electrospinning apparatus, discussed below (Rafiei et al.,
2013).
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1.2.3.1.2. Parameters for fabricating fibres
The morphology and characteristic of the electrospun fibres are dependent on
various parameters (Li and Xia, 2004; Frenot and Chronakis, 2003; Huang et al.,
2003; Doshi and Reneker, 1995):
1) Solution and melt properties: the type of polymers, the conformation of the
polymer chain, viscosity, elasticity, electrical conductivity, and the polarity
and surface tension of the solvent;
2) Process conditions: applied voltage, distance from the spinneret to the
collector and the flow rate of the polymer solution;
3) Environmental conditions: atmospheric conditions that include humidity,
temperature, and air velocity.
Many studies have been conducted to find the relationship among the different
parameters and the properties of electrospun nanofibres as outlined in the Table
1.3.

19

Table 1.3: Parameters that affect the properties of electrospun fibres
(Bhardwaj and Kundu, 2010; Teo and Ramakrishna, 2006; Ramakrishna et al.,
2005; Yang et al., 2005)

Influencing Factors
Viscosity of solution

Concentration of
polymer in solution
Conductivity of
solution
Surface Tension of
solution

Applied voltage

Distance between
spinneret and collector

Flow rate

Humidity

Effect on Fibre
Properties
Low viscosity produces
beads, alternately with
high viscosity beads
disappears and fibre
diameter increases
Fibre diameter increases
with higher concentration
Decrease in fibre diameter
occurs with an increase in
conductivity
Relationship with fibre
morphology is
inconclusive: high surface
tension causes instability
of polymer jets.
Decreased fibre diameter
when voltage is increased

References
Zhao et al., 2005; Zhang
et al., 2005 ; Jiang et al.,
2004; Huang et al.,
2003
Kim et al., 2005; Jun et
al., 2003
Jiang et al., 2004;Koski
et al., 2004; Jun et al.,
2003
Zuo et al., 2005; Zhang
et al., 2005;
Mituppatham et al.,
2004; Hohman et al.,
2001
Kim et al., 2005; Jun et
al., 2003; Demir et al.,
2002
Geng et al., 2005;Ki et
al., 2005; Zhao et al.,
2005; Zhang et al.,
2005; Buchko et al.,
1999;
Sill and Recum, 2008;
Zuo et al., 2005; Zhang
et al., 2005

Uniform fibre is produced
when a minimum distance
is maintained, beads
produced are too small
and too large distance
Reduction of fibre diameter
when flow rate is low,
generation of beads with
too high a flow rate.
Casper et al., 2004; Li
High humidity leads to
circular pores on the fibres. and Xia, 2004; Mit-
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Temperature

1.2.3.1.

Fibre diameter Increases
at higher temperature

Uppatham et al., 2004
Mit-Uppatham et al.,
2004 ; Reneker and
Chun, 1996

Applications of nanofibres

Nanofibres can be used in a broad array of fields including: biomedical
applications, healthcare, biotechnology, environmental engineering, defense and
security, energy storage and generation (Bhardwaj and Kundu, 2010; Vaseashta,
2008).
In regards to agriculture and food applications, there are not many significant
commercial uses as the use nanofibre is comparatively new in this sector. Much
research has been conducted and nanofibres have been introduced to develop
sensor to detect microorganisms, toxins or enzymes in food (Ligler et al. 2003).
Nanofibres could be a potential material for food packaging applications.
1.2.4. Conducting polymers
A polymer is a large molecule which is composed of repetitive monomer units,
joined covalently in a chain and its conductivity is defined by the number of
charge carrier units or electrons mobility (Janata and Josowicz, 2003).
Conducting polymers are those with metallic and semiconductor characteristics
(Heeger, 2001). Conducting polymers show unusual electrochemical properties
(high electrical conductivity, low ionization potential, high electronic affinities, and
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semi-conductor properties) because of the presence of one unpaired electron,
i.e., presence of a π-electron per carbon atom in the backbone of the polymer
(Ahuja et al., 2006; Malhotra et al., 2006; Janata and Josowicz, 2002). Although
conducting polymers were first described in the mid 1800‘s, by Letheby through
the color changing property of acidic polyaniline solution upon addition of an
oxidant, the use of conducting polymer in research did not become popular until
1975 (Gerard et al., 2002). The conductivity of conducting polymers can be
tuned by chemical manipulation of the polymer backbone with a dopant and by
blending with other polymers (Angelopoulos, 2001).
Generally, based on the degree of conductivity, conducting polymers can be
classified into four groups (Kumar and Sharma, 1998). The first and the most
widely used conducting polymeric system is the composite polymers. These
polymers are highly conductive because they have an insulating polymer matrix
which is filled with fibrous conductive fillers such carbon or metal. Applications
for such composites are wide spread, including: interconnections, printed circuit
boards, encapsulations, die attachment, heat sinks, conducting adhesives,
electromagnetic interference (EMI) shielding, electrostatic discharge (ESD), and
aerospace engineering. The second group of polymers is known as ionically
conducting polymers, for example, polyethylene oxide. The source of electrical
conductivity is a result of the movement of ions present in the system. These
types of polymers are used in the battery industry. The third group of polymers is
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known as redox polymers. These polymers contain immobilized redox centers
(electroactive centers). Since these centers are not connected to each other,
electrons transfer from one center to another through the well-known ―hopping‖
mechanism (Bhadra et al., 2009). As a result, these polymers conduct charge.
The fourth group of conducting polymer is conjugated polymers. These polymers
consist of alternating single and double bonds, creating an extended π-network.
The movement of electrons within this π-framework is the source of conductivity.
However, a dopant is required to increase the level of conductivity for this type of
polymers. The structure of different conducting polymers is presented in Figure
1.4. PANi has better stability and processability compared to the other
conducting polymers (Park and Lee, 2005). Therefore, polyaniline was selected
for this existing study.
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Polyaniline (PANi)

Polyacetylene (PA)

Polypyrrolle (PPy)

Polythiophene (PT)

Polyparaphenylene (PPP)

Polyparaphenylene vinylene (PPV)
Figure 1.4: The structure of various of conducting polymers (collected from
Park and Lee, 2005)
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1.2.4.1.

Production of conducting polymers through polymerization
methods

Conducting polymers can be produced either by chemical oxidation or
electrochemical oxidation because the π- bonds in conjugated polymers are
highly susceptible to chemical or electrochemical oxidation or reduction.
Chemical oxidative polymerization is the oxidation of monomers to form cation
radicals followed by coupling to form di-cations. Electrochemical oxidation is
popular because the reaction can be carried out at room temperature and a
polymer film can be produced on any electrode surface. As well, a free standing
film can be obtained using this method. The thickness of the film can be
controlled by changing polymerization time (Ahuja et al., 2006; Gerard et al.,
2002).
Electrochemical polymerization is well known for producing nanostructures. In
this process a potential is applied to oxidize the monomer, and consequently, the
polymer chain elongates from the nucleation sites on the electron surface. In
addition, direct immobilization of bioagents, e.g., enzymes or antiboies on the
surface of electrodes is possible during electrochemical polymerization (Vidal et
al., 2003).
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1.2.4.2.

Applications of conducting polymers

The use of conducting polymers has increased because of their conducting and
semiconducting properties, as well as their versatility and ease of production and
handling (Malhotra et al., 2006; Bruno, 1994). Since polyaniline, polypyrrole and
polythiophene have sufficiently low redox potential to avoid oxidative degradation
they are may be used for sensor applications (Ahuja et al., 2006; Malhotra et al.,
2006). These conducting polymers provide enormous opportunities for binding
biomolecules, modifying their bio-catalytic properties, rapid electron transfer and
direct communication to produce a range of analytical signals and new analytical
applications (Prathap et al., 2012; Dhand et al., 2010).
1.2.5. Polymers used in electrospinning
Electrospinning is a versatile method to produce nanofibres, nanowires and
nanotubes (Li and Xia, 2004; Frenot and Chronakis, 2003; Reneker et al., 2000).
The electrospinning process can be used to control the deposition of polymer
fibres onto a target substrate due to its inherent properties (Frenot and
Chronakis, 2003). As a result, nanofibres with complex and seamless threedimensional shapes could be formed. When the diameters of polymer fibres are
reduced from micrometers (e.g., 10–100 µm) to sub-micrometers or nanometers
(e.g. 10×10-3–100×10-3 µm)(Huang et al., 2003), desirable characteristics appear
such as large surface area to volume ratio (103 times of those for microfibres),
flexibility in surface functionalities, and sometimes superior mechanical
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performance (e.g., stiffness and tensile strength) compared with any other known
form of the material. Because of these characteristics electrospun fibres have
been used in many sectors including food safety diagnosis (Huang, Jiaxing et al.,
2003; Huang, Zheng-Ming et al., 2003).
Electrospinning is applicable to a wide range of polymers (synthetic, natural, and
blends) including nylon, polyolefin, polyamides, polyester, aramid, acrylic,
proteins (polypeptides), DNA, electron conducting and photonic polymers
(Angammana and Jayaram, 2011; Burger et al., 2006; Ohgo et al., 2003; Frenot
and Chronakis, 2003; Fang and Reneker, 1997). Polyamides, often used to
produce electrospun fibres (Li et al., 2006; Stephens et al., 2004), include nylon
6 (Zhang et al., 2009, Fong et al., 2002), nylon 6/SiO2 (Ding et al., 2009), nylon11 (Dhanalakshmi and Jod, 2008), nylon 6, 66, 1010 terpolymer (Li et al., 2006),
nylon 6 (PA-6) /montmorillonnite (Mt) (Fong et al., 2002). Besides polyamides,
other polymers can be successfully electrospun into nanoscale fibres, for
instance: polyaniline (PANI) /PEO blend (MacDiarmid et al., 2001),polysulfones
(Yuan et al., 2004), polyaniline (PANi)/ polystyrene (PS)(nylon-4,6, PA-4,6
(Bergshoef and Vancso, 1999), poly(ethylene oxide) (PEO) (Yarin et al., 2001)
and many others.
Ren et al. (2006) developed a sensor by immobilizing glucose oxidase enzyme
onto the polyvinyl alcohol electrospun fibres. A urea biosensor was developed
based on electrospun fibres by Sawicka et al. (2005). They prepared
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nanocomposite fibers of urease and polyvinylpyrrolidone (PVP) by the
electrospinning and established a biosensor to detect urea in medical diagnoses,
environmental and bioindustrial analyses (Sawicka et al., 2005). The fibres
produced by electrospinning a solution of PEO, fluorescent poly((p-phenylene
ethynylene)-alt-(thienylene ethynylene)) and chloroform were used as
chemosensor material (Frenot and Chronakis, 2003). Zaung et al. (2003)
reported that electrospun nanofibres from a mixture of PAA-PM (polyacrylic acid
– poly(pyrene methanol)), polyurethane and dimethylformamide were used as
optical sensor.
1.2.5.1.

Nylon

Nylon is one of the most commonly used polymers and was the first
commercially successful synthetic thermoplastic polymer. Nylon is also known as
aliphatic polyamide because it is made of repeating units linked by amide bonds
(Palmer et al., 2001). Nylon was first produced on February 28, 1935, by Wallace
Carothers. Chemical elements of nylon are carbon, hydrogen, nitrogen and
oxygen. Nylon is formed by reacting equal parts of a diamine and a dicarboxylic
acid. Molecules with an acid (-COOH) group on each end are reacted with
molecules containing amine (-NH2) group on each end. The resulting nylon is
named on the basis of the number of carbon atoms separating the two acid
groups and the two amines, for instance: nylon 6, nylon 6,6, nylon 6,9, nylon
6,10, nylon 6,12, nylon 11, and nylon 12. Nylon 6,6 is the most common
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commercial grade of nylon, and nylon 6 is the most common commercial grade
of molded nylon. Nylon 6 is obtained by polycondensation of polycarprolactam
and nylon 6,6 is produced by reacting adipic acid with hexamethylene diamine
(Brandrup et al., 1999; Nair et al., 2006). Figure 1.5 represents chemical
structures of nylon 6 and nylon 6,6.

(a)

(b)
Figure 1.5: Chemical structure of nylon 6,6 (a) and nylon 6 (b)
There is wide range of application for nylon fibres, membranes and films in the
areas of affinity chromatography, filtration, molecular biology, molecular
imprinting, biosensor matrices etc because nylon fibre is inexpensive,
mechanically strong (Ohe et al., 2007), non-toxic and can be modified into
different forms. Various research has been performed using nylon to produce
affinity membranes and electrospun fibres. Shi et al. (2005) used nylon
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membrane modified with polyhydroxyl containing materials to bind polylysine
ligand in order to detect bilirubin.
1.2.5.2.

Polyaniline

In 1960, after the discovery of conducting polymers (CPs), a promising subject of
research was initiated because of the interesting properties and numerous
application possibilities of CPs (Guimard, 2008). Polyaniline (PANi) is an organic
polymer which can be converted to a conducting state by appropriate oxidation
or doping (Wanekaya et al., 2007; Gerard et al., 2002). Among all conductive
polymers, polyaniline has gained more attention due to its suitability to perform in
aqueous conditions, its redox properties and high thermal stability(Sapurina and
Shishov, 2008). In addition, polyaniline is nontoxic and stable in aggressive
chemical environments (Sapurina and Shishov, 2008). The discovery of
polyaniline (PANi) can be traced back 180 years to the experiments of Runge. In
1834, he heated the mixture of copper (II) chloride and aniline nitrate on a
porcelain plate at 100 °C; a dark green color material was produced which
afterward changed to a black color (Gordana, 2013). Polyaniline and its
derivatives are synthesized through two general routes: (a) electrochemical; and
(b) chemical methods (Bhadra et al., 2007). The most common method for
fabrication of polyaniline in large quantities is the chemical method. In
conventional chemical methods, the aniline is polymerized in water based
solution in the presence of an oxidant and a dopant. Polyaniline can be found in
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one of three idealized oxidation state (Bhadra et al., 2009) (Figure 1.6):
leucoemeraldine – white/clear & colorless (C6H4NH)n, (per)nigraniline –
blue/violet (C6H4N)n, and emeraldine – green for the emeraldine salt, blue for the
emeraldine base [C6H4NH]2[C6H4N]2)n.

Figure 1.6: The three oxidation states of PANI: (a) a fully reduced
leucoemeraldine base (LEB); (b) a fully oxidized pernigraniline base (PNB);
and (c) a half oxidized/half reduced emeraldine base (EB) state (Bhadra et al.,
2009).
The four most important factors which influence the conductivity of PANi are: (i)
molecular weight; (ii) percentage of crystallinity and inter-chain separation; (iii)
oxidation level and molecular arrangement; and (iv) percentage of doping and
type of dopant. Although, the potential applications of polyaniline have been
limited due to its poor conductivity at neutral pH, it has been used in
multidisciplinary fields. A few possible applications of PANI are presented in
Table 1.4.
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Table 1.4: Properties and possible applications of Polyaniline and its
composites on biosensors

Special properties of
Polyaniline

Related
applications of
Polyaniline

Reference

Conductive
adhesive, ink, paint

Hino et al.,2006; Yoshioka
and Jabbour, 2006;
Barros et al.,2005; Roth
and Graupner, 1997;

Antistatic textile

Bowman and Mattes,
2005;

Electrostatic
discharge materials

Schoch Jr.et al.,1995 ;
Ohtani et al., 1993;
Kulkarni et al., 1993;

Viscosity in solution
increases under electric
field

Electro-rheological
(ER) material

Lee et al., 2005; Cho et
al., 2004; Cho et al., 2003;
Choi et al., 1997;

Electrical conductivity or
color changes upon
exposure to acidic, basic
and some neutral vapors
or liquids

NH3, CO2, NO2, CO,
Cl2, O3, gas sensor

Bai et al., 2007; Yan etal.,
2007; Irimia-Vladu and
Fergus, 2006 ; Ando at al.,
2005; Dixit et al., 2005 ;
Jainet al., 2005;

Volatile organic
compound, toxic
gas sensor

Kim et al., 2005; Hosseini
and Entezami, 2001;

Petroleum, H2O2,
humidity, chemical
sensor

Joshi et al., 2007; Zou et
al., 2007; Nohria et al.,
2006; Huang et al., 2003;

Mercury, pH sensor,
biosensor

Arora et al., 2007;
Muthukumar et al., 2007;
Talaie et al., 2000;

Bacteria, vitamin C
detector

Ren et al., 2007; Andreu
et al., 2005;

Electrically conductive in
nature
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Color changes upon
change in the pH of the
medium due to
protonation–deprotonation

‗Acid–base‘
indicator

Syed and Dinesan, 1990;

Variation of oxidation
states on charging and
discharging, with
concomitant diffusion of
ions into and from the
polymer

Ion-exchange
material

Bidan and Ehui, 1989;
Doblhofer and Armstrong,
1988;

Shows very high
capacitance values

Capacitor

Lu et al., 2007; Gupta and
Miura, 2006

Energy storage
devices

Meng et al., 2009; Sung
etal., 2004;

Ability to absorb and
reflect electromagnetic
radiation

Electromagnetic
interference
shielding

Bhadra et al., 2008; Joo et
al., 1995; Epstein et al.,
1994;

Response to an
electromagnetic field in the
optical regime

Medium for
erasable optical
information storage

Epstein et al., 1994;
Coplin et al., 1993; Leng
et al., 1992 ; McCall et al.,
1991;

Non-linear optics
(NLO)

Chen et al., 2003; Petrov
et al., 1995; Osaheni et
al., 1992;

Can be converted from
highly conducting to
almost insulating

Digital memory
device

Tseng et al., 2005

Ability to accumulate and
transform energy
(including optical
frequencies), and hence,
to memorize (erase)
information

Electrode for
rechargeable
batteries

Desilvestro et al., 1992;
Koga et al., 1989; Somasir
and MacDiarmid, 1988;
MacDiarmid et al., 1987;

Anode for microbial
fuel cell

Qiao et al., 2007 ;
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Emits color under various
excitations

Electrochromic
displays and smart
windows

Jelle et al., 1993; Jelle et
al., 1992; Rodrigues et al.,
1991; Watanabe et al.,
1987;

Organic or polymer
light emitting diodes

Gaponik et al., 1999;
Chen et al., 1996;

1.2.6. Biosensors
Biosensors are chemical sensing devices which combine a biological recognition
mechanism with a physical transduction technique (Wieczorek and Pace, 2008).
The working principle of a biosensor is based on the idea that interaction
between the specific group of analytes and the biorecognition element (enzymes,
antibody, nucleic acid, tissue, and cells), results in specific change in one or
more of the physio-chemical properties such as pH, electron transfer, heat or
mass. The transducer part of biosensors detects this change and converts it into
an electronic signal which is proportional to the concentration of a specific
analyte or target analyte. Recently, IUPAC (International Union of Pure and
Applied Chemistry) has given the specific definition of a biosensor: ―it is a selfcontained integral device that is capable of providing specific quantitative or
semi-quantitative analytical information using a biological element‖ (Thevenot et
al., 1999).
The history of biosensors began in 1962 with the development of the first
enzyme based glucose sensing device by Clark and Lyons (Clark and Lyons,
1962). Since then various research has been conducted to establish more rapid
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and sensitive detection methods and in recent years, biosensors have become
very popular. Due to their adaptability, specificity, simple use in relatively
complex samples and faster fabrication of portable sensors, biosensors (Cosnier,
2005; Gerard et al., 2002) have been used in diagnosis, food technology,
biotechnology, genetic engineering, and environmental monitoring. Figure 1.7
shows the schematic diagram of a typical biosensor.

Figure 1.7: Schematic of a simple biosensor
Biosensors based on an enzyme as the catalytic recognition element, are very
popular (Zhang and Li, 2004). Besides this category, there are affinity sensorsimmunosensors, DNA sensors and receptor sensors. Affinity sensors are used
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for the detection and measurement of antigenic proteins such as hormones,
drugs, viruses, bacterial antigens, as well as the main type of mammalian
antibodies, e.g., immunoglobulins and they can be effective at extremely low
concentrations (Skladal, 2003). Affinity sensors display sensing capabilities at
the picomolar and even at the femtomolar level. On the other hand, enzyme
sensors are mainly focused on the determination of small molecules, such as,
glucose from the millimolar to the micromolar range (Estep et al., 2013; Cosnier,
2005).
1.2.6.1.

Advantages of using conducting polymer in biosensors

The use of a conducting polymer in biosensor technology has become popular
because conducting polymers improve the sensitivity (by preventing interference
from reaching the active parts of the sensors), speed, and the versatility of the
biosensor in detection of microorganism or any other contaminants. Moreover,
conducting polymers have always been a suitable matrix for binding or
immobilizing antibodies or enzymes (Sung et al., 2004; Sung and Bae, 2000;
Adeloju and Wallace, 1996; Bartlett and Cooper, 1993). These polymers create a
suitable condition for localization of any biologically active molecule because
they are available in very flexible chemical structures and can be modified or
synthesized as required. In addition, electrical conducting polymers are selfmodifiable to make them available to bind with protein (Situmorang et al., 2000;
Mulchandani and Wang, 1996; Lu et al., 1995). One of the main benefits of using
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conducting polymers is that biologically active molecules can be simultaneously
immobilized or trapped in the polymer matrix while polymers are being
synthesized by electro-polymerization.
In recent years, many biosensors or sensing methods, which can be classified
into sensing methods for labeling the target substances via an auxiliary reaction
using a labeling compound (Ramanavicius et al., 2006), have been designed.
Fluorescence or luminescent markers and high-sensitivity methods such as
surface plasma resonance (SPR), quartz crystal microbalance (QCM), carbon
nanotube field-effect transistors (CNT FET) and nanowire FET for detecting the
bonding to the target substances (Murphy, 2006) are some of the examples of
labeled immunosensor. The labeled immunosensors format belongs to indirect
analytical signal detection methods. Among all indirect electrochemical
immunoassays, amperometric transducers are used much more frequently than
others (Ramanavicius et al., 2006). Many researchers have reported
amperometric detection of foodborne pathogens such as E. coli O157:H7
(Chemburu et al., 2005; Varshney et al., 2005; Ruan et al., 2002; Abdel-Hamid
et al., 1999;), Salmonella (Yang et al.,2001; Abdel- Hamid et al., 1999b; Che et
al., 1999; Brooks et al., 1992), L. monocytogenes (Chemburu et al., 2005;
Crowley et al.,1999) and C. jejuni (Chemburu et al., 2005). Indirectly labeled
immunosensors need additional immunochemicals labeled by electrochemical
labels which add extra procedures mainly based on incubation with labeled
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antibodies, making these methods more expensive and time consuming.
Moreover, due to the application of broad-range-selectivity exhibiting secondary
antibodies, these methods often decrease selectivity (Ramanavicius et al.,
2006). To improve the reading of molecular signals and to remove the faults of
these labeled immunosensor technologies, researchers have used the
semiconductor properties of conducting polymers to provide a label-free sensor
to facilitate signal reading. Such sensors allow real-time measurement without
any additional hazardous reagents (Warsinke et al., 2000). The majority of labelfree electrochemical immunoassays do not need any auxiliary electrochemical
reaction for the detection procedure. They are based on changes in charge
density or conductivity for transduction.
Nowadays, the majority of biosensors are based on one or more enzymes used
in conjunction with an electrode (Dhand et al., 2010; Murphy, 2006). These
biosensors use the concept of redox reaction. They use a small mediator species
that shuttles between the biomolecule and the electrode or in some cases by
direct electron transfer between the biomolecule redox site and the electrode
(Murphy, 2006). Since the redox site of a biomolecule is often hidden deep inside
the biomolecule, direct electron transfer can be difficult to achieve. Various
studies have been done to facilitate direct electron transfer. Conducting materials
have been used to modify biomolecules or electrode surfaces to achieve direct
electron transfer (Hartmann, 2005). Thus, highly conductive organic transducers
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are gradually emerging for the development of the next generation biosensor
designed for highly reliable, stable and robust field-based diagnostic devices.
1.2.6.2.

Detection of a pathogen using the electrochemical
transduction method

Several transduction methods have been developed in the past decade for the
detection of foodborne pathogens. For instance, optical, electrochemical and
mass based transduction systems are the most popular and common (Velusamy
et al., 2010). There are new types of transducers constantly being developed for
use in biosensors.
Electrochemical based detection methods are one of the means of transduction
that has been used for identification and quantification of foodborne pathogens.
Based on the observed parameters such as current, potential, impedance and
conductance respectively, electrochemical biosensors can be classified into
amperometric, potentiometric, impedimetric and conductometric (Velusamy et
al., 2010). Table 1.5 summarizes different modes of electrochemical based
foodborne pathogen detection (Velusamy et al., 2010).
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Table 1.5: Different modes of electrochemical based foodborne pathogen
detection

Mode of
detection

Analyte

Limit of
Detection
(CFU/mL)

Assay
time

Amperometric

E. coli O157:H7

81

6 min

Amperometric

E. coli O157:H7

7.8× 101

10 min

Amperometric

E. coli O157:H7

6 × 102

2h

Amperometric

S. tymuriumphi

1.09 × 103

2.5 h

Amperometric

Salmonella

1-5

6h

E. coli O157:H7
without any
enrichment
after
enrichment
E. coli,
L.
Monocytogenes,
C. jejuni
E. coli O157:H7
Salmonella

1.6 × 101- 7.2
× 107

Amperometric

References
MuhammadTahir and
Alocilja, 2004;
MuhammadTahir and
Alocilja, 2004;
Ruan et al.,
2002
Tang et al.,
2001
Brooks et al.,
1992;

15 min

Varshney et al.,
2005;

50 cell/mL
10 cells/mL
50 cells/mL

6h
30 min
overall

Chemburu et
al., 2005;

50 cells/mL
50 cells/mL

35 min
overall

E. coli O157:H7

100 cells/mL

30 min

Photentiometric

E. coli O157:H7
heat-hided Live

7.1× 102
cells/mL

45 min

Photentiometric

E. coli

10 cells/mL

30 min

Amperometric

Amperometric

Amperometric

8 × 100-8×
101
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Abdul_Hamid
et al., 1999b8;
Abdul_Hamid
et al., 1999a;
Gehring et
al.,1998;
Ercole et al.,
2003;

Conductometric

V.
parahaemolyticu
s
E. coli O157:H7
and Salmonella
spp.
Bacillus cereus

Impedimetric

S. typhimurium

Impedimetric

L.
monocytogenes
Bacillus cereus

Impedimetric

E. coli

Cyclic
voltammetry
Conductometric

7.374 × 104

7.9 × 10

1

35-88
4.8 and 5.4×
105

101 to 107

1.5 h

10 min
6 min
9.3 and
2.2 h
respect
ively

Zhao et al.,
2007;
MuhammadTahir and
Alocilja, 2003;
pal et al., 2008;
Yang et al.,
2004;
Tully et al.,
2008; Susmel
et al., 2003;
Munoz-berbel
et al., 2008;

To perform selective and efficient bioanalyte detection using a biosensor, it is
very important to immobilize biorecognition elements such as enzymes,
antibodies, whole cell or DNA on the transducer surface (Arshak et al., 2009).
There are various types of immobilization methods, such as physical adsorption,
electrochemical adsorption, and covalent attachment. Table 1.6 summaries
electrochemical biosensors that use conducting polymers for the detection of
various foodborne pathogens and immobilization methods used during the
detection process.
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Table 1.6: Conducting polymers systems used for foodborne pathogen
detection
Conducting
Polymers

Biomolecules

Immobilization
methods

Polypyrrole

Pathogen

References

Antibody

Covalent
attachment

L.
monocytoge
nes

Minett et al.,
2003;

Polypyrrole

DNA

Entrapment

B. cereus

Velusamy
et al., 2009;

Polyaniline

Antibody

Biotin-avidin

L.
monocytoge
nes

Tully et al.,
2008;

Polyaniline

Antibody

Absorption

E. coli
0157:H7

Polyaniline

Antibody

Absorption

B. cereus

Polypyrrole

DNA

Entrapment

E. coli

Polyaniline

DNA

Biotin-avidin

E. coli

Muhammad
-Tahir and
Alocilja,
2003;
Pal et al.,
2008;
Rodriguez
and Alocilja,
2005;
Arora et al.,
2007;

1.2.7. Enzyme-linked immunosorbent assays (ELISA)
ELISA is an analytic assay to detect the presence of an analyte in a liquid
sample by using the antibody and enzyme immunoassay technique resulting in a
color change. It has been reported that different kinds of ELISA are used in
detecting microorganism e.g. E. coli O157 (Dylla et al., 1995; Johnson et al.,
1995). ELISA is one of the most frequently used methods for immunoassay
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because of its good sensitivity, selectivity, and ease in use (Ramanavicius et al.,
2006).
The basic design of the standard ELISA for antibody detection firstly requires
reaction of the sample with a solid-phase-fixed antigen, and secondly is followed
by a reacting with an enzyme-conjugated anti-immunoglobulin ( Kendall et al.,
1983). Since ELISA can evaluate or detect the presence of antibodies or
antigens in the sample, it has been used in various sectors of food industries and
medical science. In the food industry, potential allergens (dairy, nuts, and eggs)
have been detected by using ELISA. ELISA-based biosensors have been
successfully used for accurate detection of a wide variety of antigens. The
original ELISA method, however, is a complicated multistage process and is
tedious and expensive, which has led to the development of easy, time saving
and inexpensive methods to identify the presence of a microorganism.
Since ELISA-based biosensors are mainly capture-based, the sensitivity of such
biosensor can be significantly improved by increasing the surface area to volume
ratio of the binding surface. In current study, a method to capture and detect
biohazards was developed. The concept was to develop a label free detection
method to detect the presence of microorganism and because of their large
surface area to volume ratio electrospun fibres were considered as a means of
label free detection of antigen binding.
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1.3.

Research Hypothesis

The underlying hypothesis of the study is that conducting electrospun fibres
modified with affinity agents can be used to capture and detect biohazards from
sample matrices.
1.4.

Objectives

The specific objectives of this study are:


Optimization and preparation of conductive fibres



Immobilization of antibody onto conductive fibres



Evaluation of capture efficiency of model pathogens on immobilized fibres



Detection of captured pathogens using electrochemical transduction
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Chapter 2
2.1.

Materials and Methods

2.1.1. Materials
Nylon 6 films were purchased from DuPont, Canada. Formic acid (99% pure),
hydrochloric acid, ammonium persulphate and aniline (ACS reagent 99.5%) were
purchased from Sigma Aldrich, Oakville, ON, Canada. Teflon tubes and stainless
steel needle spinnerets were purchased from Cole-Palmer Canada Inc., QC,
Canada and a 10 mL glass syringe was bought from SGE Analytical Science Pty
Ltd., Ringwood, Victoria, Australia. Sodium chloride (≥ 99.5%) and Tween-20
(enzyme grade) were obtained from Thermo Fisher Scientific, Ottawa, Ontario,
Canada. All other reagents were analytical grade.
Antibody goat polyclonal to E. coli, mouse monoclonal [BSA-7G10] to bovine
serum albumin (BSA) and substrate p-nitrophenyl-phosphate were purchased
from ABCAM, Cambridge, USA. A carbo free blocking solution (10x
concentration sp-5040) and an animal free blocking reagent (5X concentration
sp-5030) were purchased from Vector Laboratories Inc. Burlingame, Ca.
Other chemicals used to make PBS, 0.85% (w/v) saline solution, wash buffer,
10% (w/v) NaCl and tris buffer, were obtained from Thermo Fisher Scientific,
Canada.
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2.1.2. Preparation of nylon 6 electrospun fibres
2.1.2.1.

Sample preparation

Nylon 6 polymer solutions of various concentrations (15%, 16%, 18%, 20%,
22%, and 24% w/v) were prepared by dissolving nylon 6 film (DuPont, Canada)
in 5 mL of formic acid (99% pure) and stirring for 24 h at room temperature (21°±
2°C).

Figure 2.1: Electrospinning apparatus set-up (packaging Lab, University of
Guelph). Arrow indicates the collector and the spinneret.
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2.1.2.2.

Electrospinning of nylon 6 fibres

The nylon 6 solution was electrospun in a Plexiglas enclosure (Figure 2.1). A 10
mL glass syringe was filled with the nylon 6 solution. This solution was passed
from the syringe through a teflon tube which was adapted with a 16-gauge blunt
end stainless steel needle spinneret on the end. An infusion pump (Kd scientific,
model 780200) was set to control the flow rate of the polymer solution and to
keep a constant flow rate of 0.5 mL/h. In a typical experimental setup, the
spinneret was attached to the positive electrode and the nylon 6 solution was
spun in a vertical position onto a stainless steel disc covered with aluminum foil
(25 cm diameter) which was grounded. A contact voltage of 18 KV was applied
to the positive electrode using a DC supply (Gamma high voltage research,
Ormond Beach, FL32174). The distance between the collector and the spinneret
was 15 cm. Electrospinning was conducted at room temperature (21° ± 2 °C).
2.1.3. Synthesis of nylon 6 / Polyaniline (PANi) conducting fibres by
polymerization
Aniline was distilled twice before use and diluted in 0.35 M HCl aqueous solution.
The polymerization was done according to the procedure mentioned in Hong et
al., 2004 with some modification. After electrospinning, the nylon 6 electrospun
fibres were immersed in the aniline solution (0.3, 0.45, 0.5 and 0.6 M) at 40°C for
30-120 min. The aniline coated fibres were then placed in 0.35 M HCl and the
reaction was initiated by adding ammonium persulphate (0.3, 0.45, 0.5 and 0.6
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M) as the ratio of monomer to oxidant (aniline : ammonium persulphate) should
be 1:1 (Hong et al., 2004). The reaction was allowed to proceed for 1 h at 4°C.
After 1 h, the fibres were taken out of the oxidative solution and rinsed with
distilled water. The fibres were then dried under vacuum for 24 h. PANi
(emeraldine salt form) was produced on the surface of the electrospun fibres as
a result of oxidative polymerization of aniline and was protonated with HCl
present in the reaction mixture. The mechanism of the polymerization reaction is
presented in Figure 2.2.

Figure 2.2: Mechanism of oxidative polymerization of Aniline (recreated from
Nicolau and Beadle, 2001).
2.1.4. Scanning Electron Microscopy (SEM)
Samples of nylon 6 fibres and polyaniline coated nylon 6 fibres were examined
by SEM after mounting a 1 cm2 section onto an aluminum platform followed by
the deposition of a gold layer (20 nm) using a sputter coater (Model K550;
Emitech, Ashford, Kent, England). The samples were examined using a SEM
(Hitachi S-570; Hitachi High Technologies Corp., Tokyo, Japan) at an
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accelerating voltage of 10 kV. The samples were observed at a low magnification
to observe the fibre morphology. Higher magnifications were used to observe
each of the corners and the center of the square sample and images of the fibre
were captured by using Quartz PCI (version 7, Quartz Imaging Corp. Vancouver,
BC). To observe E. coli K-12 captured by antibody immobilized nylon 6/PANi
conducting fibre membranes were also examined by SEM (an accelerating
voltage of 15 kV). Samples were prepared by capturing E. coli K-12 on to the
antibody immobilized fibres and they were dried at room temperature.
2.1.1. Fourier Transform Infrared Spectroscopy (FTIR)
To ensure the development of polyaniline on the fibre surface FTIR spectroscopy
was done. FTIR spectroscopy was performed by placing electrospun fibres onto a
diamond crystal held within an attenuated total reflectance (ATR) cell. IR spectra

were collected at room temperature for PANi coated nylon 6 electrospun fibres
using 30 averaged scans at 4 cm−1 resolution. Scans were collected from 400 to
1800 cm-1 using an infrared spectrophotometer (IRPrestige-21; Shimadzu Corp.,
Tokyo, Japan). Before testing each sample, the background measurement was

recorded.
2.1.2. Measurement of conductivity using impedance spectroscopy
Conductivity of nylon-PANi composite fibres was measured by impedance
spectroscopy. Impedance spectroscopy was performed using a Solatron
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frequency response analyzer (Model 1260, Solartron, London Scientific, London,
Ontario, Canada) connected to a potentiostat (Model 1287 Solartron) using a 4electrode configuration. The sensing part of the electrode probe consisted of 4
gold electrode pins (2 mm diameter) with each being separated by 4 mm. The
Solatron 1260 analyzer (London Scientific) was used in conjugation with Z plot
software (Scribner Associates Inc., Southern Pines, NC, U.S.A.) with the
generated data being analyzed using Z view software (Scribner Associates Inc.,
Southern Pines, NC, U.S.A.). A 0.1 N NaCl solution (0.58% w/v was dissolved in
500 L of distilled water) and was used as a supportive electrolyte to facilitate
electron transport throughout the composite fibre.
The 4-electrode system was connected to the Grain-phase analyser to make an
electric circuit. A 1 cm × 1 cm nylon/PANi composite fibre membrane was placed
on top of a glass slide with 1 µL of 0.1 N NaCl. Charge transfer resistance was
measured by using software Zplot with its companion data display and analysis
program ZView. Charge transfer resistance was obtained from a Nyquist plot
which is a two-dimensional presentation of impedance data. Electrochemical
impedance was measured by applying an AC potential (50 mV) to composite
nylon/PANi conducting fibers and measuring the current through the cell. The
impedance scan was performed over a frequency limit from 50 Hz to 100000 Hz
(100 KHz). The results were summarized in terms of an equivalent circuit by the
software and this circuit also had identical impedance to the real physical
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system. The real impedance is plotted on the X axis and the imaginary
impedance (impedance of the equivalent circuit) on the Y axis of a chart; a
Nyquist plot (Figure 2.3) is the result.

Figure 2.3: Nyquist plot for nylon 6/PANi electrospun fiber. The fibre sample
was mounted onto a 4-electrode cell and 0.1 N NaCl was used as the
supportive electrolyte to ease the electrotransfer. Impedance was run when
initial frequency was100 KHz, final frequency was 50 Hz, AC amplitude was 50
mV, and DC potential was 0 V.
On the Nyquist plot, the impedance is represented as a vector of length | Z |; a
semi-circle is formed. The charge transfer resistance of conducting nylon 6/PANi
composite fibres was calculated from the diameter of that semi-circle. The most
conductive composite fibre was found by comparing the charge transfer
resistance among the nylon 6/PANi composite fibres where the concentration of
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aniline and the polymerization time were different for each sample. Frequency
(initial frequency 100 KHz and final frequency 50 Hz), AC potential (50 mV) and
DC potential (0 V) were initially fixed in the Solatron 1260 analyzer. To ensure
the correct measurement, ten measurements from different spots were recorded
for the same sample.
2.1.3. ELISA- direct ELISA procedure
In the current study, direct ELISA was conducted to test the binding efficiency of
antibody to E. coli K-12. ELISA includes four sequential steps: 1) coating the
antigen (E. coli K-12) to the microplates; 2) use of a blocking reagent to block
unbound ends; 3) incubation with the antibody; and 4) use of the ALP substrate
to change the color which indicates the amount of antibody present and bound to
the fibres. A schematic diagram of direct ELISA process is presented in Figure
2.4. The methodology of ELISA was followed as per the method mentioned in
ABCAM, 2010 with some modifications
(http://www.abcam.com/index.htmL?pageconfig=resource&rid=11388; accessed
on October 3, 2010).
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Figure 2.4: Illustration of direct ELISA
PBS, pH 7.4 was prepared by adding 0.232% (w/v) of Na2HPO4, 0.02% (w/v) of
KCl, 0.02% (w/v) of K3PO4 and 0.8% (w/v) of NaCl in distilled water. 0.05% (v/v)
Tween 20 was added to the PBS (pH 7.4) to make a wash buffer.
E. coli K-12 was cultivated in the laboratory in brain heart infusion (BHI) broth at
37°C for 24 h. The cells were harvested by centrifugation (5 min) and resuspended in 0.85% saline to obtain an optical density (at 600 nm) of 0.2 (108
CFU/ 8 log CFU). A serial dilution was performed with 108 CFU E. coli K-12
suspension in distilled saline.
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2.1.3.1.

Coating the antigen to the microplate

The E. coli K-12 suspension was diluted with distilled saline (0.85% NaCl) to
obtain a serial dilution from 108 CFU to 101 CFU in 101 increments. An aliquot of
50 µL of this diluted suspension was pipetted onto the top wells of a PVC
microtiter plate. A control was used without any E. coli K-12 suspension. Three
experimental replicates were performed for each dilution.
2.1.3.2.

Blocking

An aliquot (200 µl) of carbo free blocking solution (1X) was added to wells to
block the remaining protein binding site in the coated wells. After covering with
adhesive plastic, the plate was incubated for 2 h at room temperature. The plate
was then washed three times with the wash solution (PBS with 0.05% v/v Tween
20).
2.1.3.3.

Incubating with the antibody

Antibody goat polyclonal to E. coli was diluted with sterile saline at a ratio of 0.5
mg/mL. Diluted antibody of 100 µL was placed in each well and the plate was
incubated at room temperature for 2 h. After 2 h, the plate was washed four
times using the wash solution.
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2.1.3.4.

Detection

A substrate solution was prepared using sterile saline according to the
manufacturer‘s instruction. 100 µL of p-nitrophenyl-phosphate substrate solution
was dispensed per well using a micro pipette. The plate was incubated in a dark
environment for 30 min. 100 µL of 0.75 M NaOH solution was added to stop the
reaction. The yellow color of p- nitrophenyl-phosphate was measured using a
plate reader at 405 nm.
2.1.4. Elution of E. coli from the conducting fibres
E. coli K-12 was eluted from antibody modified electrospun conducting fibre with
10% (w/v) NaCl solution. This process was optimized using BSA and 10% (w/v)
NaCl solution, tris buffer solution and phosphate buffer solution were used to
elute BSA from anti-BSA modified electrospun fibres. In this assay, BSA was
used as the antigen.
2.1.4.1.

Optimization of the elution process

Appropriate buffer conditions for the elution step in the affinity biosensor depend
on salt content and/or the pH of the buffer solution. A high salt buffer would
compete for the positive and negative charges and would result in the disruption
of interactions between the conducting composite fibre and the antibody causing
the antibody to elute. In this study, there were two buffer solutions: tris buffer
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solution - pH 8 and phosphate buffer solution- pH 8, as well as 10% (w/v) NaCl
solution used to elute BSA from conducting fibres.
Mouse monoclonal antibody [BSA-7G10] to BSA was diluted with animal free
blocking reagent (1x). 1 cm × 1 cm area of fibres were taken and added to 1 mL
anti-BSA (0.5 mg/mL). Fibre samples were incubated for 30 min at room
temperature. Conducting fibres were taken out and washed three times with the
wash solution. Antibody modified electrospun fibres were then transferred to 1.5
mL of 10 mg/mL BSA and incubated overnight at 4 °C. At the end of incubation
time, conducting fibres were washed three times to remove any unbound BSA.
Conducting fibres, with captured BSA, were placed consecutively into 1.5 mL of
10% NaCl solution, tris buffer solution- pH 8 and phosphate buffer solution-pH 8.
Control samples were produced where there was no anti-BSA present.
Conducting fibres were kept in elution buffers for 30 min at room temperature. To
accelerate the elution process, fibres with elution buffers were votexed for 10
sec. All the experiments were performed in triplicate.
After 30 min, conducting fibres were taken out of the elution buffers and the BSA
concentration in solution was determined by using Nanodrop 8000 (proteinA280).
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2.1.4.2.

Elution of E. coli K-12

Immobilization of the antibody was performed on 1 cm × 1 cm nylon 6/PANi
conducting fibre mesh (fibre membrane) using 300 µL of diluted (0.5 mg/mL)
Antibody goat polyclonal to E. coli. Figure 2.5 presents an illustration of the
immobilization of antibody onto the nylon 6/PANi fibres. The immobilized
conducting fibres were washed three times using the wash buffer (pH 7.4) to
wash out any unbound antibody. For this procedure, several concentrations of E.
coli K-12 suspensions (from 0 to 106 CFU) were used. Required concentrations
of E. coli K-12 suspensions were achieved by using the procedure mentioned
before. Antibody modified conducting fibres were added to 1.5 mL of E. coli K-12
suspensions and incubated overnight at 4 °C. After the incubation period,
conducting fibres were taken out and washed four times with the wash buffer. E.
coli K-12 was captured by antibody modified nylon 6/PANi electrospun fibre
mesh (Figure 2.4).
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(a)

(b)
Figure 2.5: Illustration of antibody immobilization on the electrospun
conducting fibre (a) and capture of E. coli K-12 by antibody modified
electrospun fibre.
Fibres with captured E. coli K-12 were then added to 1.5 mL 10% NaCl solution
for 30 min to elute E. coli K-12 from the conducting fibre. Samples were vortexed
for 10 sec to accelerate the elution of E. coli K-12. After 30 min, the conducting
fibres were taken out and eluted E. coli K-12 in 10 % NaCl solution was plated
on MacConkey agar to observe the colony count (CFU) of E. coli K-12. The
principle of elution of E. coli K-12 is presented in Figure 2.6.
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Figure 2.6: Illustration of elution of E. coli K-12 with 10% NaCl solution.
2.1.4.3.

Calculation of % recovery and % yield

The following equarions were used to calculate% yield and % recovery
Equation 2—1:

Equation 2—2:
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2.1.5. Detection of bound E. coli K-12 by antibody modified nylon/PANi
sensor membrane
Detection of E. coli K-12 through antibody modified nylon 6/PANi conducting
fibre was carried out by measuring the changes in conductivity of the fibre.
Changes in conductivity of the nylon 6/PANi fibre were measured by using a 4electrode configuration. Impedance spectra were collected until stable spectra
were attained.
2.1.5.1.

Immobilization of the antibody

Electrospun conducting fibres were cut into square pieces (1 cm × 1 cm).
Antibody goat polyclonal to E. coli was diluted with the blocking reagent (1X) at a
concentration of 0.5 mg/mL. Diluted anti-E. coli of 300 µL was pipetted into a
sterile 1 mL vial. A square piece of the electrospun conducting fibre mesh (1 cm
× 1 cm) was added to the antibody (anti-E. coli). The conducting fibre membrane
was then incubated with diluted anti-E. coli at room temperature for 30 min. The
antibody was immobilized through an absorption method of immobilization.
Antibody was adsorbed at the polymer/solution interface due to electrostatic
interactions between the polycationic matrix of the oxidised polyaniline and the
total negative charge of the antibody. The incubated conducting fibre piece was
then washed three times with the wash solution (PBS with 0.05% v/v Tween 20)
to remove the unbound antibody. Conducting fibre pieces were dried at room
temperature for 15 min.
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2.1.5.2.

The capture of E. coli K-12 on to the antibody modified
electrospun fibres

108 CFU of E. coli K-12 was obtained by following the procedure mentioned
above. An aliquot of 1 mL of E. coli K-12 was removed and serially diluted in
distilled saline to 10-7. An aliquot of 5 mL was dispensed into sterile 10 mL tubes.
The antibody modified conducting fibres were allowed to react with the E. coli K12 suspension concentration from 0 to 106 CFU for 5 to 60 min at 37C. The fibre
membrane was then removed from the E. coli K-12 aliquots and rinsed with the
wash solution to remove the unbound E. coli from the fibre surface. Three
experimental replicates were performed for each dilution.
2.1.5.3.

Evaluation of biosensor response

In this study, the developed biosensor was evaluated based on the conductivity
change of nylon 6/PANi fibre mesh before and after capturing E. coli K-12. Initial
charge transfer resistance of antibody-modified fibre was measured using a 4electrode configuration. The charge transfer resistance of the fibre was then
remeasured after reacting with E. coli K-12. The difference between the initial
reading and final reading constituted the response. Charge transfer resistance
values for fibres were calculated from an average of ten measurements.
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2.1.6. Statistical analyses
Data were analysed statistically by using SPSS20.0 software to check statistics,
skewness and kurtosis at a 95% confidence level. One way ANOVA with Tukey
was performed to check the significance of differences observed. Differences
were statistically significant at p < 0.05.
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Chapter 3
3.1.

Result and discussion

3.1.1. Optimization of nylon 6 electrospun fibre
Different percentages of nylon 6 solutions (15- 24% w/v) were electrospun to
determine the optimal concentration for generations of homogenous fibres. It
was observed that 15% and 16% (w/v) nylon 6/formic acid solutions were too low
in concentration for electrospinning; beads and drops were observed. According
to Ryu et al., (2003) the characteristics and diameter of electrospun fibres
depended on the concentration of polymer. They prepared polymer solutions by
dissolving nylon 6 in formic acid. Ryu and team observed a beads-on-a-string
structure caused by the formation of beads and drops when the concentration of
nylon 6/formic acid solution was below 15% (w/v). Doshi and Reneker (1995)
also reported that higher viscosity, higher net charge density and lower surface
tension favoured the formation of fibres without beads. Moreover, the presence
of beads was observed following electrospinning of 18% (w/v) nylon 6/formic
acid solution (Figure 3.1-a). The presence of beads and drops with the fibres did
not provide continuous fibre structure which was the primary objective of this
study.
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(a)

(b)

(c)

Figure 3.1: Scanning Electron micrographs of nylon 6 electrospun fibres of
different concentrations of w/v nylon 6/formic acid solution:(a) 18% showing
presence of beads and fibres (b) 20% and (c) 22% not showing any beads

64

On the other hand, electrospinning of high concentrations (23 and 24 % w/v) of
nylon 6 solution resulted in disrupted fibre formation due to rapid drying of the
solvent, formic acid, as the polymer solution left the spinneret. Consequently, the
electrospinning process was discontinued because of formation of a clump at the
tip of the spinneret. The distance between spinneret and the collector was set at
15 cm when the electrospinning process was run at room temperature (21 ±
2°C).
After analysing the morphology based on SEM images of nylon 6 fibres,
continuous fibre formation (without any bead formation) was observed following
electrospinning 20 and 22% (w/v) of nylon 6/formic acid solution (Figure 3.1-b
and c). Therefore, nylon 6 solutions of 20 - 22% (w/v) were electrospun to test
suitability of the fibre mesh as a base for addition of polyaniline to produce
conductive fibre membranes.
3.1.2. Optimization of the polymerization of aniline
Polyaniline was produced by dissolving aniline in a 0.35M hydrochloric acid
solution and this process was used to coat the electrospun nylon 6 fibres. The
nylon 6/formic acid solutions of 20 and 22% (w/v) were electrospun, and
oxidative polymerization of aniline was conducted by immersing nylon 6
electrospun fibres in a 0.35 M hydrochloric acid solution containing aniline.
Polyaniline was produced and used to coat the electrospun nylon 6 fibres. Thus,
composite fibres of nylon 6 electrospun fibres coated with polyaniline have
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conductivity to serve as a self-standing functional unit or a transducer in a
biosensor.
The polyaniline was adsorbed on nylon 6 fibre mesh (20-22% w/v) and then the
polyaniline was polymerized in the ammonium per sulphate (APS-HCl). Thus
composite fibres of nylon 6 electrospun fibres coated with polyaniline are
conductive and served as a self-standing functional unit or transducers in a
biosensor. A baseline study by Hong et al., (1999, 2004) optimized the
polymerization temperature at 40°C and the ratio of monomer to oxidant, Aniline:
Ammonium per sulphate (APS) = 1:1.
In the current study, nylon 6 fibre membranes were immersed in the aniline
solutions for 30 - 120 min. Various concentrations of aniline and concentration of
ammonium per sulphate (APS) ranging from 0.3 to 0.6 M were used in the
oxidative polymerization protocol. From the SEM images, the polyaniline coating
seemed to be uniform; nylon 6 electrospun fibres were completely coated with
polyaniline (Figure 3.2).
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(a)

(b)

(c)

(d)

Figure 3.2: Scanning Electron micrographs of nylon 6/ PANi electrospun
fibres following the oxidative polymerization of aniline with different
concentrations: (a) 0.3 M (b) 0.45 M (c) 0.5 M (d) 0.6 M for 60 min.
To measure the conductivity of nylon 6/PANi conducting fibres, impedance
analysis was performed using a 4-electrode probe to measure the charge
transfer resistance. The impedance scan was performed over a frequency limit
from 50 Hz to 100000 Hz (100 KHz). From impedance analysis, it was observed
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that the charge transfer resistance of the nylon 6 (22% and 20% w/v)/PANi
composite fibres was significantly (p < 0.05) lower when polymerized for 60 min
(average charge transfer resistance around 2.9 MΩ for 20% and 1.5 MΩ for 22%
w/v nylon/ PANi fibres), whereas, the composite fibres (both 22% and 22% w/v
nylon/PANi fibres) were highly resistant (significantly lower conductivity, p < 0.05)
as the polymerization process continued for 90 min and 120 min. It is presumed
that due to the longer polymerization time, aniline formed a insulation layer
around the nylon 6 electrospun fibre mesh. In addition, it was shown by Bhadra
and team (Bhadra et al., 2007) that after a specific period of reaction PANi
obtained structures with good doping which means more conductivity but after
reaching to a certain period of reaction the conductivity of PANi decreased as the
polymerization time increased. Consequently, the charge transfer resistance is
higher when the polymerization time was 120 min. Table 3.1 and 3.2 represents
the mean charge transfer resistance for both 20% (a) and 22% (b) w/v
nylon/PANi conducting electrospun fibres when polymerization of aniline (0.3 M,
0.45 M, 0.5 M and 0.6 M) was performed for 30-120 min.
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Table 3.1: Comparison of charge transfer resistance of 20% w/v nylon/PANi
electrospun fibres with different monomer concentration (M) and
polymerization time (min)
20% w/v nylon

Monomer (aniline) concentration/charge transfer
resistance

Polymerization
time (min)

0.3 M

0.45 M

0.5 M

0.6 M

30

4623±13Aa

3105±18Ab

1560±18Ac

4694 ±13Ad

60

3527±18Ba

1893±14Bb

1151±16Bc

4150 ±18Bd

90

4132±19Ca

3372±16Cb

2151±18Cc

4212 ±14Cd

120

4479±17Da

4111±17Db

3193±15Dc

4334±15Dd

Means followed by the same capital letter within columns are not significantly different (P>0.05)
Means followed by the same lower case letter within rows are not significantly different (P>0.05)
(Tukey’s HSD)

Table 3.2: Comparison of charge transfer resistance of 22% w/v nylon/PANi
electrospun fibres with different monomer concentration and polymerization
time
22% w/v nylon

Monomer (aniline) concentration/charge transfer
resistance

Polymerization
time (min)

0.3 M

0.45 M

0.5 M

0.6 M

30

4650 ± 19Aa

1508 ± 16Ab

986 ± 10Ac

4706±8Ad

60

2905 ± 10Ba

1084 ± 9Bb

583 ± 6Bc

4339±19Bd

90

3149 ± 15Ca

1381± 20Cb

886 ± 9Cc

4399±13Cd

120

4940± 23Da

1891± 15Db

1101± 10Dc

4685±16Dd
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Means followed by the same capital letter within columns are not significantly different (P>0.05)
Means followed by the same lower case letter within rows are not significantly different (P>0.05)
(Tukey‘s HSD)

It can be said from the table 3.1 and 3.2 that the charge transfer resistance of the
nylon 6 (22% and 20% w/v)/PANi composite fibres was significantly (p < 0.05)
higher while using 0.3 M aniline during polymerization, whereas, the composite
fibres were less resistant (significantly higher conductivity, p < 0.05) while using
0.45 M and 0.5 M of aniline in the polymerization process. It was also noticed
that the charge transfer resistance, as shown in table 3.1 and 3.2, increased
significantly (p < 0.05) at 0.6 M aniline concentration for both 20% and 22% w/v
nylon/ PANi electrospun fibres. It was presumed that the increase in aniline
concentration affected the molar percent of HCl in reaction mixture.
Consequently, less conductive polyaniline was developed.
It was observed that charge transfer resistance increased as the aniline
concentration decreased from 0.3 M to 0.5 M for both 20% and 22% w/v nylon/
PANi conducting fibres (table 3.1 and 3.2). Similarly, charge transfer resistance
was significantly less when the polymerization process continued for 60 min and
after that, charge transfer resistance increased as the polymerization time
increased. As a result, aniline of concentration of 0.45 M and 0.5 M and 60 min
polymerization time were considered for further oxidative polymerization which
was performed according to the method mentioned earlier in this section.
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a

c

b

d

Figure 3.3: Impedance spectroscopy measurement of the change of charge
transfer resistance in 20% w/v and 22% w/v conduting nylon/PANi composite
fibres with polymerization time 60 min and aniline concentration (0. 45 M and
0. 5 M).Values of bars with the different letter above them are significantly
different for the given attribute at p ≤ 0.05.
Figure 3.3 shows the charge transfer resistance of nylon 6/ PANi composite
fibres; it is clearly shown that 22% w/v nylon/PANi composite fibres have
significantly lower resistance for both 0.45 M and 0.5 M aniline concentration (p <
0.05). Polymerization was performed for 60 min. Therefore, 22% w/v nylon
6/formic acid solution was used for producing electrospun fibres for subsequent
studies. Furthermore, the charge transfer resistance of the nylon 6/PANi
composite fibres was significantly lower (p < 0.05) when using 0.5 M aniline at
the 60 min polymerization time ( Figure 3.3) in comparison to the charge transfer
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resistance of the composite fibres when polymerized with aniline concentration
of 0.45 M for 60 min.
Based on the aforementioned results and explanation, the nylon 6/PANi
conducting fibres which were used for present study, were electrospun from 22%
w/v nylon 6/formic acid solution. The polyaniline coating was produced by
polymerization of 0.5 M aniline in an acidic solution of HCl (0.35 M) and
ammonium-per-sulphate for 60 min.

Figure 3.4: FTIR spectra of 22% w/v nylon 6 electrospun fibre (control) and 22
% w/v nylon 6/ PANi composite fibre.
The presence of polyaniline (PANi) in the electrospun nylon 6 fibre was observed
in SEM Images and confirmed by FTIR spectra (Figure 3.4). To ensure the
corrected peak area values, the FTIR spectra were recorded three times in
different places on the same sample. The 1626 cm-1 peak was attributed to C=C
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stretching in aromatic nuclei. A peak at 1570 cm−1 was caused by the quinonoid
structure of PANi. Another sharp peak at 1493 cm−1 corresponded to the
benzenoid structure of PANi. 1314 cm−1 represented C-N stretching of
secondary aromatic amine (Arasi et al., 2009).
3.1.3. Capture efficiency of the nylon/PANi biosensor and elution of E.
coli K-12
In addition to using the antibody modified electrospun fibres as sensors,
additional trials were undertaken to evaluate the capture efficiency of the pads.
To select an appropriate buffer solution for the elution process, there were three
buffer solutions (10% NaCl solution, tris buffer solution pH- 8 and phosphate
buffer solution pH -8) were used to elute BSA (mg/mL), which was used as the
antigen, from anti-BSA modified nylon 6/PANi conducting fibres. It was observed
that the concentration of the eluted BSA was significantly higher (p < 0.05) (6.3
mg/mL) when using 10% NaCl. On the other hand, the concentrations of BSA
were 2.4 mg/mL and 1.8 mg/mL while using tris buffer and phosphate buffer
respectively as the elution buffer. Figure 3.5 presents a summary of the results.
A control sample was established that was not treated with anti-BSA. Since 10%
NaCl solution eluted a significantly higher amount (6.3 mg/mL) of BSA from the
sensor membrane, 10% Nacl was used to elute E. coli K-12 from the antibody
modified electrospun fibres during further assays.
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Figure 3.5: Elution volumes measured using different buffers to elute Bovine
Serum Albumin (BSA) from antibody modified nylon 6/PANi sensor membrane.
As elution buffer 10% NaCl solution, tris buffer solution and phosphate buffer
solution were used. Control fibres weren‘t treated with anti-BSA.
In the current study, the fabricated nylon 6/PANi electrospun fibres were
modified with antibodies with affinity towards E. coli K-12. The bacteria binding
ability of the antibody modified electrospun fibres was observed by SEM (Figure
3.6).
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(a)

(b)
Figure 3.6: Scanning electron microscopy images of electrospun fibres after
bacteria detection (a) E. coli K-12 was captured onto antibody modified nylon
6/PANi electrospun fibre and (b) no bacteria was observed on the electrospun
fibre without antibody treatment.
Figure 3.6 (a) shows that the target antigen (E. coli K-12) can be effectively
captured on the electrospun fibres, modified with affinity antibody. On the other
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hand, the control (without antibody) fibre mesh didn‘t contain any organism after
rinsing, Figure 3.6 (b).It was observed that the average % recovery of E. coli K12 was < 80% for an initial loading of 105-101 CFU (equivalent to 3×108 CFU/mL
-1.6×104 CFU/mL). While eluting with 10% NaCl solution, the %recovery was
above 80% for all concentration of E. coli K-12 (Figure 3.7). The efficiency
measurement of bacterial cell release from nylon 6/PANi conducting electrospun
fibre membrane may be confounded by cell losses during processing such as
aggregation, adhesion to other surface (e.g., tube walls, pipette tips) and /or
viability loss.

Figure 3.7: % Recovery of E. coli K-12 after elution with 10% NaCl solution. %
recovery was calculated from equation 2-2.
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3.1.4. Detection of E. coli K-12 using the antibody modified conducting
fibre biosensor
The sensitivity and response of the antibody modified electrospun biosensor was
demonstrated by an assay using E. coli K-12 for various concentrations (0 – 106
CFU). The response of the biosensor was based on the difference (∆R) between
charge transfer resistance (R0) before and the charge transfer resistance (Rf)
after antibody-antigen binding. Figure 3.8 represents the relationship of the
response of the biosensor membrane with time duration. The biosensor
responses show a parabolic pattern instead of the linear relationship that was
anticipated (Figure 3.8).

Figure 3.8: Biosensor response verses test time for different target
concentration of E. coli K-12 bacteria sample. Detection time was established
at around 20 minutes and the detection limit was from 1- 5 log CFU (1.6×104
CFU/mL-3×108 CFU/mL).
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It was observed that around 20 min duration the difference between initial
(before treatment with E. coli K-12) and final (after treatment with E. coli K-12)
was greater for every concentration of bacteria. Therefore, the charge transfer
resistance increased. After 20 min of exposure the response decreased. This
can be explained by the fact that equilibrium adsorption of antibody modified
electrospun fibres was achieved after 20 min. It was observed that after 20 min
of treatment with 105 CFU (3×108 CFU/mL) E. coli K-12, the conductance was
significantly higher (p<0.05) than that of other concentrations of bacteria. The
control sample was established without treatment with the antibody.
In Figure 3.8 (presented with yellow broken line), the response of the control
sample (0 CFU) was near to zero. On the other hand, around 20 min a significant
response drop from 6.86 at 105 CFU E. coli K-12 suspension to 1.94 at 106 CFU
E. coli K-12 was observed. This could be because of higher concentration
(above 101- 105 CFU). At higher concentration (above 1- 5 log CFU), the binding
site can be over-occupied with antigen, e.g., bacteria, hence obstructing the
charge transfer within the conductive polymer fibre mesh. It can be anticipated
that at higher concentration of E. coli K-12, the excess proteins, which are
unbound antigen, may obstruct the charge transfer within the conductive polymer
structure (Luo et.al., 2012). German Cavelier also concluded (Cavelier, 1996)
that protein molecules served as a barrier against conduction by interfering with
electron and charge transfer.
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The linear detection range for E. coli K-12 was obtained from 101 to 105 CFU
(figure 3.9) using antibody modified electrospun fibre. It can be assumed that the
detection range of E. coli K-12 by antibody modified nylon 6/PANi biosensor
membranes is from 101 to 105 CFU (1.6×104 CFU/mL-3×108 CFU/mL).

Figure 3.9: Charge transfer resistance of antibody modified electrospun fibre
after treating with E. coli K-12 (101- 105 CFU) for 20 min.
The lower detection limit of this proposed biosensor is equivalent (if not higher)
to that of conventional detection methods, e.g., IMS (between 103 and 104
CFU/mL) and the most used rapid methods, e.g., ELISA and PCR (ranges from
101 to 106 CFU/mL). Also, the current study has minimized one hurdle by
demonstrating that the biosensor developed from polyaniline coated nylon 6
electrospun fibre is capable of detecting the target biosensor in 20 minutes which
is significantly less than that the detection time of ELISA (10-24 h), PCR (4-6 h)
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and other conventional biosensors (around 2 h) (Ivnitsk et al., 2000; Su and Li,
2004).
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Chapter 4
4.1.

Conclusion and future work

4.1.1. Conclusions
The purpose of the current research was to fabricate electrospun fibres modified
with conducting polymers to produce a homogenous, conductive surface for the
immobilization of capture antibodies. When modified with anti-E. coli K-12
antibodies, it was possible to achieve recoveries of up to 82% that in
comparative terms is equivalent if not superior to conventional extraction
methods based on immune capture technology. The interaction of E. coli K-12
with immobilized antibodies could be monitored via measuring the change in
impedance (charge transfer resistance) with a linear range between 1 – 5 log
CFU.
The final conclusions of the study are:1) Polyaniline can be coated onto the surface of electrospun nylon fibres with
the concentration of monomer and polymerization time governing the
conductivity, in addition to thickness, of the conducting polymer layer.
2) The optimal conditions for the deposition of polyaniline layers onto
electrospun fibers were 0.5 M aniline polymerized for 60 min.
3) Anti-E. coli K-12 antibodies could be immobilized onto the surface of
conducting polymer modified electrospun fibres and upon optimization
81

could recover 80% of E. coli K-12 from suspensions containing 1 – 5 log
CFU of the bacterium.
4) The binding of E. coli K-12 to immobilized antibody resulted in a charge
transfer resistance of the supporting conducting polymer that was linear
within the range of 1 – 5 log CFU E. coli in saline cell suspensions.
4.1.2. Future Work
The capture-sensor membrane based on conducting polymer modified
electrospun fibres has provided high capture efficiencies of E coli K-12 and
sensitive detection. However, it must be noted that simple buffered solutions,
saline and monocultures were applied in the current study. In reality, samples
whether in enrichment media or food matrices, will provide more of a challenge
because interference from sample constituents on the conductivity of sensor
membrane and non-specific binding would likely be encountered. Therefore,
future research should be directed towards evaluating sensor performance in
relevant sample matrices such as ground meat homogenate and enrichment
cultures. Additional trials should be undertaken to assess the inclusivity and
exclusivity of the sensor to establish the specificity. In the event that a high
number of false-positives are generated it can still be envisioned that the
membrane can still find utility as a means of high recovery of bacterial targets
over detection performed by conventional diagnostic platforms such as real
Time-PCR.
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In the near future, research can focus on using different types of conducting
polymers to develop biosensors. Other conducting polymers might improve the
conductivity of electrospun fibres.
As different foods have different pH value, the study can be expanded to observe
the performance of biosensor with various pH values.

83

References
Abdel-Hamid, I., Ivnitski, D., Atanasov, P. and Wilkins, E. (1999a) Highly sensitive flowinjection immunoassay system for rapid detection of bacteria. Analytica Chimica
Acta. 399(1-2), pp.99-108.
Abdel-Hamid, I., Ivnitski, D., Atanasov, P. and Wilkins, E. (1999b) Flow-through
immunofiltration assay system for rapid detection of E.coli O157: H7. Biosensors
and Bioelectronics. 14(3), pp.309-316.
Abdolahi, A., Hamzah, E., Ibrahim, Z. and Hashim, S. (2012) Synthesis of Uniform
Polyaniline Nanofibers through Interfacial Polymerization. Materials. 5(8),
pp.1487-1494.
ABCAM. Direct ELISA protocol. Available from:
http://www.abcam.com/ps/pdf/protocols/Direct%20ELISA%20protocol.pdf
[Accessed 4th October 2010]
Adeloju, S.B. and Wallace, G.G. (1996) Conducting polymers and the bioanalytical
sciences: new tools for biomolecular communications: A review. Analyst. 121(6),
pp.699-703.
Ahuja, T., Mir, I.A., Kumar, D. and Rajesh, D. (2006) Biomolecular immobilization on
conducting polymers for biosensing applications. Biomaterials. 28(5), pp.791805.
Ahn, Y.C., Park, S.K., Kim, G.T., Hwang, Y.J., Lee, C.G., Shin, H.S. and Lee, J.K.
(2006) Development of high efficiency nanofilters made of nanofibers. Current
applied physics. 6(6), pp. 1030-1035.
Anderson, M., Mattes, B., Reiss, H., Kaner, R., Anderson, M.R., Mattes, B.R., Reiss, H.
and Kaner, R.B. (1991) Conjugated polymer- films for gas separations. Science.
252(5011). pp.1412-1415.

84

Ando, M., S., Ando, M., Swart, C., Pringsheim, E., Mirsky, V.M. and Wolfbeis, O.S.
(2005) Optical ozone-sensing properties of poly( 2-chloroaniline), poly(Nmethylaniline) and polyaniline films. Sensors and actuators b-chemical. 108(1-2),
pp.528-534.
Andreu, Y., de Marcos, S., Castillo, J.R. and Galban, J. (2004) Sensor film for Vitamin C
determination based on absorption properties of polyaniline. Talanta. 65(4),
pp.1045-1051.
Angelopoulos, M., (2001) Conducting polymers in microelectronics. IBM journal of
research and development. 45(1), pp. 57-75.
Angammana, C.J. and Jayaram, S.H. (2011) The effects of electric field on the multijet
electrospinning process and fiber morphology. IEEE transactions on industry
applications. 47(2), pp. 1028-1035
Arora, K., Sumana, G., Saxena, V., Gupta, R.K., Gupta, S.K., Yakhmi, J.V., Pandey,
M.K., Chand, S. and Malhotra, B.D. (2007) Improved performance of polyanilineuricase biosensor. Analytica chimica acta. 594 (1), pp.17-23.
Arora, K., Prabhakar, N., Chand, S. and Malhotra, B.D. (2007) Escherichia coli
Genosensor Based on Polyaniline. Analytical Chemistry. 79(16), pp.6152-6158.
Arshak, K., Velusamy, V., Korostynska, O., Oliwa-Stasiak, K. and Adley, C. (2009)
Conducting polymers and their applications to biosensors: emphasizing on
foodborne pathogen detection. IEEE Sensors Journal. 9(12), pp.1942-1951.
Bai, H., Chen, Q., Li, C., Lu, C. and Shi, G. (2007) Electrosynthesis of
polypyrrole/sulfonated polyaniline composite films and their applications for
ammonia gas sensing. Polymer. 48(14), pp.4015-4020.
Balint, R., Cassidy, N.J. and Cartmell, S.H. (2014) Conductive polymers: towards a
smart biomaterial for tissue engineering. Acta biomaterialia. 10(6), pp. 23412353.

85

Barlett, P.N. and Cooper, J.M. (1993) A review of the immobilization of enzymes in
electropolymerized films. Journal of Electroanalytical Chemistry. 362(1), pp.1-12.
BCC Research(2012) U.S. Food Safety Testing Market to Reach $4.3 Billion in 2017.
Available from: http://www.bccresearch.com/pressroom/fod/global-marketstechnologies-food-safety-testing [Accessed 2nd November 2014]
Beachley, V. and Wen, X. (2009) Effect of electrospinning parameters on the nanofiber
diameter and length, Materials Science & Engineering C. 29(3), pp.663-668.
Bennett, J.W. and Klich, M. (2013) Mycotoxins. Clinical microbiology reviews. 16(3),
pp.497-516.
Bergshoef, M.M. and Vancso, G.J. (1999) Transparent Nanocomposites with Ultrathin,
Electrospun Nylon‐ 4,6 Fiber Reinforcement. Advanced Materials. 11(16),
pp.1362-1365.
Bhadra, S., Singha, N.K. and Khastgir, D., (2007) Electrochemical synthesis of
polyaniline and its comparison with chemically synthesized polyaniline. Journal of
applied polymer science. 104(3), pp. 1900-1904.
BHADRA, S., SINGHA, N.K., CHATTOPADHYAY, S. and KHASTGIR, D., (2007) Effect
of different reaction parameters on the conductivity and dielectric properties of
polyaniline synthesized electrochemically and modeling of conductivity against
reaction parameters through regression analysis. Journal of polymer
science.Part B, Polymer physics. 45(15), pp. 2046-2059.
Bhadra, S., Chattopadhyay, S., Singha, N.K. and Khastgir, D. (2007) Improvement of
conductivity of electrochemically synthesized polyaniline, Journal of applied
polymer science. 108(1), pp.57-64.
Bhadra, S., Khastgir, D., Singha, N.K. and Lee, J.H. (2009) Progress in preparation,
processing and applications of polyaniline. Progress in polymer science. 34(8),
pp.783-810.

86

Bhadra, S., Singha, N.K. and Khastgir, D. (2008) Semiconductive composites from
ethylene 1‐octene copolymer and polyaniline coated nylon 6: Studies on
mechanical, thermal, processability, electrical, and EMI shielding properties.
Polymer engineering & science. 48(5), pp.995-1006.
Bhardwaj, N. and Kundu, S.C. (2010) Electrospinning: A fascinating fiber fabrication
technique. Biotechnology advances. 28(3), pp.325-347.
Bidan, G. (1992) Electroconducting conjugated polymers: New sensitive matrices to
build up chemical or electrochemical sensors. A review, Sensors & actuators:
b.chemical. 6(1), pp.45-56.
Binet, R., Deer, D.M. and Uhlfelder, S.J. (2014) Rapid detection of Shigella and
enteroinvasive Escherichia coli in produce enrichments by a conventional
multiplex PCR assay. Food microbiology. 40, pp.48-54.
Boland, E.D., Wnek, G.E., Simpson, D.G., Pawlowski, K.J. and Bowlin, G.L. (2001)
Tailoring tissue engineering scaffolds using electrostatic processing techniques:
a study of poly (glycolic acid) electrospinning. Journal of macromolecular
science.Physics. 38(12), pp. 1231-1243.
Bowman, D., and Mattes, B. R. (2005) Conductive fibre prepared from ultra-high
molecular weight polyaniline for smart fabric and interactive textile applications.
Synthetic metals. 154(1), pp.29-32.
Brandrup, J., Immergut, E. H., Abe, A., & Bloch, D. R. (Eds.). (1999) Polymer
Handbook). 4th ed. New York: John Wiley & Sons.
Braun, E., Eichen, Y., Sivan, U. and Ben-Yoseph, G. (1998) DNA-templated assembly
and electrode attachment of a conducting silver wire. Nature. 391(6669), pp.
775-778.
Brooks, J.L., Mirhabibollahi, B. and Kroll, R.G. (1992) Experimental enzyme‐linked
amperometric immunosensors for the detection of salmonellas in foods, Journal
of Applied Bacteriology. 73(3), pp.189-196.

87

Bruno, F.F., Akkara, J.A., Kaplan, D.L., Sekher, P., Marx, K.A. and Tripathy, S.K. (1995)
Enzyme-mediated two-dimensional polymerization of aromatic derivatives on a
Langmuir Trough. Industrial & Engineering Chemistry Research. 34(11), pp.
4009-4015.
Bruno, F.F., Marx, K.A., Tripathy, S.K., Akkara, J.A., Samuelson, L.A. and Kaplan, D.L.
(1994) Enzyme catalyzed polymerization of phenol and aniline derivatives on a
Langmuir trough to form ordered 2-D polymer films. Journal of intelligent material
systems and structures. 5(5), pp. 631-634.
Cavelier, G. (1996) Possible role of surface electrochemical electron- transfer and
semiconductor charge transport processes in ion channel function.
Bioelectrochemistry and Bioenergetics. 40(2), pp.197-213.
CDC (2011) CDC Estimates of Foodborne Illness in the United States. Available from:
http://www.cdc.gov/foodborneburden/PDFs/FACTSHEET_A_FINDINGS_update
d4-13.pdf [Accessed 6th September 2014]
Cha, D.I., Kim, H.Y., Lee, K.H., Jung, Y.C., Cho, J.W. and Chun, B.C. (2005)
Electrospun nonwovens of shape‐memory polyurethane block copolymers.
Journal of Applied Polymer Science. 96(2), pp. 460-465.
Che, Y.H., Yang, Z.P., Li, Y.B., Paul, D. and Slavik, M. (1999) Rapid detection of
Salmonella typhimurium using an immunoelectrochemical method coupled with
immunomagnetic separation. Journal of rapid methods and automation in
microbiology. 7(1), pp.47-59.
Chen, W.C., Jenekhe, S.A., Meth, J.S. and Vanherzeele, H. (1994) Refractive index and
nonlinear optical properties of polyaniline derivatives. Journal of polymer
science.part A, polymer chemistry. 32(1), pp. 195-200.
Chemburu, S., Wilkins, E. and Abdel-Hamid, I. (2005) Detection of pathogenic bacteria
in food samples using highly-dispersed carbon particles. Biosensors &
bioelectronics. 21(3), pp. 491-499.

88

Chen, S., C., Chen, S.A., Chuang, K.R., Chao, C.I. and Lee, H.T. (1996) White-light
emission from electroluminescence diode with polyaniline as the emitting layer.
Synthetic Metals. 82(3), pp. 207-210.
Cho, M.S., Cho, Y.H., Choi, H.J. and Jhon, M.S. (2003) Synthesis and electrorheological
characteristics of polyaniline-coated poly(methyl methacrylate) microsphere:
size effect, Langmuir. 19(14), pp. 5875-5881.
Choi, H.J., Kim, T.W., Cho, M.S., Kim, S.G. and Jhon, M.S. (1997) Electrorheological
characterization of polyaniline dispersions, European Polymer Journal. 33(5), pp.
699-703.
Ćirić-Marjanović, G. (2013) Recent advances in polyaniline research: Polymerization
mechanisms, structural aspects, properties and applications. Synthetic metals.
177, pp. 1-47.
Clark, L.C. & Lyons, C. (1962) Electrode systems for continuous monitoring in
cardiovascular surgery, Annals of the New York Academy of Sciences. 102, pp.
29-45.
Cobden, D.H. (2001) Molecular electronics: Nanowires begin to shine. Nature.
409(6816), pp. 32-33.
Collins, J.E. (1997) Impact of changing consumer lifestyles on the emergence/
reemergence of foodborne pathogens. Emerging infectious diseases. 3(4),
pp.471-479.
Cornell, B. (1997) A biosensor that uses ion- channel switches. Nature. 387(6633), pp.
580-583.
Cosnier, S. (2005) Affinity biosensors based on electropolymerized films,
Electroanalysis. 17(19), pp. 1701-1715.
Crowley, K., Smyth, M., Killard, A. and Morrin, A. (2013) Printing polyaniline for sensor
applications. Chemical papers. 67(8), pp. 771-780.

89

Crowley, E., O'S, Crowley, E.L., O'Sullivan, C. and Guilbault, G.G. (1999) Increasing the
sensitivity of Listeria monocytogenes assays: evaluation using ELISA and
amperometric detection. Analyst. 124(3), pp. 295-299.
Day, W., Audsley, E. and Frost, A.R. (2008) An engineering approach to modelling,
decision support and control for sustainable systems. Philosophical transactions
of the royal society b-biological sciences. 363(1491), pp. 527-541.
De Barros, R. A., Martins, C. R., and De Azevedo, W. M. (2005) Writing with conducting
polymer. Synthetic metals. 155(1), pp. 35-38.
Dean, J. A. (1985) Lange's handbook of chemistry/editor, John A. Dean; formerly
compiled and edited by Norbert Adolph Lange. 15th ed. New York; Montreal:
McGraw-Hill, Inc. Available in: http://fptl.ru/biblioteka/spravo4niki/dean.pdf
Demir, M.M., Yilgor, I., Yilgor, E. and Erman, B. (2002) Electrospinning of polyurethane
fibers. Polymer. 43(11), pp. 3303-3309.
Desilvestro, J., Scheifele, W. and Haas, O. (1992) Insitu determination of gravimetric
and volumetric charge- densities of battery electrodes - polyaniline in aqueous
and nonaqueous electrolytes". Journal of the electrochemical society. 139(10),
pp. 2727-2736.
Dhanalakshmi, M. and Jog, J.P. (2008) Preparation and characterization of electrospun
fibers of Nylon 11. Express polymer letters. 2(8), pp. 540-545.
Dhand, C., Das, M., Datta, M. and Malhotra, B.D. (2010) Recent advances in polyaniline
based biosensors. Biosensors and bioelectronics. 26(6), pp. 2811-2821.
Ding, Y.H., Zhang, P., Jiang, Y., Xu, F., Yin, J.R. and Zuo, Y.D. (2009) Mechanical
properties of nylon- 6/ SiO2 nanofibers prepared by electrospinning. Materials
letters. 63(1), pp. 34-36.
Dixit, V., Misra, S.C.K. and Sharma, B.S. (2005) Carbon monoxide sensitivity of vacuum
deposited polyaniline semiconducting thin films. Sensors & actuators:
B.chemical. 104(1), pp.90-93.
90

Doshi, J. and Reneker, D.H. (1995) Electrospinning process and applications of
electrospun fibers. Journal of electrostatics. 35(2), pp. 151-160.
Drozin, V.G. (1955) The electrical dispersion of liquids as aerosols. Journal of colloid
science. 10(2), pp. 158-164.
Duan, X., Huang, Y., Cui, Y., Wang, J. and Lieber, C.M. (2001) Indium phosphide
nanowires as building blocks for nanoscale electronic and optoelectronic
devices. Nature. 409(6816), pp. 66-69.
Dylla, B.L., Vetter, E.A., Hughes, J.G. and Cockerill, F.R. (1995) Evaluation of an
immunoassay for direct detection of Escherichia coli O157 in stool specimens.
Journal of clinical microbiology. 33(1), pp.222-224.
Enroth, H. and Engstrand, L. (1995) Immunomagnetic separation and PCR for detection
of Helicobacter pylori in water and stool specimens, Journal of clinical
microbiology. 33(8), pp. 2162-2165.
Epstein, A.J., Joo, J., Kohlman, R.S., Du, G., Macdiarmid, A.G., Oh, E.J., Min, Y.,
Tsukamoto, J., Kaneko, H. and Pouget, J.P. (1994) Inhomogeneous disorder and
the modified drude metallic state of conducting polymers. Synthetic metals. 65(23), pp. 149-157.
Epstein, A.J., Blatchford, J.W., Kim, K., Lin, L.B., Gustafson, T.L., Coplin, K.A. and
Macdiarmid, A.G. (1994) Long lived neutral solitons in pernigraniline base.
Molecular crystals and liquid crystals science and technology.section A,
molecular crystals and liquid crystals. 256(1), pp. 399-405.
Estep, P., Reid, F., Nauman, C., Liu, Y., Sun, T., Sun, J. and Xu, Y. (2013) High
throughput solution- based measurement of antibody- antigen affinity and
epitope binning. MAbs. 5(2), pp. 270-278.
Fang, X. and Reneker, D.H. (1997) DNA fibers by electrospinning. Journal of
macromolecular science.physics. 36(2), pp. 169-173.

91

Fong, H., Liu, W., Wang, C. and Vaia, R.A. (2002) Generation of electrospun fibers of
nylon 6 and nylon 6-montmorillonite nanocomposite. Polymer. 43(3), pp.775-780.
Food Sentry.Org(2013) Understanding Food Recalls – The Recall Process Explained.
Available from: http://www.foodsentry.org/understanding-food-recalls-the-recallprocess-explained/ [Accessed 6th September 2014]
Frenot, A. and Chronakis, I.S. (2003) Polymer nanofibers assembled by electrospinning.
Current opinion in colloid & interface science. 8(1), pp.64-75.
Fu, Z., Rogelj, S. and Kieft, T.L. (2005) Rapid detection of Escherichia coli O157: H7 by
immunomagnetic separation and real- time PCR, International journal of food
microbiology, 99(1), pp.47-57.
Gaffet, E. (2011) Nanomaterials: A review of the definitions, applications, health effects.
How to implement secure development. Comptes rendus – Physique. 12(7), pp.
648-658.
Gerard, M., Chaubey, A. and Malhotra, B.D. (2002) Application of conducting polymers
to biosensors. Biosensors and bioelectronics. 17(5), pp. 345-359.
Gibson, P.W., Lee, C., Ko, F. and Reneker, D. (2007) Application of Nanofiber
Technology to Nonwoven Thermal Insulation. Journal of engineered fibers and
fabrics; J.Eng.Fiber Fabr. 2(2), pp. 32-40.
Gooding, J.J., Wasiowych, C., Barnett, D., Hibbert, D.B., Barisci, J.N. and Wallace, G.G.
(2004) Electrochemical modulation of antigen-antibody binding. Biosensors &
bioelectronics, 20(2), pp. 260-268.
Greenfield, R.A., Brown, B.R., Hutchins, J.B., Iandolo, J.J., Jackson, R., Slater, L.N. and
Bronze, M.S. (2002) Microbiological, biological, and chemical weapons of
warfare and terrorism. The American journal of the medical sciences. 323(6), pp.
326-340.

92

Gupta, V. and Miura, N. (2006) Polyaniline/single- wall carbon nanotube (PANI/SWCNT)
composites for high performance supercapacitors. Electrochimica acta. 52(4),
pp. 1721-1726.
Hartmann, M. (2005) Ordered Mesoporous Materials for Bioadsorption and Biocatalysis.
Chemistry of materials. 17(18), pp. 4577-4593.

Hassan, M.I., S, T., and Sultana, N.( 2014) Fabrication of Nanohydroxyapatite/ Poly(
caprolactone) Composite Microfibers Using Electrospinning Technique for Tissue
Engineering Applications. Journal of nanomaterials. 2014, pp. 1-7.
Hatzor, A. and Weiss, P.S. (2001) Molecular rulers for scaling down nanostructures.
Science. 291(5506), pp. 1019-1020.
Heeger, A.J. (2001) Semiconducting and metallic polymers: the fourth generation of
polymeric materials. Journal of physical chemistry B. 105(36), pp. 8475-8491.
Herod, T.E. and Schlenoff, J.B. (1993) Doping-induced strain in polyaniline:
stretchoelectrochemistry. Chemistry of materials. 5(7), pp. 951-955.
Hoorfar, J. (2001) Rapid detection, characterization, and enumeration of foodborne
pathogens. APMIS. 119, pp. 1-24.
Hong, K.H., Oh, K.W. and Kang, T.J. (2005) Preparation of conducting nylon 6
electrospun fiber webs by the in situ polymerization of polyaniline. Journal of
Applied Polymer Science. 96(4), pp.983-991.
Hosseini, S.H. and Entezami, A.A. (2001) Preparation and characterization of
polyaniline blends with polyvinyl acetate, polystyrene and polyvinyl chloride for
toxic gas sensors. Polymers for advanced technologies. 12(8), pp. 482-493.
Huang, J., Virji, S., Weiller, B.H. and Kaner, R.B. (2003) Polyaniline nanofibers: facile
synthesis and chemical sensors. Journal of the american chemical society.
125(2), pp. 314-315.

93

Huang, Z., Zhang, Y., Kotaki, M. and Ramakrishna, S. (2003) A review on polymer
nanofibers by electrospinning and their applications in nanocomposites.
Composites science and technology. 63(15), pp. 2223-2253.
Huss, H.H., Reilly, A. and Karim Ben Embarek, P. (2000) Prevention and control of
hazards in seafood, Food control. 11(2), pp. 149-156.
Hussain, M. and Dawson, C. (2013) Economic impact of food safety outbreaks on food
businesses. Foods. 2(4), pp. 585-589.
Irimia-Vladu, M. and Fergus, J.W. (2005) Suitability of emeraldine base polyaniline-PVA
composite film for carbon dioxide sensing. Synthetic metals. 156(21), pp. 14011407.
Isgrove, F.H., Williams, R.J.H., Niven, G.W. and Andrews, A.T. (2001) Enzyme
immobilization on nylon–optimization and the steps used to prevent enzyme
leakage from the support. Enzyme and microbial technology. 28(2), pp. 225-232.
Ivnitski, D., Abdel‐hamid, I., Atanasov, P., Wilkins, E. and Stricker, S. (2000) Application
of electrochemical biosensors for detection of food pathogenic bacteria.
Electroanalysis. 12(5), pp. 317-325.
Jain, S., Samui, A.B., Patri, M., Hande, V.R. and Bhoraskar, S.V. (2005) FEP/polyaniline
based multilayered chlorine sensor. Sensors & actuators: B.chemical. 106(2), pp.
609-613.
Janata, J. and Josowicz, M. (2003) Conducting polymers in electronic chemical sensors.
Nature materials. 2(1), pp. 19-24.
Jelle, B.P., hagen, G., Sunde, S. and Odegard, R. (1993) Dynamic light- modulation in
an electrochromic window consisting of polyaniline, tungsten- oxide and a solid
polymer electrolyte. Synthetic metals. 54(1-3), pp. 315-320.
Joo, J., Oh, E.J., Min, G., Macdiarmid, A.G. and Epstein, A.J. (1995) "Evolution of the
conducting state of polyaniline from localized to mesoscopic metallic to intrinsic
metallic regimes". Synthetic metals. 69(1-3), pp. 251-254.
94

Joshi, S.S., Lokhande, C.D. and Han, S. (2007) A room temperature liquefied petroleum
gas sensor based on all-electrodeposited n- CdSe/ p- polyaniline junction.
Sensors & actuators: B.chemical. 123(1), pp. 240-245.
Kalb, S.R., Baudys, J., Egan, C., Smith, T.J., Smith, L.A., Pirkle, J.L. and Barr, J.R.
(2011) Different substrate recognition requirements for cleavage of
synaptobrevin-2 by clostridium baratii and clostridium botulinum type F
neurotoxins. Applied and environmental microbiology. 77(4), pp. 1301-1308.
Kang, E.T., Neoh, K.G. and Tan, K.L. (1998) Polyaniline: a polymer with many
interesting intrinsic redox states. Progress in polymer science. 23(2), pp. 277324.
Kenawy, E. and Abdel‐fattah, Y.R. (2002) Antimicrobial properties of modified and
electrospun poly( vinyl phenol. Macromolecular bioscience. 2(6), pp. 261-266.
Kendall, C., Ionescu-Matiu, I. and Dreesman, G.R. (1983) Utilization of the biotin/avidin
system to amplify the sensitivity of the enzyme-linked immunosorbent assay
(ELISA). Journal of immunological methods. 56(3), pp. 329-339.
Kim, J. and Reneker, D.H. (1999) Polybenzimidazole nanofiber produced by
electrospinning. Polymer engineering and science. 39(5), pp. 849-854.
Kim, J.S., Sohn, S.O. and Huh, J.S. (2005) Fabrication and sensing behavior of PVF2
coated-polyaniline sensor for volatile organic compounds. Sensors and actuators
B-chemical. 108(1-2), pp. 409-413.
Kivirand, K., Floren, A., Kagan, M., Avarmaa, T., Rinken, T. and Jaaniso, R. (2015)
Analyzing the biosensor signal in flows: Studies with glucose optrodes. Talanta.
131, pp. 74-80.
Ko, F.K. (2004) Nanofiber technology: bridging the gap between nano and macro
world.S. Guceri, Y.g. Gogotsi and V. kuznetsov (eds), Nanoengineered
nanofibrous materials. Antalya, Turkey: Kluwer Academic Publisher. pp. 1-18.

95

Koga, K., Yamasaki, S., Narimatsu, K. and Takayanagi, M. (1989) Electrically
conductive composite of polyaniline-aramid and its application as a cathode
material for secondary battery. Polymer journal. 21(9), pp. 733-738.
Kulkarni, V.G., Campbell, J.C. and Mathew, W.R. (1993) Transparent conductive
coatings. Synthetic metals. 57(1), pp. 3780-3785.
Kumar, D. and Sharma, R.C. (1998) Advances in conductive polymers. European
polymer journal. 34(8), pp. 1053-1060.
Kuwabata, S. and Martin, C.R. (1994) Investigation of the gas-transport properties of
polyaniline. Journal of membrane science. 91(1), pp. 1-12.
Larrondo, L. and Manley, R.S.J. (1981) Electrostatic fiber spinning from polymer melts. I.
Experimental observations on fiber formation and properties. Journal of polymer
science.Polymer physics edition. 19(6), pp. 909-920.
Lazcka, O., Campo, F.J. and Muñoz, F.X. (2007) Pathogen detection: a perspective of
traditional methods and biosensors", Biosensors and bioelectronics. 22(7), pp.
1205-1217.
Lee, K.H., Kim, H.Y., Khil, M.S., Ra, Y.M. and Lee, D.R. (2003) Characterization of
nano-structured poly(ε-caprolactone) nonwoven mats via electrospinning.
Polymer. 44(4), pp. 1287-1294.
Lee, K.H., Kim, H.Y., La, Y.M., Lee, D.R. and Sung, N.H. (2002) Influence of a mixing
solvent with tetrahydrofuran and N, N ‐ dimethylformamide on electrospun poly(
vinyl chloride) nonwoven mats. Journal of polymer science part B: polymer
physics. 40(19), pp. 2259-2268.
Lee, I.S., Lee, J.Y., Sung, J.H. and Choi, H.J. (2005) Synthesis and electrorheological
characteristics of polyaniline-titanium dioxide hybrid suspension, Synthetic
metals. 152(1), pp. 173-176.

96

Lee, K.H., Kim, H.Y., Bang, H.J., Jung, Y.H. and Lee, S.G. (2003) The change of bead
morphology formed on electrospun polystyrene fibers. Polymer. 44 (14), pp.
4029-4034.
Leng, J., Mccall, R., Cromack, K., Ginder, J., Ye, H., Sun, Y., Manohar, S., Macdiarmid,
A. and Epstein, A. (1992) Photoexcitations in pernigraniline: Ring-torsional
polarons and bond-order solitons. Physical review letters. 68(8), pp. 1184-1187.
Li, D. (2004) Electrospinning of Nanofibers: Reinventing the Wheel?. Advanced
materials. 16(14), pp. 1151-1170.
Li, D. and Xia, Y. (2004) Direct fabrication of composite and ceramic hollow nanofibers
by electrospinning. Nano letters. 4(5), pp. 933-938.
Li, Y., Huang, Z.M. and Lu, Y.D. (2006) Electrospinning of nylon- 6,66,1010 terpolymer.
European polymer journal. 42(7), pp. 1696-1704.
Liang, D., Hsiao, B.S. and Chu, B. (2007) Functional electrospun nanofibrous scaffolds
for biomedical applications. Advanced Drug Delivery Reviews. 59(14), pp. 13921412.
Ligler, F.S., Taitt, C.R., Shriver-Lake, L.C., Sapsford, K.E., Shubin, Y. and Golden, J.P.
(2003) Array biosensor for detection of toxins. Analytical and bioanalytical
chemistry. 377(3), pp. 469-477.
Life Technology. The History of Dynabeads® and Biomagnetic Separation. Available
from: https://www.lifetechnologies.com/ca/en/home/brands/productbrand/dynal/the-history-of-dynabeads.htmL [Accessed 21st May 2012]
Lin, C.H., Lee, C.Y., Tsai, C.H. and Fu, L.M. (2009) Novel continuous particle sorting in
microfluidic chip utilizing cascaded squeeze effect. Microfluidics and nanofluidics.
7(4), pp. 499-508.
Liu, Z.R., Zhou, J.R., Xue, H.L., Shen, L., Zang, H.D. and Chen, W.Y. (2006)
Polyaniline/TiO2 solar cells. Synthetic Metals. 156(9-10), pp. 721-723.

97

Lu, J.X., Moon, K.S., Kim, B.K. and Wong, C.P. (2007) High dielectric constant
polyaniline/epoxy composites via in situ polymerization for embedded capacitor
applications. Polymer. 48(6), pp. 1510-1516.
Lu, W., Zhao, H. and Wallace, G.G. (1995) Pulsed electrochemical detection of proteins
using conducting polymer based sensors. Analytica Chimica Acta. 315(1), pp.2732.
Luo, Y.L., Nartker, S., Wiederoder, M., Miller, H., Hochhalter, D., Drzal, L.T. and Alocilja,
E.C. (2012) Novel biosensor based on electrospun nanofiber and magnetic
nanoparticles for the detection of E.coli O157: H7, IEEE transactions on
nanotechnology. 11(4), pp. 676-681.
MacDiarmid, A.G., Jones, W.E., Norris, I.D., Gao, J., Johnson, A.T., Pinto, N.J., Hone,
J., Han, B., Ko, F.K., Okuzaki, H. and Llaguno, M. (2001) Electrostaticallygenerated nanofibers of electronic polymers. Synthetic metals. 119(1-3), pp. 2730.
MacDiarmid, A.G., Yang, L.S., Huang, W.S. and Humphrey, B.D. (1987) Polyaniline:
electrochemistry and application to rechargeable batteries. Synthetic metals.
18(1), pp. 393-398.
Mclinden, T., Sargeant, J.M., Thomas, M.K., Papadopoulos, A. and Fazil, A. (2014)
Component costs of foodborne illness: a scoping review. BMC public
healt. 14(1), pp. 509.
Malhotra, B.D., Chaubey, A. and Singh, S.P. (2006) Prospects of conducting polymers
in biosensors. Analytica chimica acta. 578(1), pp. 59-74.
Matthews, J.A., Wnek, G.E., Simpson, D.G. and Bowlin, G.L. (2002) Electrospinning of
collagen nanofibers. Biomacromolecules. 3(2), pp. 232-238.
Mbindyo, J.K.N., Reiss, B.D., Martin, B.R., Keating, C.D., Natan, M.J. and Mallouk, T.E.
(2001) DNA-directed assembly of gold nanowires on complementary surfaces.
Advanced materials. 13(4), pp. 249-254.

98

Mccall, R.P., Ginder, J.M., Leng, J.M., Coplin, K.A., Ye, H.J., Epstein, A.J., asturias,
G.E., Manohar, S.K., Masters, J.G., Scherr, E.M., Sun, Y. and Macdiarmid, A.G.
(1991) Photoinduced absorption and erasable optical information- storage in
polyanilines. Synthetic metals. 41(3), pp. 1329-1332.
McLinden, T., Sargeant, J.M., Thomas, M.K., Papadopoulos, A. and Fazil, A. (2014)
Component costs of foodborne illness: a scoping review. BMC public health. 14,
pp. 509.
Meng, C.Z., Liu, C.H. and Fan, S.S. (2009) Flexible carbon nanotube/polyaniline paperlike films and their enhanced electrochemical properties. Electrochemistry
communications. 11(1), pp. 186-189.
Minett, A.I., Barisci, J.N. and Wallace, G.G. (2003) Coupling conducting polymers and
mediated electrochemical responses for the detection of listeria, Analytica
chimica acta. 475(1), pp. 37-45.
Muhammad-Tahir, Z. and Alocilja, E.C. (2003) Fabrication of a disposable biosensor for
escherichia coli O157: H7 detection. IEEE sensors journal. 3(4), pp. 345-351.
Mulchandani, A. and Wang, C.L. (1996) Bienzyme sensors based on
poly(anilinomethylferrocene)‐modified electrodes. Electroanalysis. 8(5), pp.414419.
Murphy, L. (2006) Biosensors and bioelectrochemistry. Current opinion in chemical
biology. 10(2), pp. 177-184.
Muthukumar, C., Kesarkar, S.D. and Srivastava, D.N. (2007) Conductometric mercury II]
sensor based on polyaniline–cryptand-222 hybrid. Journal of electroanalytical
chemistry. 602(2), pp. 172-180.
Nair, S.S., Ramesh, C. and Tashiro, K. (2006) Crystalline phases in nylon-11: Studies
using HTWAXS and HTFTIR. Macromolecules. 39(8), pp.2841-2848.

99

Nasybulin, E., Menshikova, I., Sergeyev, V. and Levon, K. (2009) Preparation of
conductive polyaniline/ nylon- 6 composite films by polymerization of aniline in
nylon- 6 matrix. Journal of applied polymer science. 114(3), pp. 1643-1647.
Nicolau, Y. and Beadle, P 2001, Polymerizing aniline or aniline derivative in
homogeneous aqueous solution including protonic acid, salt, oxidizing agent and
ethanol to yield pernigraniline, reducing obtained pernigraniline to emeraldine
with aqueous reducing solution, US patent 6265532.
Nohria, R., Khillan, R.K., Su, Y., Dikshit, R., Lvov, Y. and Varahramyan, K. (2006)
Humidity sensor based on ultrathin polyaniline film deposited using layer-by-layer
nano-assembly. Sensors & actuators: B.chemical. 114(1), pp. 218-222.
Ohgo, K., Zhao, C., Kobayashi, M. and Asakura, T. (2003) Preparation of non-woven
nanofibers of Bombyx mori silk. Samia cynthia ricini silk and recombinant hybrid
silk with electrospinning method. Polymer. 44(3), pp. 841-846.
Ohtani, A., Abe, M., Ezoe, M., Doi, T., Miyata, T. and Miyake, A. (1993) Synthesis and
properties of high-molecular- weight soluble polyaniline and its application to the
4MB-capacity barium ferrite floppy disk's antistatic coating. Synthetic metals.
57(1), pp. 3696-3701.
Olsvik, O., Popovic, T., Skjerve, E., Cudjoe, K.S., Hornes, E., Ugelstad, J. and Uhlen, M.
(1994) Magnetic separation techniques in diagnostic microbiology. Clinical
microbiology reviews. 7(1), pp. 43-54.
Ondarçuhu, T. and Joachim, C. (1998) Drawing a single nanofibre over hundreds of
microns. Europhysics letters. 42(2), pp. 215-220.
Osaheni, J.A., Jenekhe, S.A., Vanherzeele, H., Meth, J.S., Sun, Y. and Macdiarmid,
A.G. (1992) Nonlinear optical- properties of polyanilines and derivatives, Journal
of physical chemistry. 96(7), pp. 2830-2836.

100

Pal, S., Ying, W., Alocija, E.C. and Downes, F.P. (2008) Sensitivity and specificity
performance of a direct-charge transfer biosensor for detecting Bacillus cereus in
selected food matrices. Biosystems engineering. 99(4), pp. 461-468.
Palmer, G.C., Peeling, J., Corbett, D., Bigio, M.R. And Hudzik, T.J. (2001) T2‐Weighted
MRI Correlates with Long‐Term Histopathology, Neurology Scores, and Skilled
Motor Behavior in a Rat Stroke Model.Annals of the New York Academy of
Sciences. 939(1), pp.283-296.
Park, S.M. and Lee, H.J. (2005) Recent advances in electrochemical studies of πconjugated polymers. Bulletin of the Korean chemical society. 26(5), pp. 697706.
Perestrelo, R., Fernandes, A., Albuquerque, F.F., Marques, J.C. and Câmara, J.S.
(2006) Analytical characterization of the aroma of tinta negra mole red wine:
Identification of the main odorants compounds. Analytica chimica acta. 563(1),
pp. 154-164.
Petrov, D.V., Gomes, A., Dearaujo, C.B., Desouza, J.M., Deazevedo, W.M., Demelo,
J.V. and Diniz, F.B. (1995) Nonlinear-optical properties of a poly( vinyl alcohol)polyaniline interpenetrating polymer network. Optics letters. 20(6), pp. 554-556.
Pile, D.L. & Hillier, A.C. (2002) Electrochemically modulated transport through a
conducting polymer membrane. Journal of membrane science. 208(1), pp. 119131.
Poessnecker, G., Spindler, J. and Kinkelin, E., 2003. Low-melting copolyamide and their
use as hot-melt adhesives. US patent 6590063 edn.
Prathap, M.U.A., Chaurasia, A.k., Sawant, S.N. and Apte, S.K. (2012) Polyaniline-based
highly sensitive microbial biosensor for selective detection of lindane. Analytical
chemistry. 84(15), pp. 6672-6678.

101

Qiao, Y., Li, C.M., Bao, S. and Bao, Q. (2007) Carbon nanotube/polyaniline composite
as anode material for microbial fuel cells, Journal of power sources. 170(1), pp.
79-84.
Rafiei, S., Maghsoodloo, S., Noroozi, B., Mottaghitalab, V. And Haghi, A.K. (2013)
Mathematical modeling in electrospinning process of nanofibers: a detailed
review. Cellulose Chemistry and Technology. 47, pp. 323-338.
Ramakrishna, S., Fujihara, K., Teo, W.E., Lim, T.C. and Ma, Z. (2005) An introduction to
electrospinning and nanofibers. Singapore: World Scientific.
Ramanavičius, A., Ramanavičienė, A. and Malinauskas, A. (2006) Electrochemical
sensors based on conducting polymer—polypyrrole. Electrochimica acta. 51(27),
pp. 6025-6037.
Ren, G.L., Xu, X.H., Liu, Q., Cheng, J., Yuan, X.Y., Wu, L.L. and Wan, Y.Z. (2006)
Electrospun poly( vinyl alcohol)/ glucose oxidase biocomposite membranes for
biosensor applications. Reactive & functional polymers. 66(12), pp. 1559-1564.
Reneker, D.H. and Chun, I. (1996) Nanometre diameter fibres of polymer, produced by
electrospinning. Nanotechnology. 7(3), pp. 216-223.
Reneker, D.H., Yarin, A.L., Fong, H. and Koombhongse, S. (2000) Bending instability of
electrically charged liquid jets of polymer solutions in electrospinning. Journal of
Applied Physics. 87(9), pp. 4531-4547.
Riesmeier, B., Kroner, K. H., & Kula, M. R. (1989) Tangential filtration of microbial
suspensions: filtration resistances and model development. Journal of
biotechnology. 12(2), pp. 153-171.
Rodrigues, M.A., De Paoli, M. and Mastragostino, M. (1991) Electrochromic properties
of chemically prepared polyaniline, Electrochimica acta. 36(14), pp. 2143-2146.
Rodriguez, M.I. and Alocilja, E.C. (2005) Embedded DNA-polypyrrole biosensor for rapid
detection of Escherichia coli. IEEE sensors journal. 5(4), pp. 733-736.

102

Roth, S. and Graupner, W. (1993) Conductive polymers: evaluation of industrial
applications, Synthetic metals. 57(1), pp. 3623-3631.
Ruan, C., Wang, H. and Li, Y. (2002) A bienzyme electrochemical biosensor coupled
with immunomagnetic separation for rapid detection of Escherichia coli O15 : H7
in food samples. Transactions of the ASAE. 45(1), pp. 249-255.
Ryu, Y.J., Kim, H.Y., Lee, K.H., Park, H.C. and Lee, D.R. (2003) Transport properties of
electrospun nylon 6 nonwoven mats. European Polymer Journal. 39(9), pp.18831889.
Sapsford, K., Shubin, Y., Delehanty, J., Golden, J., Taitt, C., Shriver‐Lake, L. and Ligler,
F. (2004) Fluorescence‐based array biosensors for detection of biohazards.
Journal of applied microbiology. 96(1), pp.47-58.
Sapurina, I. and Stejskal, J. (2008) The mechanism of the oxidative polymerization of
aniline and the formation of supramolecular polyaniline structures. Polymer
international. 57(12), pp. 1295-1325.
Sawicka, K., Gouma, P. and Simon, S. (2005) Electrospun biocomposite nanofibers for
urea biosensing. Sensors & actuators: B.chemical. 108(1), pp.585-588.
Sawicka, K.M. and Gouma, P. (2006) Electrospun composite nanofibers for functional
applications. Journal of nanoparticle research. 8(6), pp. 769-781.
Scallan, E., Hoekstra, R.M., Angulo, F.J., Tauxe, R.V., Widdowson, M., Roy, S.L.,
Jones, J.L. and Griffin, P.M. (2011) Foodborne illness acquired in the United
States--major pathogens.(Research). Emerging infectious diseases. 17(1), pp.7.
Schiffman, J.D. and Schauer, C.L. (2008) A review: electrospinning of biopolymer
nanofibers and their applications. Polymer reviews. 48(2), pp.317-352.
Schmidt, V.M., Tegtmeyer, D. and Heitbaum, J. (2004) Conducting polymers as
membranes with variable permeabilities for neutral compounds: polypyrrole and
polyaniline in aqueous electrolytes. Advanced materials. 4(6), pp.428-431.

103

Schoch, K.F., Byers, W.A. and Buckley, L.J. (1995) Deposition and characterization of
conducting polymer thin films on insulating substrates, Synthetic metals. 72(1),
pp.13-23.
Sharma, H. and Mutharasan, R. (2013) Review of biosensors for foodborne pathogens
and toxins. Sensors & actuators: B.chemical. 183, pp.535-549.
Shawon, J. and Sung, C. (2004) Electrospinning of polycarbonate nanofibers with
solvent mixtures THF and DMF. Journal of materials science. 39(14), pp.46054613.
Shea, J.J. (1998) Electrical and optical polymer systems-fundamentals, methods, and
applications. IEEE electrical insulation magazine. 14(6), pp.41-42.
Shi, W., Zhang, F.B. and Zhang, G.L. (2005) Preparation of chitosan-coated nylon
membranes and their application as affinity membranes. Chinese chemical
letters. 16(8), pp.1085-1088.
Situmorang, M., Hibbert, D.B. and Gooding, J.J. (2000) An Experimental Design Study
of Interferences of Clinical Relevance of a Polytyramine Immobilized-Enzyme
Biosensor. Electroanalysis. 12(2), pp.111-119.
Skladal, P. (2003) Piezoelectric quartz crystal sensors applied for bioanalytical assays
and characterization of affinity interactions. Journal of the brazilian chemical
society. 14(4), pp.491-502.
Smela, E., Lu, W. and Mattes, B.R. (2005) Polyaniline actuators: Part 1. PANI (AMPS) in
HCl. Synthetic metals. 151(1), pp. 25-42.
Somasiri, N. and Macdiarmid, A. (1988) Polyaniline: characterization as a cathode active
material in rechargeable batteries in aqueous electrolytes. Journal of applied
electrochemistry. 18(1), pp. 92-95.
Spinks, G.M., Shin, S.R., Wallace, G.G., Whitten, P.G., Kim, I.Y., Kim, S.I. and Kim, S.J.
(2007) A novel ― dual mode‖ actuation in chitosan/polyaniline/ carbon nanotube
fibers. Sensors & actuators: B.chemical. 121(2), pp. 616-621.
104

Springer, J.P. and C. (1974) Structure and synthesis of moniliformin, a novel
cyclobutane microbial toxin. Journal of the american chemical society. 96(7),
pp.2267-2268.
Srinivasan, G. and Reneker, D.H. (1995) Structure and morphology of small diameter
electrospun aramid fibers, Polymer international. 36(2), pp.195-201.
Stephens, J.S., Chase, D.B. and Rabolt, J.F. (2004) Effect of the electrospinning
process on polymer crystallization chain conformation in nylon 6 and nylon-12.
Macromolecules. 37(3), pp.877-881.
Strategic Consulting(2013) Food Microbiology testing in the global food industry.
Available from: http://www.strategicconsult.com/2013/09/food_microbiology_testing/ [Accessed 13th October 2014]
STOP Foodborne Illness. What is foodborne illness. Available from:
http://www.stopfoodborneillness.org/what-is-fbi#A [Accessed 6th September
2014].
SU, X.L. and LI, Y. (2004) A self-assembled monolayer-based piezoelectric
immunosensor for rapid detection of Escherichia coli O157: H7. Biosensors &
bioelectronics. 19(6), pp. 563-574.
Sung, J., Kim, S. and Lee, K. (2004) Preparation of compact polyaniline films:
electrochemical synthesis using agar gel template and charge-storage
applications. Journal of power sources. 126(1), pp.258-267.
Sung, W.J., Na, K. and Bae, Y.H. (2004) Biocompatibility and interference eliminating
property of pullulan acetate/polyethylene glycol/heparin membrane for the outer
layer of an amperometric glucose sensor. Sensors and actuators.B, chemical.
99(2), pp.393-398.
Sung, W.J. and Bae, Y.H. (2000) A glucose oxidase electrode based on
electropolymerized conducting polymer with polyanion-enzyme conjugated
dopant. Analytical chemistry. 72(9), pp.2177-2181.

105

Syed, A.A. and Dinesan, M.K. (1990) Polyaniline: Reaction stoichiometry and use as an
ion-exchange polymer and acid/base indicator. Synthetic metals. 36(2), pp.209215.
Tadeo, J.L., Sánchez-Brunete, C., Albero, B. and García-Valcárcel, A.I. (2010)
Application of ultrasound- assisted extraction to the determination of
contaminants in food and soil samples. Journal of chromatography A. 1217(16),
pp.2415-2440.
Talaie, A., Lee, J.Y., Lee, Y.K., Jang, J., Romagnoli, J.A., Taguchi, T. and Maeder, E.
(2000) Dynamic sensing using intelligent composite: an investigation to
development of new pH sensors and electrochromic devices. Thin solid films.
363(1), pp.163-166.
Taylor, G. (1969) Electrically driven jets. Proceedings of the royal society of
London.series A, mathematical and physical sciences (1934-1990). 313(1515),
pp.453-475.
Teo, W.E. and Ramakrishna, S. (2006) A review on electrospinning design and
nanofibre assemblies. Nanotechnology. 17(14), pp. R89-R106.
Thévenot, ,D.R., Toth, K., Durst, R.A. and Wilson, G.S. (1999) Electrochemical
biosensors: recommended definitions and classification. Biosensors &
bioelectronics. 16(1-2), pp.121.
Thomas, M.K. and Murray, R. (2014) Estimating the burden of food-borne illness in
Canada. Canada Communicable Disease Report CCDR [online]. 40-14 (14818531), Available from: http://www.phac-aspc.gc.ca/publicat/ccdr-rmtc/14vol40/drrm40-14/dr-rm40-14-comm-eng.php [Accessed 6th September 2014]
Todd, E.C.D. (1989) Costs of acute bacterial foodborne disease in Canada and the
United States, International journal of food microbiology, 9(4), pp.313-326.
Trivedi, D.C. and Nalwa, H.S. (1997) Handbook of organic conductive molecules and
polymers. New York: Wiley.

106

Trillience. Protein Service (Competitive ELISA). Avalable from:
http://www.trillience.com/services/protein-services/elisa/competitive-elisa/
[Accessed 2nd November 2014]
Tseng, R.J., Huang, J., Ouyang, J., Kaner, R.B. and Yang, Y. (2005) Polyaniline
nanofiber/gold nanoparticle nonvolatile memory, Nano letters, 5(6), pp.10771080.
Tseng, G.Y. and Ellenbogen, J.C. (2001) Toward nanocomputers. Science. 294(5545),
pp. 1293-1294.
Tully, E., Higson, S.P. and O‘Kennedy, R. (2008) The development of a ‗ labeless‘
immunosensor for the detection of listeria monocytogenes cell surface protein,
internalin B. Biosensors and bioelectronics. 23(6), pp.906-912.
Turiel, E. and Martín-Esteban, A. (2010) Molecularly imprinted polymers for sample
preparation: a review. Analytica chimica acta. 668(2), pp.87-99.
USDA (2011) Salmonella imposes the greatest cost among major U.S. foodborne
pathogens Available from: http://www.ers.usda.gov/data-products/chartgallery/detail.aspx?chartId=41042#.VAtt_PldVQE [Accessed 6th September
2014]
University of Nebraska–Lincoln. Foodborne Pathogens. Available from:
http://food.unl.edu/safety/pathogenic-org [Accessed 11th November 2014]
Uyttendaele, M., Van Hoorde, I., and Debevere, J. (2000) The use of immuno- magnetic
separation ( IMS) as a tool in a sample preparation method for direct detection of
L. monocytogenes in cheese. International journal of food microbiology. 54(3),
pp.205-212.
Varshney, M., Yang, L.J., Su, X.L. and Li, Y.B. (2005) Magnetic nanoparticle-antibody
conjugates for the separation of escherichia coli 0157 : H7 in ground beef.
Journal of food protection. 68(9), pp.1804-1811.

107

Velusamy, V., Arshak, K., Korostynska, O., Oliwa, K. and Adley, C. (2010) An overview
of foodborne pathogen detection: In the perspective of biosensors. Biotechnology
advances. 28(2), pp.232-254.
Velusamy, V., Arshak, K., Korostynska, O., Oliwa, K. and Adley, C. (2009) Design of a
real time biorecognition system to detect foodborne pathogens-DNA biosensor.
IEEE sensors applications symposium. pp.38-42.
Vonnegut, B. and Neubauer, R.L., (1952) Production of monodisperse liquid particles by
electrical atomization. Journal of colloid science. 7(6), pp. 616-622.
Vidal, J.C., Garcia-ruiz, E. and Castillo, J.R. (2003) Recent advances in
electropolymerized conducting polymers in amperometric biosensors.
Mikrochimica acta. 143(2-3), pp. 93-111.
Wanekaya, A.K., Bangar, M.A., Yun, M., Chen, W., Myung, N.V. and Mulchandani, A.
(2007) Field-effect transistors based on single nanowires of conducting
polymers. Journal of physical chemistry C. 111(13), pp.5218-5221.
Wang, T., Qin, Y., He, H., Lv, J. and Fan, Y. (2011) An extraction technique for
analytical sample preparation in aqueous solution based on controlling
dispersion of ionic surfactant assemblies in isotachophoretic migration. Journal of
chromatography.A. 1218(1), pp.185-189.
Wang, X., Kim, Y., Drew, C., Ku, B., Kumar, J. and Samuelson, L.A. (2004) Electrostatic
assembly of conjugated polymer thin layers on electrospun nanofibrous
membranes for biosensors. Nano letters. 4(2), pp.331-334.
Warsinke, A., Benkert, A. and Scheller, F.W. (2000) Electrochemical immunoassays.
Fresenius' journal of analytical chemistry. 366(6), pp.622-634.
Watanabe, A., Mori, K., Iwasaki, Y., Nakamura, Y. and Niizuma, S. (1987)
Electrochromism of polyaniline film prepared by electrochemical polymerization,
Macromolecules. 20(8), pp.1793-1796.

108

White, J. H. (1989) The V beta- specific superantigen staphylococcal enterotoxin B:
stimulation of mature T cells and clonal deletion in neonatal mice. Cell. 56(1),
pp.27-35.
Wieczorek, L. and Pace, R. (2008) The gramicidin-based biosensor: a functioning nanomachine. Gramicidin and Related Ion Channel-Forming Peptides. John Wiley &
Sons.
World Health Organization. WHO [online]. Available from:
http://www.who.int/foodsafety/publications/capacity/en/2.pdf [Accessed 3rd July
2011].
Wright, D.J., Chapman, P.A. and Siddons, C.A. (1994) Immunomagnetic separation as a
sensitive method for isolating escherichia coli O157 from food samples.
Epidemiology and infection. 113(01), pp. 31-39.
Xing, S., Zhao, C., Niu, L., Wu, Y., Wang, J. and Wang, Z. (2006) Diode-like behavior
based on polyaniline and Pt. Solid State Electronics. 50(9), pp.1629-1633.
Yan, X.B., Han, Z.J., Yang, Y. and Tay, B.K. (2007) NO 2 gas sensing with polyaniline
nanofibers synthesized by a facile aqueous/organic interfacial polymerization.
Sensors & actuators: B.chemical. 123(1), pp.107-113.
Yang, F., Murugan, R., Wang, S. and Ramakrishna, S. (2005) Electrospinning of
nano/micro scale poly (L-lactic acid) aligned fibers and their potential in neural
tissue engineering. Biomaterials. 26(15), pp. 2603-2610.
Yang, L.J., Ruan, C.M. and Li, Y.B. (2001) Rapid detection of Salmonella typhimurium in
food samples using a bienzyme electrochemical biosensor with flow injection.
Journal of rapid methods and automation in microbiology. 9(4), pp. 229-240.
Yarin, A., L., Yarin, A.L., Koombhongse, S. and Reneker, D.H. (2001) Taylor cone and
jetting from liquid droplets in electrospinning of nanofibers. Journal of applied
physics. 90(9), pp. 4836-4846.

109

Yarin, A.L., Koombhongse, S. and Reneker, D.H. (2001) Bending instability in
electrospinning of nanofibers. Journal of applied physics. 89(5), pp. 3018-3026.
Yelil Arasi, A., Juliet, L.J., Yelil Arasi, A., Juliet, L.J., Sundaresan, B., Dhanalakshmi, V.
and Anbarasan, R. (2009) The structural properties of Poly (aniline) — Analysis
via FTIR spectroscopy. Spectrochimica Acta Part A: Molecular and Biomolecular
Spectroscopy. 74(5), pp.1229-1234.
Yih, T.C. and Al‐Fandi, M., (2006). Engineered nanoparticles as precise drug delivery
systems. Journal of cellular biochemistry. 97(6), pp. 1184-1190.
Yoshimatsu, K., Ye, L., Lindberg, J. and Chronakis, I.S. (2008) Selective molecular
adsorption using electrospun nanofiber affinity membranes. Biosensors and
bioelectronics. 23(7), pp. 1208-1215.
Yoshioka, Y. and Jabbour, G.E. (2006) Desktop inkjet printer as a tool to print
conducting polymers. Synthetic metals. 156(11), pp. 779-783.
Yuan, R.K., Liu, Y.X., Yuan, H., Wang, Y.B., Zheng, X.Q., Xu, J. and Shen, X.C. (1993)
Study of photoelectric characteristics of p- PAn/ n- si junction. Synthetic metals.
57(1), pp. 4087-4092.
Yuan, X., Zhang, Y., Dong, C. and Sheng, J. (2004) Morphology of ultrafine polysulfone
fibers prepared by electrospinning. Polymer international. 53(11), pp. 1704-1710.
Zach, M.P., Ng, K.H. and Penner, R.M., (2000) Molybdenum nanowires by
electrodeposition. Science. 290(5499), pp. 2120-2123.
Zhang, C., Yuan, X., Wu, L., Han, Y. and Sheng, J. (2005) Study on morphology of
electrospun poly( vinyl alcohol) mats. European polymer journal. 41(3), pp. 423432.
Zhang, S., Shim, W.S. and Kim, J. (2009) Design of ultra- fine nonwovens via
electrospinning of nylon 6: spinning parameters and filtration efficiency. Materials
and design. 30(9), pp. 3659-3666.

110

Zhang, W. and Li, G. (2004) Third-generation biosensors based on the direct electron
transfer of proteins. Analytical sciences. 20(4), pp. 603-608.
Zhao, Z., Li, J., Yuan, X., Li, X., Zhang, Y. and Sheng, J. (2005) Preparation and
properties of electrospun poly( vinylidene fluoride) membranes. Journal of
applied polymer science. 97(2), pp. 466-474.
Zhao, C., Xing, S.X., Yu, Y.H., Zhang, W.J. and Wang, C. (2007) A novel all-plastic
diode based upon pure polyaniline material. Microelectronics journal. 38(3), pp.
316-320.
Zou, Y., Sun, L. and Xu, F. (2007) Prussian Blue electrodeposited on MWCNTs-PANI
hybrid composites for H2O2 detection. Talanta. 72(2), pp. 437-442.

111

